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Editorial on the Research Topic 


Abiotic stress signaling in plants: functional genomic intervention, volume II


Abiotic stresses such as high temperature, low temperature, drought, and salinity limit crop productivity worldwide. Understanding plant responses to these stresses is essential for the engineering of stress tolerance in plants. In Arabidopsis, the signal transduction pathways have been elucidated for perceiving and responding to different abiotic stress conditions (Zhu, 2016). A significant portion of plant genomes codes for proteins involved in signaling such as receptors, sensors, kinases, phosphatases, transcription factors, and transporters/channels (Pandey, 2020; Chen et al., 2021). Despite decades of physiological and molecular efforts, knowledge about how plants sense temperature fluctuations, drought, water submergence, and salinity signals is still limited. Further, the stress combinations pose another layer of complexity to this problem (Zandalinas et al., 2023). One of the major constraints hampering our understanding of these signal transduction processes has been the slow pace of gene-function studies in plants (Shinozaki and Yamaguchi-Shinozaki, 2022). In this post-genomic era, investigation and understanding of multiple genes and gene families regulating a particular physiological and developmental aspect of plant’s life cycle is of utmost importance (Pandey et al., 2016; Baekelandt et al., 2023; Tyczewska et al., 2023). With a holistic understanding of the signaling pathways involving not only one gene but multiple genes from a signaling cascade, plant biologists can lay a foundation for designing and generating future crops that can withstand environmental stresses without jeopardizing the crop yield.

In the present Research Topic, various novel genes, mainly transcription factors, have been identified and characterized, that can serve as promising candidates for enhancing abiotic stress tolerance in crops. Han et al. have functionally characterized GmWRKY21 that encodes a nuclear-localized WRKY transcription factor. GmWRKY21 is expressed across different tissues including roots, leaves, and flowers of soybean and is substantially upregulated in response to aluminum stress. The overexpression of GmWRKY21 in Arabidopsis increased the root growth of seedlings in transgenic lines under aluminum stress, which coincided with higher proline and lower malondialdehyde (MDA) accumulation and upregulated expression of aluminum stress-specific as well as general stress marker genes. Similarly, Wang et al. identified GLYCINE MAX ABA REPRESSOR1 (GmABR1) encoding an Ethylene Response Factor (ERF) transcription factor as a positive regulator of aluminum stress tolerance in Arabidopsis thaliana. The Basic Leucine Zipper (bZIP) family represents another large family of transcription factors that play an important role in mediating plant responses to abiotic stresses. Samtani et al. identified two homeologs of wheat OCS-ELEMENT BINDING FACTOR1 (TaOBF1-5B and TaOBF1-5D) as heat-responsive TabZIP members. The heterologous overexpression of TaOBF1-5B resulted in enhanced thermotolerance in transgenic Arabidopsis thaliana and Oryza sativa. TaOBF1-5B has been shown to interact with HEAT SHOCK PROTEIN70 (TaHSP90) in the nucleus and TaSTI (a co-chaperone) in the nucleolus. MYBs (myeloblastosis) are another class of transcription factors that play a pivotal role in regulating anthocyanin synthesis. Liu et al. identified and characterized PqMYB113 from the leaves of Paeonia qiui, a wild species of tree peony native to China. The overexpression of PqMYB113 resulted in increased anthocyanin accumulation in Arabidopsis thaliana and Nicotiana tabacum.

Similarly, Jin et al. reported on a homolog of the RelA/SpoT protein (HpRSH) from Haematococcus pluvialis, which catalyzes Mg2+-dependent synthesis and hydrolysis of guanosine tetraphosphate (ppGpp). The transcription of HpRSH was significantly upregulated by environmental stresses, such as darkness, high light, nitrogen limitation, and salinity stress. Apart from these positive regulators, Ge et al. identified STRESS-INDUCED DUF1644 (OsSIDP301), a member of the DUF1644 (Domain of unknown function 1644) family, as a negative regulator of salt stress and grain size in rice. OsSIDP301 determines salt stress tolerance by modulating genes involved in the salt-response and ABA signaling pathways. Moreover, OsSIDP301 interacts with OsBUL1 COMPLEX1 (OsBC1), which positively regulates grain size in rice.

Another approach to identify the stress-responsive gene(s) and associated physiological processes is to compare the contrasting accessions/varieties. Gao et al. performed the phenotypic and metabolic level comparison of two oat cultivars, Baiyan7 (BY, tolerant cultivar) and Yizhangyan4 (YZY, sensitive cultivar) under saline-alkali stress, which is a major detrimental abiotic stress factor for reducing agricultural productivity. Saline-alkali induced metabolites were mainly associated with enhancements in energy metabolism and accumulations of organic acids. The differential abundances of these metabolites revealed that BY showed better adaptability to saline-alkali stress compared with YZY cultivars. Similarly, Dutta et al. performed a genome-wide analysis and identified 10 cytosine-5 DNA methyltransferases (C5-MTases) and 8 demethylases (DeMets) in potatoes. Based on comparative expression profiling in heat-sensitive (HS) and -tolerant (HT) genotypes, several positive [SELF PRUNING 6A (StSP6A) and BEL1-LIKE HOMEODOMAIN (StBEL5)] and negative [SELF PRUNING 5G (StSP5G), SUCROSE TRANSPORTER4 (StSUT4), and RELATED TO AP2 1 (StRAP1)] regulators were identified that regulate potato tuberization under high-temperature stress.

Genome-wide analyses of gene families followed by ranking analysis have also been reported in the Research Topic to identify the key genes. For instance, CALCIUM-DEPENDENT PROTEIN KINASES (CDPKs) are a major group of calcium (Ca2+) sensors in plants. CDPKs play a dual function of “Ca2+ sensor and responder.” Deepika et al. identified commonly induced CaCDPKs in response to drought, salt, and abscisic acid in chickpea. Rajasheker et al. reported the stress-responsive behavior of proline-rich proteins and hybrid proline-rich proteins super family genes in Sorghum bicolor. Further, “omics” based approaches have also been used for the identification of genes and regulatory networks associated with nitrogen (N) addition in Solidago canadensis (Wu et al.), hydrogen peroxide stress in pepper (Tang et al.) and coleoptile senescence in rice (Sasi et al.).

Apart from genetic engineering, priming with microbes and chemicals are also used as alternatives to enhance plant performance under stress conditions. Li et al. demonstrated the protective role of Piriformospora indica (a root endophytic fungus) in wheat against Rhizoctonia cerealis and Fusarium graminearum infections. RNA-seq suggested that transcriptome changes caused by F. graminearum were more severe than those caused by R. cerealis. Further, the supplementation of P. indica reduced the number of differentially expressed genes (DEGs) by 18% and 58% in wheat injected with F. graminearum and R. cerealis, respectively, indicating the activation of specific mechanisms. Further, the DEGs related to disease resistance, such as WRKYs and MAPKs were upregulated in wheat by P. indica colonization.

In addition to the research articles, the Research Topic also featured fundamental reviews. For instance, Lim et al. reviewed the core signaling and function of ABA, which is one of the major stress hormones in plants. In addition, the role of non-hormone signal mediators was also highlighted. Li et al. provided a comprehensive insight into sulfur dioxide, which has recently emerged as a signaling mediator in plants. Finally, Khan et al. reviewed the recent advances in the application of thermal techniques for inducing stress-priming during the seedling stage, which is another non-genetic approach.

Taken together, the Research Topic highlights the novel research findings in the field of abiotic stress signaling in plants, that may pave the path for developing “stress-tolerant” crops in the near future.
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Paeonia qiui is a wild species of tree peony native to China. Its leaves are purplish red from the bud germination to the flowering stage, and anthocyanin is the main pigment in purplish red leaves. However, the anthocyanin synthesis regulation mechanism in tree peony leaves remains unclear. In this study, an R2R3-MYB, PqMYB113 was identified from the leaves of P. qiui. Phylogenetic analysis revealed that PqMYB113 clustered with Liquidambar LfMYB113 and grape VvMYBA6. Subcellular location analysis showed that PqMYB113 was located in the cell nucleus. The transient reporter assay suggested that PqMYB113 was a transcriptional activator. The overexpression of PqMYB113 in Arabidopsis thaliana and tobacco (Nicotiana tabacum) resulted in increased anthocyanin accumulation and the upregulation of CHS, F3H, F3’H, DFR, and ANS. The dual luciferase reporter assay showed that PqMYB113 could activate the promoters of PqDFR and PqANS. Bimolecular fluorescence complementation assays and yeast two-hybrid assays suggested that PqMYB113 could form a ternary MBW complex with PqbHLH1 and PqWD40 cofactors. These results provide insight into the regulation of anthocyanin biosynthesis in tree peony leaves.

Keywords: Paeonia qiui, anthocyanin, transcription factor, MYB, positive regulation


INTRODUCTION

Anthocyanins are widely distributed in plant flowers, fruits and other tissues (Jaakola, 2013). It provides plants with red, orange, purple, blue, and other different colors that attract pollinators and/or make plants resist abiotic and biotic stresses such as ultraviolet light, cold, drought and microbial agents (Shang et al., 2011; Song et al., 2016; Jin and Zhu, 2019; An et al., 2020). Over the past few decades, as a branch of the flavonoid pathway, anthocyanin biosynthesis has been extensively studied in Arabidopsis, grape, apple, and many other plants (Tanaka et al., 2008; Jaakola, 2013). It is well known that anthocyanin biosynthesis is controlled by a series of structural genes (enzyme genes), including the chalcone synthase gene (CHS), chalcone isomerase gene (CHI), flavanone 3-hydroxylase gene (F3H), flavonoid 3′-hydroxylase gene (F3′H), flavonoid 3′,5′-hydroxylation gene (F3′5′H), dihydroflavonol 4-reductase gene (DFR), anthocyanin synthase gene (ANS), etc (Tanaka et al., 2008).

In addition to these structural genes, anthocyanin biosynthesis is also regulated by transcription factors, mainly myeloblastosis (MYB), basic helix loop helix (bHLH) and WD40/WDR (Allan et al., 2008; Hichri et al., 2011; Li, 2014). Among them, MYB plays a pivotal role in regulating anthocyanin synthesis (Dubos et al., 2010). It can act alone or with bHLH and WD40 constitutes the MYB-bHLH-WD40 complex (MBW) to regulate the structural genes of the anthocyanin pathway (Jaakola, 2013; Li, 2014; Xu et al., 2015). The MYB transcription factor family is divided into 4 categories according to the number of N-terminal conserved domains, namely, one conserved domain 1R (R1/2, R3-MYB), two conserved domains 2R (R2R3-MYB), three conserved domains 3R (R1R2R3-MYB) and four conserved domains 4R (Dubos et al., 2010). Among these four types of MYB transcription factors, R2R3-MYB is the most important in anthocyanin synthesis (Liu et al., 2015). Many R2R3-MYB transcription factors that positively regulate anthocyanin biosynthesis have been identified from various plants, such as AtMYB75 (PAP1), AtMYB90 (PAP2), AtMYB113, and AtMYB114 in Arabidopsis (Stracke et al., 2007; Gonzalez et al., 2008), PhAN2 and PhAN4 in Petunia hybrid (Albert et al., 2011), MdMYB1, MdMYBA, MdMYB10, and MdMYB110a in apple (Takos et al., 2006; Ban et al., 2007; Espley et al., 2007; Chagne et al., 2013), PpMYB10.1, PpMYB10.2, and PpMYB10.4 in peach (Rahim et al., 2014; Zhou et al., 2016). In addition to these activators, some MYB repressors were also found, such as FaMYB1 in Fragaria × ananassa (Paolocci et al., 2011), VvMYBC2-L1/L2/L3 and VvMYB4-like in Vitis vinifera (Cavallini et al., 2015), PtrMYB182 in Populus spp. (Yoshida et al., 2015) and PpMYB18 in Prunus persica (Hui et al., 2019). However, most of these studies focus on anthocyanin biosynthesis regulation in flowers or fruits, and the molecular mechanism of red color formation in leaves is still not well known.

As a wild tree peony native to China, P. qiui is a typical spring-red leaved plant that has purple–red leaves from the bud germination to the flowering stage, which has good foliage value. Based on our transcriptome sequencing, forty MYB genes were identified from differentially expressed genes. Among them, two R2R3-MYBs that may be related to anthocyanin biosynthesis were screened (Luo et al., 2017). One was designated as PqMYB4, its inhibitory function in anthocyanin biosynthesis was confirmed by our team (Huo et al., 2020). Another R2R3-MYB (Unigene0024459) showed highest consistency with LfMYB113 which regulated anthocyanin biosynthesis in Liquidambar formosana, so it was designated as PqMYB113 (Luo et al., 2017). In this study, PqMYB113 was isolated from P. qiui leaves, and the expression level of PqMYB113 gene was consistent with the change in anthocyanin content in leaves. The stable transformation in Arabidopsis and tobacco showed that PqMYB113 could promote anthocyanin accumulation. The dual luciferase reporter assay showed that PqMYB113 could activate the promoters of PqDFR and PqANS. Bimolecular fluorescence complementation assays suggested that PqMYB113 could form a ternary MBW complex with PqbHLH1 and PqWD40. This study provided a basis for revealing the molecular mechanism of foliage color change in P. qiui and genetic resources for the molecular breeding of tree peony with colored leaves.



MATERIALS AND METHODS


Plant Materials

The Paeonia qiui plants used in this study were grown under field conditions at Northwest A&F University, Yangling, Shaanxi, China (altitude, 432 m above sea; 34°15′N, 108°3′E). Eight-year-old tree peonies were planted in loam, and the soil moisture content was approximately 17.5%. The second young leaves from the top of plants were collected in 10, 20, 30, 40, and 50 days after sprouting and designated as S1, S2, S3, S4, and S5, respectively. The samples were collected in the morning during March and April 2021 (10°C–18°C in the day and 5°C–8°C in the night). Arabidopsis and tobacco were cultivated in a climate chamber (22°C/80%; 16 h light and 8 h darkness). All samples were immediately frozen in liquid nitrogen and then stored at −80°C until use.



Total RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction

Total RNA was isolated from the different leaf stages of P. qiui using the TIANGEN RNA Prep Pure Plant kit (Tiangen Biotech Co., Ltd., Beijing, China). The quality and concentration of RNA samples were tested by Goldview-stained agarose gel electrophoresis and spectrophotometric analysis, respectively. According to the manufacturer’s instructions of the PrimeScript® RT reagent Kit (DRR047A, Takara, Japan), 1 μg DNA-free RNA sample was used to synthesize cDNA and stored at −20°C. qRT-PCR was conducted using SYBR® Premix Ex Taq™ II (DRR041A, Takara, Japan), and ubiquitin was used as an internal control (Luo et al., 2017). The primer sequences used for qRT-PCR are listed in Supplementary Table 1. The relative expression level of the qRT-PCR assay was calculated with the 2–ΔΔCT method, and a dissolution curve was automatically generated by software. Three biological replicates were performed.



Isolation of the Full-Length Coding Sequence of PqMYB113 and Bioinformatics Analysis

The gene specific primers PqMYB113-F and PqMYB113-R were designed by Oligo 7.0 software (Supplementary Table 1), and full-length gene amplification was carried out using the cDNA of P. qiui leaves as a template according to TransTaq-T DNA Polymerase. The specific bands of the expected size PCR products were recycled by the agarose gel DNA extraction kit (Takara, Japan). Then, the expected products were ligated into the pMD19-T vector placed at 4°C overnight, and the ligation products were transformed into Escherichia coli competent cells. After positive screening identification, the correct bacterial solution was sent to the company for sequencing. The open reading frame of PqMYB113 was found by the ORF Finder online tool in NCBI1. A homology search of sequences was carried out through BLAST in NCBI, and multiple alignments were analyzed using DNAMAN 8.0. A phylogenetic tree was constructed using the neighbor-joining method (NJ) with MEGA 7.0 software.



Subcellular Localization

The ORF of PqMYB113 without the stop codon was inserted into the pCAMBIA1301-GFP vector. Then, the constructed plasmid was bombarded into onion epidermal cells using a Biolistic PDS1000 instrument (Bio-Rad, CA, United States). After incubation at 25°C for at least 16 h in the dark, the samples were observed under a confocal laser scanning microscope.



Overexpression Vector Construct and Arabidopsis and Tobacco Transformation

The full-length cDNA of PqMYB113 was inserted in the sites between KpnI and SalI of the pCAMBIA1300 vector. Then, the recombinant vector was introduced into Agrobacterium tumefaciens strain GV3101 for Arabidopsis and tobacco transformation. pCAMBIA1300-PqMYB113 in Agrobacterium strain GV3101 was transformed into wild-type Arabidopsis plants using the floral dip method. Agrobacterium-mediated transformation of tobacco plants was subsequently carried out. Hygromycin (200 mg/L) was used to select the transgenic tobacco lines.



Dual Luciferase Transient Transfection Assay and Dual Luciferase Reporter Assay

For the dual luciferase transient transfection assay, p35S-GAL4-BD, the effector plasmid, the reporter plasmid containing firefly luciferase and internal plasmids containing Renilla luciferase were prepared as described previously (Zong et al., 2016). For the effector plasmid, AtMY75 (positive control), AtMYBL2 (negative control) and PqMYB113 cDNA fragments were inserted into the EcoRI site of p35S-GAL4-BD plasmids. The effector, reporter and internal plasmids were delivered into Arabidopsis protoplasts by PEG-mediated transformation of protoplasts. The relative luciferase (LUC/REN) activity was assayed with the Dual-Luciferase Reporter® Assay System (Promega) using a Promega GloMax 20/20 Microplate luminometer.

For the dual luciferase reporter assay, the promoters of PqDFR and PqANS were amplified using the Genome Walking Kit and inserted into the vector pGreenII 0800-LUC with the primers listed in Supplementary Table 2. PqMYB113 was joined with the pGreenII 62-SK vector, which was driven by 35S promoter. The primers used for reporter and effector constructions were listed in Supplementary Table 3. All of these recombinant plasmids were individually transformed into Agrobacterium strain GV3101. Activity data were expressed as the ratio of LUC activity to REN activity. Blank controls were run with only the promoter-LUC reporter construct (no transcription factor).



Bimolecular Fluorescence Complementation Experiment

PqMYB113 without the stop codon was constructed between the two restriction sites (BamHI and Xhol) of the pSPYNE-35S expression vector. PqbHLH1 and PqWD40 without the stop codon were constructed into BamHI and Xhol of the pSPYCE-35S expression vector, respectively. In other words, PqMYB113 was connected to the N-terminus of YFP, and PqbHLH1 and PqWD40 were fused to the C-terminus of YFP. The constructed vector was transformed into Agrobacterium strain GV3101 and infiltrated into tobacco leaves. After 72 h of co-infiltration, samples were taken to detect the fluorescence signal by confocal laser scanning microscope.



Yeast Two Hybrid Assay

PqMYB113, PqbHLH1, and PqWD40 were constructed into the pGADT7 vector and pGBKT7 vector, respectively, and then co-transfected into yeast AH109. The medium lacking Leu and Trp (–T/–L) was used for selecting the transformed yeast strains at 30°C for 3 days. Subsequently, putative transformants were transferred to medium lacking Trp, Leu, His and adenine (–T/–L/–H/–A) with or without X-α-Gal, and cultured for 2–4 days. pGADT7-T and pGBKT7-Lam or pGADT7-T and pGBKT7-53 were co-transformed as negative and positive controls.



Anthocyanin Content Measurement

Ten milligrams of seedlings were ground in liquid nitrogen. Extraction of anthocyanins was performed in 250 μL of methanol containing 1% HCl in the dark at 4°C for 24 h. Then chlorophyll was eliminated by adding 250 μL chloroform and 250 μL water. Subsequently, the samples were centrifuged for 10 min at 10,000 × g at 4°C. The supernatant was used for anthocyanin measurement using a spectrophotometer at 530 and 657 nm. The relative anthocyanin level was calculated by the formula (A530-0.33 × A657)/mg.




RESULTS


Characterization of PqMYB113

PqMYB113 contained a 798 bp open reading frame (ORF) encoding 266 amino acids (GenBank accession number: QCF29938.1). The online software ProtParam analysis showed that the theoretical molecular weight of PqMYB113 was approximately 29.90 kD and the theoretical isoelectric point was 8.83. The protein instability coefficient was 55.91, indicating that it was an unstable protein. The maximum hydrophilicity/hydrophobicity of the protein encoded by PqMYB113 was approximately 1.444, and the minimum was −2.578. The hydrophilic mean (GRAVY) was −0.557, suggesting that the protein was a hydrophilic protein (Supplementary Figure 1A). SignalP 4.1 Server and TMHMM predicted that PqMYB113 did not have a signal peptide site or transmembrane region, indicating that it is a non-secreted protein and non-transmembrane protein (Supplementary Figures 1B,C). Secondary structure prediction showed that PqMYB113 contained 35.09% α- helices, 4.91% β-turns, 10.19% extended chains and 49.81% random coils. The three-dimensional structure was constructed by SWISS-MODEL. The similarity of the model was 60.91% with the transcription factor WER (Supplementary Figure 1D). Conservative domain analysis showed that there were two conserved domains of SANT (repeat R) at the N-terminus, which revealed that PqMYB113 belonged to the 2R-MYB subfamily.



Phylogenetic Analysis and Sequence Alignment of PqMYB113

Phylogenetic analysis showed that PqMYB113 was relatively far from the MYB transcription factors that regulate the synthesis of proanthocyanidins, such as grape VvMYBPA2, strawberry FaMYB9 and FaMYB11, and the synthesis of flavonols, such as Arabidopsis AtMYB11 and grape VvMYBF1 (Figure 1A). It was clustered with the MYB transcription factor that promotes anthocyanin synthesis in other plants, such as Liquidambar LfMYB113, Arabidopsis AtMYB75/90/113/114, grape VvMYBA1, VvMYBA6, apple MdMYB10, and petunia PhAN2 (Figure 1A), suggesting that PqMYB113 probably has the same function as these transcription factors.
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FIGURE 1. Phylogenetic analysis and sequence alignment of PqMYB113. (A) The phylogenetic analysis of PqMYB113 protein and MYB proteins from other species. PqMYB113 is highlighted with a red dot. The neighbor-joining method with MEGA software was used to construct the phylogenetic tree. Bootstrap values as a percentage of 1000 replicates are indicated at corresponding branch nodes. Putative functions of the R2R3-MYBs are listed on the right. (B) The alignment of deduced amino acid sequences of PqMYB113 with other similar R2R3-MYB proteins. Alignment was conducted using DNAMAN Version 8. The R2 (black line) and R3 (yellow line) MYB domains shown refer to two repeats of the MYB DNA-binding domain of MYB proteins. The blue box shows the motif that interacts with bHLHs. The red and black boxes show the ANDV motif and motif 6, respectively.


Sequence analysis revealed that PqMYB113 contained R2 and R3 MYB DNA-binding domains in the N-terminus, indicating that PqMYB113 was an R2R3-MYB transcription factor (Figure 1B). The [D/E]LX2[R/K]X3LX6LX3R motif, which is responsible for interacting with bHLH proteins, was found in the R3 domain of PqMYB113 (Figure 1B; Zimmermann et al., 2004), suggesting that PqMYB113 could interact with bHLH. ANDV and KPRPR[S/T]F motifs, which are characteristics of anthocyanin biosynthesis regulators, were also found in PqMYB113 (Figure 1B; Yamagishi et al., 2010), suggesting that PqMYB113 is probably involved in the regulation of anthocyanin synthesis.



Expression Analysis of PqMYB113 and Anthocyanin Biosynthetic Genes in the Leaves of P. qiui

The expression levels of PqMYB113 and anthocyanin biosynthetic genes in different leaf stages were revealed by qRT-PCR, and the anthocyanin content and chlorophyll content were measured with a UV spectrophotometer (Figure 2). The results showed that the anthocyanin content in leaves at S3 was the highest, followed by S4, the lowest at S1 and S5 (Figures 2B,C). Chlorophyll showed an increasing trend from S1 to S5 (Figures 2D,E). The expression level of PqMYB113 was the highest at S4, followed by S2 and S3, and the lowest at S1, which was positively correlated with the anthocyanin content in leaves (Figures 3A, 2C). In addition to PqMYB113, the anthocyanin pathway genes PqCHS, PqDFR, PqANS, PqF3H, PqF3′H, and PqCHI presented a basically consistent trend with the anthocyanin content in leaves (Figure 3B).
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FIGURE 2. Pigment content at different stages in P. qiui. (A) The leaves phenotype in different stages of P. qiui. (B) The anthocyanin extracting solution colors in leaf. (C) The anthocyanin content in leaf. (D) The chlorophyll extracting solution colors in leaf. (E) The chlorophyll content in leaf. S1, leaves of 10 days after sprouting; S2, leaves of 20 days after sprouting; S3, leaves of 30 days after sprouting; S4, leaves of 40 days after sprouting; S5, leaves of 50 days after sprouting. a, b, c, and d indicate significant difference at p ≤ 0.05 level by Duncan’s test.
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FIGURE 3. Expression level of anthocyanin structural genes and MYB113 at different stages in P. qiui. (A) The expression level of PqMYB113 at different stages. (B) The expression level of anthocyanin structural genes at different stages. S1, leaves of 10 days after sprouting; S2, leaves of 20 days after sprouting; S3, leaves of 30 days after sprouting; S4, leaves of 40 days after sprouting; S5, leaves of 50 days after sprouting. Ubiquitin was used as an internal control. Error bars represent the standard errors. a, b, c, d, and e indicate significant differences at the p ≤ 0.05 level by Duncan’s test.




PqMYB113 Was a Transcriptional Activator

To investigate the subcellular localization of PqMYB113, the recombinant vector pCAMBIA1301-PqMYB113-GFP was transformed into onion cells and observed with confocal laser scanning microscopy. Onion cells expressing the PqMYB113-GFP fusion protein displayed a strong signal in the cell nucleus. The results revealed that PqMYB113 was localized in the cell nucleus (Figure 4).


[image: image]

FIGURE 4. The subcellular localization of GFP fusion of PqMYB113. Onion epidermal cells transiently expressing GFP and PqMYB113-GFP under the control of the CaMV 35S promoter. PI-RFP, mCherry fluorescence; GFP, GFP fluorescence; Merge, merged images of mCherry fluorescence; GFP fluorescence and bright-field microscopy. Bars = 33 μm.


To examine the transcriptional activity of PqMYB113, transient reporter assays were used (Figure 5). AtMYB75 was used as a positive control, and AtMYBL2 was used as a negative control. As shown in Figure 5, the relative luciferase activity was increased nearly three times by the expression of GAL-BD-AtMYB113 compared with the GAL4-BD control. This result suggested that PqMYB113 was a transcriptional activator.
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FIGURE 5. The Dual Luciferase Transient Transfection Assay of PqMYB113. (A) The schematic depiction of the constructs used in the Arabidopsis protoplast co-transfection assay. (B) The relative luciferase activity (LUC/REN). a, b, c, and d indicate significant differences at the p ≤ 0.05 level by Duncan’s test.




Overexpression of PqMYB113 in Arabidopsis and Tobacco Promoted Anthocyanin Accumulation and the Expression of Anthocyanin Pathway Genes

To characterize the function of PqMYB113, the coding sequence of PqMYB113, driven by the 35S promoter, was transformed into Arabidopsis and tobacco. In Arabidopsis, three T3 overexpression (OE) transgenic lines, designated as OE 3-1-1, OE 3-2-2, and OE 7-1-1, were generated. Compared with the wild-type (WT), all PqMYB113 OE lines showed increased anthocyanin pigments in young leaves (Figures 6A,B). In addition, the seed coat color of transgenic plants was also deeper than that of WT (Figure 6A), suggesting more proanthocyanidin accumulation in the seed coat (Hui et al., 2019). In transgenic tobacco, the leaves of PqMYB113 OE-1 lines were dark red, and the leaves of OE-2 plants had red spots (Figure 7A). The color of the petals and sepals of the OE lines was slightly redder than that of WT (Figure 7A). In PqMYB113 OE Arabidopsis plants, the expression levels of anthocyanin biosynthesis pathway genes were analyzed with qRT-PCR. Compared with WT, the PqMYB113 gene was highly expressed in the transgenic plants, and there was little or no expression in wild-type Arabidopsis (Figure 6C). The expression of AtCHS, AtF3H, AtF3′H, AtDFR, and AtANS in transgenic lines was higher than that of WT, especially AtCHS, AtDFR, and AtANS. The expression of AtCHI in Arabidopsis overexpression plants was similar to that in WT plants (Figure 6D). In PqMYB113 OE tobacco, the results were similar to those in Arabidopsis (Figure 7). All of these results suggested that PqMYB113 can promote anthocyanin accumulation by regulating anthocyanin pathway genes.
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FIGURE 6. The phenotype and the effect of PqMYB113 overexpression in transgenic Arabidopsis plants. (A) The seeding and seeds phenotype of transgenic overexpression lines OE 3-1-1, OE 3-2-1, and OE 7-1-1 in comparison to WT. Arabidopsis seedlings were grown on MS plates at 22°C for 10 days. (B) The anthocyanin content in leaves. (C) The expression level of PqMYB113 gene in leaves. (D) The expression level of anthocyanin biosynthesis structure genes in leaves. a, b, c, and d indicate significant differences at the P ≤ 0.05 level by Duncan’s test.
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FIGURE 7. The phenotype and the effect of PqMYB113 overexpression in transgenic tobacco. (A). The phenotype of OE-1 and OE-2 in comparison to WT. (B) The anthocyanin content in leaves. (C) The expression level of the PqMYB113 gene in leaves. (D) The expression level of anthocyanin biosynthesis structure genes. a, b, and c indicate significant differences at the P ≤ 0.05 level by Duncan’s test.




PqMYB113 Activates the Promoters of Anthocyanin Synthesis Pathway Genes

To test the effect of PqMYB113 on the key anthocyanin structural genes, a dual luciferase reporter assay was carried out. Among the anthocyanin pathway genes, DFR and ANS are the key structural genes (Zhong et al., 2020). Therefore, the promoters of PqDFR and PqANS were chosen as potential targets of PqMYB113 transcription activation. The promoter lengths of PqDFR and PqANS were 783 bp and 1005 bp, respectively. The key elements of the promoters were analyzed by PlantCARE online software, and it was found that these two promoters both have MYB binding sites (Figure 8A), suggesting that MYB may regulate their activity. As shown in Figures 8B,C, the promoter activities of PqDFR and PqANS increased approximately 2.6- and 1.7-fold by PqMYB113, respectively. The results suggested that PqMYB113 can activate the promoters of PqDFR and PqANS.
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FIGURE 8. Dual luciferase transient expression assay of PqDFR, PqANS promoters and PqMYB113. (A) The distribution of MYB binding and bHLH-binding elements in the promoter sequences of PqDFR and PqANS. (B) The effect of PqDFR promoter activity by PqMYB113. (C) The effect of PqANS promoter activity by PqMYB113. The ratio of LUC/REN of the empty vector (SK) plus promoter was used as calibrator (set as 1).




PqMYB113 Can Interact With Basic Helix Loop Helix and WD40

Bimolecular fluorescence complementation (BiFC) assays and yeast two-hybrid systems were performed to investigate whether PqMYB113 interacts with bHLH and WD40. In this study, PqbHLH1 and PqWD40 were used as candidate co-activators based on our previous study (Luo et al., 2017; Supplementary Figure 2).

In BiFC, pSPYNE/bZIP63 + pSPYCE/bZIP63 was used as a positive control, and pSPYNE/PqMYB113 + pSPYCE, pSPYNE/PqbHLH1 + pSPYCE, pSPYNE/PqbWD40 + pSPYCE were used as negative controls. As shown in Figure 9, a yellow fluorescent protein (YFP) fluorescence signal was observed in the nuclei when pSPYNE/PqMYB113 was co-expressed with pSPYCE/PqbHLH1 or pSPYNE/PqbHLH1 with pSPYCE/PqbWD40 but not when pSPYNE/PqMYB113 was co-expressed with pSPYCE/PqbWD40 or any negative controls. The results suggested that PqMYB113 could interact with PqbHLH1 but not with PqWD40, and PqbHLH1 could interact with PqWD40.
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FIGURE 9. Bimolecular fluorescence complementation in Nicotiana benthamiana leaves. Bright, field images show the complete epidermal cell profile in bright-field view; YFP, fluorescence of YFP; DAPI, nuclear staining; “Merge” is merged with chloroplast autofluorescence, YFP fluorescence and bright field images. Bars = 25 μm.


In the yeast two-hybrid system, yeast colonies expressing pGBKT7-53 and pGADT7-T (positive control), PqMYB113 and PqbHLH1, PqbHLH1 and PqWD40, PqMYB113 and PqWD40 grew well on SD/-Leu/-Trp medium and became blue on SD/-Ade/-His/-Leu/-Trp/X-α-Gal medium (Figure 10). These results also indicated that PqMYB113 could interact with PqbHLH1 and PqWD40.
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FIGURE 10. The interaction between PqMYB113 and PqbHLH1, PqWD40 in the yeast two-hybrid system. pGBKT7-53/pGADT7-T served as a positive control; pGBKT7/-Lam/pGADT7-T served as a negative control.





DISCUSSION

Increasing numbers of studies indicate that R2R3-MYB TFs are important regulators of anthocyanin biosynthesis in many plants (Liu et al., 2015). However, how R2R3-MYB TFs regulate anthocyanin biosynthesis is not clear in tree peony leaves. Here, an R2R3-MYB TF (PqMYB113) was isolated from P. qiui. The deduced amino acid sequence analysis of PqMYB113 revealed the presence of the highly conserved R2 and R3 domains at the N-terminus, which is characteristic of R2R3-MYB transcription factors (Figure 1B), indicating that PqMYB113 was an R2R3-MYB transcription factor. The characteristic motifs of anthocyanin biosynthesis regulators (ANDV and KPRPR[S/T]F) were also found in PqMYB113 (Figure 1B). Phylogenetic analysis showed that PqMYB113 belongs to subgroup 6 (SG6) and clustered with other anthocyanin MYB regulators together into the anthocyanin clade (Figure 1A). PqMYB113 shared the highest identity with Liquidambar formosana LfMYB113 (58.09%), followed by grapevine VvMYBA1 (48.87%), petunia PhAN2 (47.99%), and Arabidopsis AtMYB90 (44.36%) (Figure 1B). PqMYB113 showed the lowest identity with Antirrhinum majus AmROSEA1 (39.71%) (Figure 1B). Subcellular localization analysis revealed that PqMYB113 was localized in the cell nucleus (Figure 4). The luciferase assay revealed that PqMYB113 was a transcriptional activator (Figure 5). In addition, the [D/E]LX2[R/K]X3LX6LX3R motif, which is responsible for interacting with bHLH proteins, was found in the R3 domain of PqMYB113 (Figure 1B; Zimmermann et al., 2004). Taken together, these results suggested that PqMYB113 probably functions as an R2R3-MYB transcription activator that is dependent on bHLH proteins in regulating anthocyanin biosynthesis.

The anthocyanin biosynthesis MYB regulator can promote the accumulation of anthocyanin by regulating the expression level of flavonoid biosynthesis pathway genes. In apple skin, MdMYB3 can regulate anthocyanin biosynthesis and promote anthocyanin accumulation. Overexpression of MdMYB3 in tobacco up-regulated the anthocyanin content and the expression levels of NtCHS, NtCHI, and NtUFGT (Vimolmangkang et al., 2013). In grape hyacinth, the expression level of MaAN2 was positively correlated with the anthocyanin content and the expression level of MaDFR and MaANS; meanwhile, MaAN2 can also strongly activate the promoters of MaDFR and MaANS (Chen et al., 2017). Here, the expression of PqMYB113 decreased gradually during tree peony leaf development, and it was positively correlated with anthocyanin accumulation and the expression profiles of PqCHS, PqDFR, and PqANS. In the transgenic Arabidopsis plants, compared with AtF3H and AtF3′H, the expression levels of AtCHS, AtDFR and AtANS in transgenic lines were much higher than those of the wild-type (Figure 6). Similar results were observed in transgenic tobacco (Figure 7). All of these results suggested that PqCHS, PqDFR, and PqANS (especially PqDFR and PqANS) may be the key structural genes of anthocyanin synthesis in tree peony leaves, and that PqMYB113 could activate these genes, which was also confirmed by a dual luciferase reporter assay (Figure 8).

In apple, overexpression of MdbHLH3 independently promoted red fruit coloration, and this coloration was enhanced by low temperature. MdbHLH3 suppression inhibited red coloration in the skin around the infiltration site, while the empty vector control did not influence red coloration (Xie et al., 2012). In the present study, overexpression of PqMYB113 in tobacco and Arabidopsis plants promoted the accumulation of anthocyanin (Figures 6, 7). However, overexpression of PqbHLH1 did not promote anthocyanin accumulation (data not shown). This may be because the R2R3-MYB TFs play crucial roles in anthocyanin biosynthesis and are usually considered more specific in the MBW complex, while bHLH may function as an enhancer to promote the transcriptional activation activity of MYB. Bimolecular fluorescence complementation assays showed that PqMYB113 can interact with PqbHLH1 but not with PqWD40, and PqbHLH1 can interact with PqWD40 (Figure 9). Similar results were also found in apple and tomato (An et al., 2012; Gao et al., 2018). In apple, MdTTG1 (WD40) interacted with bHLH transcription factors but not MYB protein, whereas bHLH was known to interact with MYB (An et al., 2012). In tomato, SlAN11 (WD40) interacted with bHLH but not with MYB proteins in the ternary MBW complex, whereas bHLH interacted with MYB (Gao et al., 2018). The possible reason was that in addition to enhancing the activity of MYB, bHLH can bridge the MYB and WD40 proteins, while the function of WD40 was to stabilize the bHLH-MYB transcriptional complex, thus allowing the binding of the resulting MBW complex to promoters of anthocyanin pathway genes (DFR, ANS, etc.).



CONCLUSION

PqMYB113 is an R2R3-MYB transcription factor that has an ANDV motif and motif 6, which are characteristics of anthocyanin biosynthesis activators. Its expression is positively correlated with anthocyanin accumulation in tree peony leaves. PqMYB113 could form a ternary MBW complex with PqbHLH1 and PqWD40 and promoted anthocyanin accumulation by up-regulating the expression levels of PqDFR and PqANS.
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A RelA/SpoT homolog, HpRSH, was identified in Haematococcus pluvialis. HpRSH was found to catalyze Mg2+-dependent guanosine tetraphosphate (ppGpp) synthesis and Mn2+-dependent ppGpp hydrolysis, respectively. The transcription of HpRSH was significantly upregulated by environmental stresses, such as darkness, high light, nitrogen limitation, and salinity stress. The intracellular ppGpp level was also increased when exposed to these stresses. In addition, the classical initiator of stringent response, serine hydroxamate (SHX), was found to upregulate the transcription of HpRSH and increase the level of ppGpp. Moreover, stringent response induced by SHX or environmental stresses was proven to induce the accumulation of astaxanthin. These results indicated that stringent response regulatory system involved in the regulation of astaxanthin biosynthesis in H. pluvialis. Furthermore, stringent response was unable to induce astaxanthin accumulation under dark condition. This result implied that stringent response may regulate astaxanthin biosynthesis in a light-dependent manner.
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INTRODUCTION

Haematococcus pluvialis is a unicellular biflagellate green microalga that inhabits in freshwater (Lorenz and Cysewski, 2000). Recently, this alga attracts considerable attention because it accumulates the highest content of astaxanthin (up to 4% by dry weight), which is a high-value carotenoid with excellent antioxidant activity (Han et al., 2013). Previous studies have proven that astaxanthin accumulation is occurring when algal cells are subjected to unfavorable environments, such as nutrient starvation, high light, and salt stress (Sarada et al., 2002). The accumulation of astaxanthin is generally believed to be a survival strategy of H. pluvialis under photo-oxidative stress or other adverse environmental conditions (Hagen et al., 1994; Hu et al., 2008). Astaxanthin confers H. pluvialis a remarkable ability to survive in extremely unfavorable environments (Hu et al., 2008; Li et al., 2008). Accompanied by the accumulation of astaxanthin, this alga also exhibits a dimorphic life cycle, mobile green vegetative cells in favorable environment and non-mobile red cyst cells in unfavorable environment (Droop, 1954; Zhang et al., 2017). During this process, H. pluvialis stops dividing, enters into a resting stage, and maintains a lower metabolic rate (Boussiba and Vonshak, 1991). Although many studies focus on the relationship between astaxanthin accumulation and environment stresses (Boussiba et al., 1999; Huir, 2000; Su et al., 2014), less is known about the mechanism of how environmental stresses lead to the transformation of morphology and physiology and induce the accumulation of astaxanthin in H. pluvialis.

To survive in changing environments, organisms have evolved many stressful response systems. Stringent response is one of the most important bacterial adaptive responses to deal with nutrient limitation, which was first reported in Escherichia coli (Magnusson et al., 2005; Boutte and Crosson, 2013). In addition to nutrient limitation, it also mediates bacterial adaptations to other environmental stresses, such as oxidative damage and acid shock (Wells and Gaynor, 2006; Khakimova et al., 2013; Brown et al., 2014; Irving et al., 2021). Although described for the first time in E. coli, stringent response broadly exists in plants, algae, Drosophila, and human (Kasai, 2002; Takahashi et al., 2004; Sun et al., 2010). When cells are faced with adverse environmental stresses, stringent response is initiated by a small signal molecular, guanosine tetraphosphate (ppGpp) and/or guanosine pentaphosphate (pppGpp), collectively denoted as (p)ppGpp (Potrykus and Cashel, 2008; Hauryliuk et al., 2015). Once stringent response is activated, bacteria will reallocate their resources from growth support to survival prolonged by reprogramming relative genes transcription (Kanjee et al., 2012; Hauryliuk et al., 2015). A growing number of studies indicated that (p)ppGpp contributes to the regulation of many aspects of bacterial biology, such as growth adaption in E. coli (Traxler et al., 2011), antibiotic production in Bacillus subtilis (Ochi and Ohsawa, 1984), morphological differentiation in Mycobacterium smegmatis (Ojha et al., 2000), sporulation in Streptomyces (Ochi, 1987), social behavior in pseudomonas aeruginosa (Van Delden et al., 2001), and fruit body development in Myxococcus xanthus (Harris et al., 1998). Likewise, ppGpp was also operative in plant and algae, with the identification of ppGpp synthase homologs in Arabidopsis thaliana (Der Biezen et al., 2000) and Chlamydomonas reinhardtii (Kasai, 2002), the detection of ppGpp in pea, wheat, rice, and spinach (Takahashi et al., 2004), and the investigation of its roles in regulation of cell physiology in Synechococcus elongatus (Puszynska and O’Shea, 2017), red alga (Imamura et al., 2018), and Phaeodactylum tricornutum (Avilan et al., 2021).

Stringent response plays critical roles in cellular adaptation to environmental stresses (Potrykus and Cashel, 2008). The question of whether bacterial stringent response mediates adaption to stresses and induces accumulation of astaxanthin in H. pluvialis was raised. To validate this possibility, we attempted to clone and characterize the homolog of RelA/SpoT enzyme in H. pluvialis. And then, the interrelationship between stringent response and astaxanthin accumulation was investigated in detail through mimicking stringent response using serine hydroxamate (SHX), which is a classical initiator of stringent response (Nguyen et al., 2011). Finally, we showed that the RelA/SpoT homolog in H. pluvialis, HpRSH, is a double function enzyme, catalyzing Mg2+-dependent ppGpp synthesis and Mn2+-dependent ppGpp hydrolysis. Stringent response could be initiated by SHX and some stresses, such as nitrogen starvation, salinity stress, high light, and darkness. Moreover, stringent response activated by stresses or SHX caused a remarkable accumulation of astaxanthin and induced the upregulation of astaxanthin biosynthesis-related genes. Meanwhile, it was found that stringent response failed in inducing astaxanthin accumulation under dark condition. These results indicated that stringent response system involved in the accumulation of astaxanthin in a light-dependent manner in H. pluvialis.



MATERIALS AND METHODS


Algal Strain and Growth Conditions

Haematococcus pluvialis 797 strain was obtained from Institute of Hydrobiology, Chinese Academy of Sciences. The Blue-Green Medium (BG11, whose composition is shown in Supplementary Table 1) was used for the growth of H. pluvialis. Algae were cultured in conical flask containing 100 ml of growth medium under constant illumination. Cultures were incubated in an illumination incubator at 22°C and 20 μmol photons m–2 s–1 of light provided by HITACHI lamp (FH32EN, GY10q-9, HITACHI, Japan) under a 12-h light:12-h dark cycle and were shaken manually two times daily. Light intensities were measured by a photometer (LI-250A, LI-COR Inc., Lincoln, NE, United States).



Stresses Treatment

Haematococcus pluvialis in the logarithmic growth phase was treated by different stresses. For dark stress, cells were cultured in a black chamber; for high light stress, algal cells were cultured under illumination of 200 μmol photons m–2 s–1; for salt stress, NaCl was added to fresh BG11 at a final concentration of 42 μM; for nitrogen (N–) starvation, algal cells were washed three times using nitrogen-free (without nitrate) BG11 medium and inoculated into nitrogen-free BG11. For SHX treatment, SHX was added to the culture at a final concentration of 1 g/L. For the transcriptional analysis of HpRSH, algal cells were collected and exposed to different stresses for 0, 1, 2, 3, 6, and 9 h or SHX for 15 min, 30 min, 1, 2, 6, and 9 h. For the transcriptional analysis of some key genes related to astaxanthin accumulation and the determination of astaxanthin accumulation, algal cells were collected after stress exposure for 4 and 72 h, respectively.



Isolation of the Full-Length cDNA of Hprsh Gene

According to the sequence of bifunctional (p)ppGpp synthetase/guanosine-3′,5′-bis(diphosphate) 3′-pyrophosphohydrolase annotated in the transcriptome of H. pluvialis (GenBank: SRX765192), the ORF of Hprsh was amplified by PCR using eHpRelA F and eHpRelA R primers and RNA as template.

Based on the ORF sequence, two gene-specific primers (GSPs) were designed to amplify the 5′-end of Hprsh mRNA. 5′-RACE reactions were accomplished using the SMARTer® RACE 5′/3′ Kit (Clontech, United States) and two pairs of GSPs designed. All manipulations were according to the user manual. The full-length cDNAs were finally isolated using GSPs complementary with the 5′- and 3′-ends of the Hprsh gene, respectively. The parameters of PCRs were set as follows: 95°C for 5 min; 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 4 min 30 s, with a final extension at 72°C for 10 min. The amplified sequences were cloned into pMD19-T vector (TaKaRa, China) and sequenced.

The localization of HpRSH was predicted by ChloroP 1.11 and WoLF PSORT2. Then, the truncate ORF was, respectively, cloned into pET-32a (+) vector between BamHI and HindIII sites and into pUC19 between HindIII and EcoRI, generating pET-32a-Hprsh expression vector and pUC19-Hprsh for functional complementation in E. coli. Primes for Hprsh isolation are listed in Supplementary Table 2.



Complementation Analysis of Hprsh in E. coli

The E. coli wild-type strain CF1648 and its derived strain CF1693 (relA–/spoT–) were prepared as transformation strains. The plasmid pUC19-Hprsh including the truncate ORF without the transit peptide of HpRSH was transformed into CF1693 and CF1648. As a control, empty vector plasmid was also transformed into CF1693 and CF1648, respectively. All strains were coated to LB and M9M (M9 mineral medium) plate, respectively, and grown at 37°C for 24 h.



Protein Purification and Enzyme Assay

Recombinant protein was produced in E. coli BL-21(DE3) containing the plasmid pET-32a-Hprsh. Cells were pelleted by centrifugation at the speed of 12,000 × g for 2 min at 4°C. Enzyme extracts were then prepared by the Ni-NTA Spin Kit (QIAGEN, German) according to the user protocol and were eluted using 300 μl of PBS (50 mM NaH2PO4, 300 mM NaCl, pH 7.0) containing 500 mM imidazole. The PBS buffer was then exchanged to Tris–HCl buffer (0.1 M Tris–HCl, pH 8.0, 5 mM DTT, 1 mM EDTA) by using the Zeba Spin Desalting Columns and Plates, 7K MWCO (Thermo Fisher Scientific, United States). Protein extracts were quantitated at 25°C using the TaKaRa BCA Protein Assay Kit (TaKaRa, China). All steps were carried out at 4°C unless otherwise stated.

The synthetic or hydrolytic activities of HpRSH were assayed by a method described previously (Nanamiya et al., 2008; Ito et al., 2012). Briefly, for synthase activity assay, reaction mixture containing 50 μM GDP and 80 μM ATP was incubated with 5 mM Mg2+ in the presence of recombinant HpRSH protein at 37°C for 20 min. For hydrolase activity, reaction mixture containing 50 mM Tris–HCl (pH 8.0), 5 mM Mn2+, 50 μM ppGpp, and 0.2–1.0 mg of the purified recombinant protein was incubated at 37°C for 20 min. The mixture was analyzed by UPLC on a HILIC chromatographic column (BEH Amide, Waters, United States). ppGpp and GDP were detected by their UV absorbance at 252 nm as reaction products of synthetic and hydrolytic activity, respectively.



Phylogenic Analysis

Sequence analysis was performed using BLAST Software3. Multiple alignments were conducted using Clustal X version 1.83. Molecular evolutionary analysis was conducted using the Neighbor-Joining method by the molecular evolution genetics analysis (MEGA) software, version 5.2. Bootstrap values were estimated (with 1,000 replicates) to assess the relative support for each branch, and they were labeled with a cutoff value of 50.



Extraction, Purification, and Detection of Guanosine Tetraphosphate

The analysis of ppGpp in algal cells was according to our published method (Jin et al., 2018). Notably, 2.4 g of cells were collected by centrifugation (8,000 × g, 10 min), frozen immediately in liquid nitrogen, crushed, and resuspended in 10 ml of 1 M cool formic acid. The broken cells were vigorously mixed, incubated on ice for 30 min, and then centrifuged (10,000 × g, 10 min). The upper layer was transferred into a new tube. The all supernatants were purified by solid-phase extract (SPE). First, the SPE column (OASIS@ WAX 3-cc Vac Cartridges, Waters) was pretreatment using 1 ml of MeOH and then 1% HCOOH. The supernatants were loaded immediately to SPE column. Then, the column loaded with supernatants was washed using 1 ml of 1% HCOOH and 1 ml of MeOH, respectively. Finally, the crude extracts were eluted by 1 ml of H2O/NH4OH (70:30) solution. The effluent was dried under vacuum. The resultant residue was dissolved in 100 μl H2O/ACN (25/75, v/v), and 5 μl was detected using UPLC-MS/MS.

All MS analysis were performed on a Waters TQ-XS triple quadrupole mass analyzed connected to a Waters Aquity H-class UPLC (Waters, United States), and data were collected and analyzed using the MassLynx version 4.1 software (Waters, United States). Chromatographic separation was performed on a Waters BEH Amide column (2.1 × 50 mm, 1.7 μm) at the flow rate of 0.4 ml min–1. The mobile phase was comprised by solvent A (0.1% NH4OH) and solvent B (acetonitrile). The gradient was set according to the following profile: 0.0 min, 20% A + 80% B; 4.0 min, 25% A + 75% B; 13.0 min, 25% A + 75% B; 14.0 min 50% A + 50% B; 17.0 min, 50% A + 50% B; 17.5 min, 80% A + 20% B. The injection volume was 5 μl. MS was operated in negative electrospray ionization (ESI) and in multiple reactions monitoring (MRM) mode. The ion resource settings were as follows: capillary voltage = 2.5 kV; cone voltage = 30 V; desolvation gas flow = 1,200 L h–1; cone gas flow = 150 L h–1; nebulizer gas = 7.0 bar; desolvation temperature = 400°C; source temperature = 150°C. The ion transition at m/z 602/159 was used for ppGpp detection. The cone voltage (V) and collision energy (eV) are 44 V and 44 eV, respectively.



RT-PCR Analysis

For real-time quantitative reverse transcription PCR (qPCR) analysis, 30 ml of cells was collected by centrifugation at 12,000 × g for 2 min. Total RNA was isolated and purified using the TRIzol according to the manufacturer’s instructions. Real-time qPCR was performed with a 7500 Real-Time PCR System (Applied Biosystems, United States) using PrimeScript® RT reagent Kit with gDNA Eraser (which supplies RNase-free DNase I to remove any co-isolated genomic DNA) and SYBR Green PCR Kit (product code: DRR041A and DRR047A, respectively; TaKaRa, China). Primers for quantitative analysis are listed in Supplementary Table 2.

The reaction mix contained 4 μl of cDNA, 0.5 μl of forward and reverse primer mix (20 μM each), 1 μl of 50 × ROX Reference Dye II and 25 μl 2 × TaKaRa SYBR Green PCR mix in a final volume of 50 μl. All reactions were set up in triplicate, and every sample was replicated in parallel three times to ensure statistical relevance. The following standard thermal conditions were used for all PCR reactions: 30 s at 95°C, 40 cycles of 30 s at 95°C, and 34 s at 60°C. Primer specificity was confirmed by RT-PCR amplification before Real-Time Quantitative PCR reaction, which produced single amplicon of the expected size for each primer set; these amplicons were sequenced to finally validate their specific amplification. The specificity of qPCR reaction was monitored by the presence of dissociation curves with single peak and sequencing of its products with unique bands of the expected size. Amplicon dissociation curves were obtained after cycle 40 with default settings suggested by the instrument. Data were analyzed using the SDS software (Applied Biosystems, United States).



Astaxanthin Extraction, Saponification, and Detection

Algal cells were collected by centrifugation at 12,000 × g for 15 min. The process of extraction, saponification, and detection was according to our published method (Jin et al., 2017). In brief, 100 ml of algae cells (OD600 at 0.45) were collected by centrifugation at 8,000 × g for 10 min at 25°C, lyophilized and weighed, sequentially. The freeze-dried cells were resuspended in 10 ml of 1 M cool chloroform and sonicated at 4°C for 5 min. The broken cells were vigorously mixed, incubated on ice for 30 min, and then centrifuged at 12,000 × g at 4°C for 15 min. The upper layer was collected. Second extraction was carried out, and the supernatant was then merged, evaporated to dryness, and dissolved with 5 ml acetonitrile. The extract was stored at -80°C until use. Then, 100 μl extract was diluted with 2 ml acetonitrile and hydrolyzed by adding 10 μl 1 M NaOH. The saponification process lasted for 6 h at 4°C in dark. The saponified extract was then washed several times with distilled water until the pH was neutral and analyzed by UPLC directly.

Carotenoids were separated at a flow rate of 0.4 ml min–1 on Waters BEH C18 column (2.1 × 50 mm, 1.7 μm), using mobile phases composed of methanol (A) and acetonitrile (B). The gradient elution was 10% A and 90% B at 0 min, followed by linear gradient to 0% A and 100% B to 4 min, maintained at 0% A and 100% B to 12 min, returned to initial condition by 12.1 min, re-equilibrated at initial condition by 15 min. The injection volume was 5 μl. Needle was washed using acetonitrile/methanol (9:1; v/v) mixture for 10 s after each injection. Column temperature was maintained at 35°C using a column oven. The detection of analysts was carried out by UV absorbance at 450 nm. The filter constant was set at 0.2.



Statistical Analysis

The analysis of variance was performed on SPSS software. Two-tailed Student’s t-test (refer to Figures 3–5) was performed with assumptions of a Gaussian distribution and equal variance. The number of degrees of freedom for all tests was 4, for n = 3 in each set.




RESULTS


Functional Identification of HpRSH

TblastN against the H. pluvialis transcriptome by the C. reinhardtii RSH (CrRSH) retrieved a HpRSH candidate. Based on this sequence, RT-PCR was performed and a predicted 2,409 bp ORF was isolated. Then, 3′- and 5′-RACE reactions were conducted to isolate the full-length cDNA (Supplementary Figure 1). Results showed that the full-length Hprsh mRNA has a 166 bp 5′-UTR and 1,140 bp 3′-UTR, with an ORF of 2,409 bp encoding a polypeptide with 796 aa (Figure 1A). It has typical secondary structures of RelA/SpoT superfamily, e.g., HD domain (hydrolase), RelA_SpoT domain (synthase), TGS domain, and ACT domain (Figure 1A). These results implied that HpRSH may be a RelA/SpoT-like enzyme. Using ChloroP and WoLF PSORT, HpRSH is predicted to contain a 59 aa long transit peptide and, therefore, is localized in chloroplast.
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FIGURE 1. Characterization of relA/spoT homologous gene Hprsh in H. pluvialis. (A) Secondary conserved domains and sequence alignment of MaRSH. Red stars indicate the sequence of HpRSH. (B) Functional complementation of HpRSH. (C) In vitro activities of HpRSH. Left: In the presence of Mg2+, the enzyme utilized ATP and GDP as substrates (before the reaction, middle panel) to synthesize ppGpp (after the reaction, upper panel). Right: In the presence of Mn2+, HpRSH displayed hydrolase activity to hydrolyze ppGpp (before the reaction, middle panel) into GDP (after the reaction, upper panel).


The function of HpRSH was determined by functional complementation in E. coli strains CF1693 (relA–spoT–) and CF1648 (wild type). According to previous research, the high level of ppGpp is lethal for E. coli due to the lack of (p)ppGpp hydrolase activity (Xiao et al., 1991). Furthermore, it should be noted that (p)ppGpp0 cell are unable to grow in nutritionally poor M9M medium because suitable concentration of ppGpp is needed for transcription of several operons involved in amino acid biosyntheses (Xiao et al., 1991; Ingraham et al., 1996). In this study, as shown in Figure 1B, on M9M plate, CF1693 with the pUC19 (empty vector) cannot grow, but transcribing the pUC19-HpRSH (carrying the full length of HpRSH) into CF1693 can restore the growth on M9M plate. These results indicate that HpRSH could complement relA–spoT– phenotypes and function as an RSH, i.e., as a (p)ppGpp synthase and hydrolase bifunctional enzyme.

To further confirm the activity of HpRSH, we next examined in vitro synthetic and hydrolytic activities using recombinant protein (Supplementary Figure 2) at 35°C under different reaction condition (as shown in the section “Protein Purification and Enzyme Assay”) and analyzed reaction products through UPLC. As expected, ppGpp was found when incubating recombinant protein with ATP and GDP at the presence of Mg2+ as cofactor, and GDP was detected in the mixture of hydrolytic assay which contained Mn2+ (Figure 1C), demonstrating HpRSH catalyzes Mg2+-dependent ppGpp synthesis and Mn2+-dependent ppGpp hydrolysis.



Molecular Evolutionary Relationships of HpRSH

Previous studies found that C. reinhardtii has a single RSH (CrRSH, GenBank: EFN56946) (Kasai, 2002); it does not cluster within any other plant RSH (Boniecka et al., 2017); CRSH appears to be present only in land plants (Tozawa et al., 2007). However, we used this CrRSH, AtRSH1-3 (GenBank: AAF37282, AAF37281, AAF37283, respectively), AtCRSH (GenBank: NP_001327078.1), and HpRSH (GenBank: KU744004) characterized here to tblastn search the newest version (v5.6) of C. reinhardtii genome4 and found another RSH member, CrCRSH (GenBank: XP_042926693.1), with high query cover and confident score (Supplementary Material Phytozome BLAST file). Then, we used these RSHs, including CrRSH, CrCRSH, AtRSH1-3, and AtCRSH, to search the transcriptome of H. pluvialis, only the current HpRSH was retrieved. Based on the current HpRSH, a phylogenetic tree was constructed using RSH homologs. Results showed that HpRSH clustered with CrRSH, which was independent of other clusters of RSHs (Figure 2).
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FIGURE 2. Molecular evolutionary relationships of HpRSH by the Neighbor-Joining method. The nodes of gene duplication during evolution are dotted. The bootstrap consensus tree inferred from 1,000 replicates is taken to represent the evolutionary history of the taxa analyzed. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) are shown above the branches. Red arrow indicates the HpRSH isolated in this study.
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FIGURE 3. Influence of environmental stresses on the initiation of stringent response. (A) The transcriptional expressions of Hprsh under different stresses. (B) The levels of ppGpp induced by different stresses. Dark, keep in dark place; HL, high light; N–, nitrogen limitation (without nitrate sodium); NaCl, 42 μm NaCl; DCW, dry cell weight. Error bars indicate the standard deviation (SD) of the mean (n = 3) for Hprsh transcription analysis, or n = 3 for ppGpp determination. *p < 0.05, **p < 0.01, or ***p < 0.001 vs. 0 h (A–D) or control (E).
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FIGURE 4. SHX-triggered stringent response. (A) The transcription of Hprsh induced by SHX. (B) The levels of ppGpp induced by different stresses at the highest transcriptional level of Hprsh (1 h for SHX). DCW: dry cell weight. Error bars indicate the standard deviation (SD) of the mean (n = 3) for the transcription of Hprsh and ppGpp determination. **p < 0.01, or ***p < 0.001 vs. 0 h (A) or control (B).
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FIGURE 5. Effect of environmental stresses and SHX on the accumulation of astaxanthin in H. pluvialis. The accumulation of astaxanthin induced by environmental stresses (A) and SHX (1 mg/ml) for 72 h (B). DCW: dry cell weight. Error bars indicate the standard deviation (SD) of the mean (n = 3) for Hprsh transcription analysis or n = 3 for astaxanthin determination. **p < 0.01, or ***p < 0.001 vs. control.




Stringent Response Could Be Initiated by Environmental Stresses

Previous studies have shown that stressful conditions such as light, nutrient limitation, and salinity stress could induce stringent response (Takahashi et al., 2004). Moreover, it was proven that environmental factors induce the expression of RSH in a time-dependent manner (Jin et al., 2020). Therefore, time-course expression profiles of HpRSH under different stresses were investigated in this study. As shown in Figure 3A, when algal cells were exposed to darkness, the transcription of HpRSH was upregulated gradually and rose to maximum level (about 3.1-fold, p < 0.01) after 2 h. High light induced a significant increase of the transcription of HpRSH (2.8-fold, p < 0.01) after 30 min and then resulted in the highest level (about 8.3-fold, p < 0.001) at 1 h (Figure 3B). Similarly, the transcription of HpRSH was raised to more than 6-fold at 2 h by nitrogen limitation and salinity stress, respectively (Figures 3C,D). In addition, since alarmone ppGpp is the arbiter of stringent response, its corresponding concentration at the highest transcriptional level of HpRSH (1 h for high light and 2 h for all other groups) was determined to further confirm the initiation of stringent response biochemically. As expected, the endogenous ppGpp level under environmental stresses was consistent with the transcription of HpRSH. As exhibited in Figure 3E, when subjected to darkness, high light, nitrogen starvation, and salt stress, the concentration of ppGpp reached to a level of 2.54 ± 0.19 (p < 0.001), 7.22 ± 0.68 (p < 0.001), 5.77 ± 0.30 (p < 0.001), and 5.58 ± 0.39 (p < 0.001) nmol/g DCW (dry cell weight), respectively, compared with that of control (1.11 ± 0.13 nmol/g DCW). These results show that environmental stresses could trigger stringent response in H. pluvialis.



Serine Hydroxamate Triggers Stringent Response in H. pluvialis

It is well-known that under amino acids starvation, uncharged tRNAs signal RelA to initiate stringent response in E. coli (Potrykus and Cashel, 2008). SHX, an inhibitor of serine tRNA synthetase, has been proven to elicit stringent response by simulating amino acid starvation in E. coli, P. aeruginosa, and some other bacteria (Van Delden et al., 2001; Potrykus and Cashel, 2008). To test whether SHX has the same effect on H. pluvialis, SHX was added to the algal culture media at a final concentration of 1.0 mg ml–1 and time-course transcriptional expression profile of HpRSH was determined in this study. As shown in Figure 4A, the transcription of HpRSH was upregulated after just 15 min, which reached the highest level at 1 h (about 9.8-fold, p < 0.01). Correspondingly, at the highest transcription level of HpRSH, the intracellular concentration of ppGpp was found to increase from 0.51 ± 0.12 at 0 h to 8.20 ± 0.31 nmol/g DCW (p < 0.001) at 1 h (Figure 4B). These results suggested that SHX was able to trigger stringent response in H. pluvialis and could be used as a positive control in this study.



Higher Guanosine Tetraphosphate Level Enhanced Astaxanthin Accumulation

In this study, some environmental stresses were found to elicit stringent response by upregulating the transcription of HpRSH and enhancing ppGpp synthesis in H. pluvialis. These stresses had been proven to induce astaxanthin accumulation in previous studies (Kobayashi et al., 1993; Boussiba et al., 1999; Boussiba, 2000; Sarada et al., 2002). This observation led to the hypothesis that stringent response involves in the regulation of astaxanthin biosynthesis. To evaluate the effect of stressful conditions on the accumulation of astaxanthin, the levels of astaxanthin under different stresses were determined by UPLC. As shown in Figure 5A, environment stresses could differentially regulate astaxanthin biosynthesis. Except for darkness, stresses led to astaxanthin accumulation when compared with the control. Among them, high light presented the most significant effect on astaxanthin accumulation. It enhanced the yield of astaxanthin to 5.65 ± 0.45, compared with 0.63 ± 0.05 mg/g DCW in the control. Nitrogen limitation could also raise the level of astaxanthin obviously to 4.22 ± 0.17 mg/g DCW. The addition of NaCl resulted in an increase of astaxanthin to 2.96 ± 0.37 mg/g DCW. This result indicated that with the exception of darkness, stressful conditions initiated stringent response and concomitantly led to astaxanthin accumulation, which implied a connection between the initiation of stringent response and the accumulation of astaxanthin.

To confirm this possibility, SHX was used to elicit stringent response, then the content of astaxanthin was determined. As depicted in Figure 5B, the content of astaxanthin was strikingly accumulated from 0.45 ± 0.07 to 5.13 ± 0.21 mg/g DCW. Furthermore, there was a marked change in algal morphology. As depicted in Supplementary Figure 3, when exposed to 1 mg ml–1 SHX, algae transformed from green motile cells to red non-motile cells after 10 days. Oppositely, the control cells were with almost no changes. These results further demonstrated that stringent response may be involved in the regulation of astaxanthin biosynthesis.



Stringent Response Induced the Upregulation of the Key Genes for Astaxanthin Biosynthesis

It was well-documented that environmental stresses caused the accumulation of astaxanthin through upregulating astaxanthin biosynthesis genes at the transcriptional level (Steinbrenner and Linden, 2003; Vidhyavathi et al., 2008). In this study, the transcription of general carotenogenic genes (e.g., GPPS, FPPS, and GGPPS) and specific astaxanthin synthesis genes (e.g., LCYB and CHYB) during stress exposure was investigated. As expected, both general carotenogenic genes and specific astaxanthin biosynthetic genes were found to be upregulated upon exposure to high light, nitrogen limitation, and salinity stress. Notably, 7.3- and 15.4-fold increases in the transcript of GGPPS were induced by nitrogen limitation and high light, respectively (Figure 6A). Meanwhile, both nitrogen limitation and high light resulted in more than 2-fold increase in the transcripts of GPPS, FPPS, LCYB, and CHYB (Figure 6A). In addition, salinity stress increased significantly the transcription of all the five genes. Darkness only upregulated the transcription of GGPP. Similarly, when stringent response was triggered by SHX, the expression levels of GGPPS, GPPS, FPPS, LCYB, and CHYB were found to be 4. 04-, 5. 69-, 1. 38-, 1. 14-, and 3.13-fold higher than the control group, respectively (Figure 6B). These results suggested environmental stresses (except darkness) upregulated several key genes in astaxanthin biosynthesis by initiating stringent response.
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FIGURE 6. Transcriptional expressions of key astaxanthin biosynthesis genes under SHX (A) and different environmental stresses (B). CHYB, carotenoid β-hydroxylase; LCYB, lycopene ε-cyclase; GPPS, geranyl diphosphate synthase; FPPS, farnesyl diphosphate synthase; and GGPPS, geranylgeranyl diphosphate synthase.





DISCUSSION


Stringent Response May Be Involved in the Regulation of Astaxanthin Biosynthesis

Stringent response is highly conserved and regulates many important physiological functions in plant and algae (Kasai, 2002; Takahashi et al., 2004; Avilan et al., 2021). In this study, homologous protein of RelA/SpoT in H. pluvialis, HpRSH, was identified by function complement and enzyme assay in vitro (Figure 1). Both the transcription of Hprsh and the levels of ppGpp were stimulated by environmental stresses (Figure 3). In addition, a classic initiator of stringent response, SHX, was proven to elicit stringent response in H. pluvialis (Figure 4). These results suggested that stringent response system exists and possibly participates in the physiological regulation respond to stresses in H. pluvialis. Moreover, these environmental stresses were shown to stimulate H. pluvialis to produce astaxanthin (Figure 4A) and, meanwhile, SHX-activated stringent response to induce massive accumulation of astaxanthin under normal environment (Figure 4B). These results suggested that stringent response may be involved in the regulation of astaxanthin biosynthesis. The positive regulation of many key genes in astaxanthin biosynthesis by environmental stresses and SHX further validated the possibility (Figure 6). Astaxanthin accumulation is regarded as a responsive pathway against stresses to protect algal cells from damages under unfavorable conditions. Stringent response has been proven to be indispensable for organisms to adapt to diverse unfavorable environments (Boussiba, 2000). Moreover, stringent response is highly conserved and lies at the top network that governs global gene expression in response to environmental stresses (Hauryliuk et al., 2015). Therefore, on the basis of previous reports and our results, this study postulated that astaxanthin accumulation may be a consequence of stringent response induced by unfavorable environments. Algal cells sense stresses through stringent response, transmit this signal by ppGpp, and copy with stressful condition by redirection of transcription so that genes important for survival are favored, i.e., astaxanthin synthesis genes in this study.



Astaxanthin Accumulation Mediated by Stringent Response May Be Light-Dependent

Our results showed that stringent response may be involved in the regulation of astaxanthin biosynthesis in H. pluvialis. It is worthy noted that darkness triggered a clear stringent response, but it failed to induce astaxanthin accumulation (Figures 3A, 5A). The role of light in astaxanthin biosynthesis has been studied in previous studies. Goodwin and Jamikorn claimed that light is necessary for astaxanthin biosynthesis (Goodwin and Jamikorn, 1954). Droop showed that astaxanthin could be synthesized in dark only when culture medium contains sodium acetate (Droop, 1955). According to these points, it is reasonable that darkness was unable to induce astaxanthin accumulation in culture medium without sodium acetate, although it did initiate stringent response. These results may imply that stringent response regulates astaxanthin biosynthesis in a light-dependent manner. Actually, SHX-activated stringent response was also unable to induce astaxanthin accumulation under dark condition in culture medium without sodium acetate (Supplementary Figure 4), which further strengthens the light-dependent regulation hypothesis by stringent response.




CONCLUSION

In this study, HpRSH, a RelA/SpoT homolog, was identified by functional complement and in vitro enzyme activity in H. pluvialis. HpRSH was found to possess double functions and catalyzes Mg2+-dependent ppGpp synthesis and Mn2+-dependent ppGpp hydrolysis. Both the transcription of HpRSH and the level of ppGpp were raised by SHX and environmental stresses, such as darkness, nitrogen starvation, high light, and salinity stress. Moreover, stringent response induced by SHX or environmental stresses led to a significant accumulation of astaxanthin. Furthermore, key genes in astaxanthin biosynthesis were upregulated by SHX and these stresses. All these results showed that stringent response may be involved in the regulation of astaxanthin biosynthesis in H. pluvialis. In addition, darkness triggered stringent response but was unable to induce astaxanthin accumulation. Meanwhile, SHX-activated stringent response was unable to cause astaxanthin accumulation under dark condition. These results implied that the regulation of astaxanthin biosynthesis by stringent response may be light-dependent.
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Saline-alkali stress is a major abiotic stress factor in agricultural productivity. Oat (Avena sativa L.) is a saline-alkali tolerant crop species. However, molecular mechanisms of saline-alkali tolerance in oats remain unclear. To understand the physiological and molecular mechanisms underlying seedling saline-alkali tolerance in oats, the phenotypic and metabolic responses of two oat cultivars, Baiyan7 (BY, tolerant cultivar) and Yizhangyan4 (YZY, sensitive cultivar), were characterized under saline-alkali stress conditions. Compared with YZY, BY showed better adaptability to saline-alkali stress. A total of 151 and 96 differential metabolites induced by saline-alkali stress were identified in roots of BY and YZY, respectively. More detailed analyses indicated that enhancements of energy metabolism and accumulations of organic acids were the active strategies of oat roots, in response to complex saline-alkali stress. The BY utilized sugars via sugar consumption more effectively, while amino acids strengthened metabolism and upregulated lignin and might be the positive responses of BY roots to saline-alkali stress, which led to a higher osmotic adjustment of solute concentrations and cell growth. The YZY mainly used soluble sugars and flavonoids combined with sugars to form glycosides, as osmotic regulatory substances or antioxidant substances, to cope with saline-alkali stress. The analyses of different metabolites of roots of tolerant and sensitive cultivars provided an important theoretical basis for understanding the mechanisms of saline-alkali tolerance and increased our knowledge of plant metabolism regulation under stress. Meanwhile, some related metabolites, such as proline, betaine, and p-coumaryl alcohol, can also be used as candidates for screening saline-alkali tolerant oat cultivars.

Keywords: growth, metabolites, oat, saline-alkali stress, root


INTRODUCTION

Oats (Avena sativa L.) is an important economic crop used for multiple purposes, such as in food, forage, and medicine. Because of its wide range of ecological adaptability, oats have become an irreplaceable grain and feed crop in ecologically fragile areas (Łabanowska et al., 2016), and have been widely used as an alternative crop for saline-alkali soil amelioration (Fu et al., 2011; Han et al., 2012).

Soil saline-alkalization is a worldwide environmental and ecological problem. The total area of saline-alkali soils in the world exceeds 10 × 108 ha, and 10% of the total arable land is being affected by salinity (Shahid et al., 2018). In northeastern China, the Songnen Plain accounts for 3.73 × 106 ha (accounting for 21% of the total area) and is one of the three typical soda saline-alkali soil distribution areas; in this area, soil salinization is mainly caused by sodium-carbonate (i.e., Na2CO3 and NaHCO3), which leads to increases in the pH of the soil to pH 10 in most areas (Yin et al., 2017; Fang et al., 2021). In addition, global warming, improper soil water-crop management, and pollution have led to constantly expanding areas undergoing salinization. According to the Food and Agricultural Organization, a manifested salinity is projected to affect 50% of global agricultural land by 2050 (Butcher et al., 2016). As two coexisting abiotic stresses, salt and alkali stress have severely restricted the development of global agriculture and food security (Bartels and Sunkar, 2005; Fang et al., 2021). Therefore, saline-alkalization is a major limiting factor for sustainable agricultural development and food security in the world. To solve this dilemma, developing and planting crop cultivars with high saline-alkali tolerance may be the most efficient approach.

The stress effects of soil saline-alkalization on plants include the effects of both salt stress and alkali stress. Salt stress, which results mainly from NaCl, Na2SO4, and other neutral salts, induces osmotic stress and ion injury by disrupting ion homeostasis and ion balance in plant cells (Fang et al., 2021; Wang et al., 2021). In addition, the superposition of osmotic stress and ionic stress can lead to secondary oxidative stress (Munns and Tester, 2008). The damage to plants caused by mixed salt-alkali stress is more serious (Rao et al., 2013), which is due to further increases in the pH during salt stress; a high pH, therefore, severely disturbs cell pH stability and destroys cell membrane integrity (Fang et al., 2021). It is well known that soil salinization and alkalization usually coexist. However, most studies have focused mainly on single salt stress (salt tress or alkali stress), and little attention has been given to combined saline-alkali stress.

Saline-alkali stress alters the physiological, biochemical, and molecular processes of plants (El-Esawi et al., 2019). Metabolomics studies can reflect the biological and physiological processes in response to stressful conditions at the cellular and molecular levels by monitoring the changes in metabolite levels and fluxes (Tinte et al., 2021). Therefore, metabolomics has become essential in studying the changes of metabolic pathways and tolerance mechanisms under environmental stress (Shao et al., 2011). Recent studies have shown that salinity induces several physiological processes, such as the osmotic and antioxidant adjustment defense mechanisms. To cope with osmotic stress, plants synthesize and accumulate compatible osmolytes, including organic acids, proline, betaine, N-containing compounds, sugars, straight-chain polyhydric polyols, and cyclic polyhydric alcohols (Yang et al., 2007; Zhao et al., 2013; Liu et al., 2015; Shen et al., 2018; Sun et al., 2019), to maintain cell turgor and osmotic potential. In oats (Liu et al., 2016), the salinity tolerance was associated with higher content of proline and soluble proteins. To cope with oxidative stress, the plant has two enzymatic and non-enzymatic active oxygen scavenging systems to avoid injury, which metabolizes reactive oxygen species (ROS) and their reaction products to avert oxidative stress conditions (Gill and Tuteja, 2010). Antioxidant enzymes mainly include superoxide dismutase (SOD), catalase (CAT), guaiacol peroxidase (GP), ascorbate peroxidase (APX), and glutathione reductase (GR) (Liu et al., 2020). Non-enzymatic antioxidants such as ascorbic acid, cysteine, carotenoids, alkaloids, α-tocopherol, flavonoids, and reduced glutathione can effectively help resist the damage caused by stress (Luo et al., 2009). Organic acids play an important role in maintaining the cell pH and ion balance (Fang et al., 2021). To cope with high pH, the accumulations of organic acids such as citrate, formate, lactate, acetate, succinate, malate, and oxalate, were observed in tomatoes (Wang et al., 2011), in Chloris virgata (Yang et al., 2010), and in grapevines (Xiang et al., 2019). Organic acids are synthesized to compensate for the deficiency of inorganic anions during saline-alkali stress, especially under alkaline stress (Guo et al., 2018), and they also play a role in osmotic regulation (Wang et al., 2021).

Oat crops are considered to be moderately tolerant to salinity and alkalinity, and some oat cultivars can grow in soil with pH values as high as 9 (Bai et al., 2018). However, the growth and physiological activities of oat plants are also affected by saline-alkali stress like other gramineous crops; the oat yield decreased by about 70% under 0.6% soil salinity (Zhao et al., 2013). Saline-alkali stress is therefore still an important limiting factor for the growth, development, yield, and quality of oats (Sun et al., 2010). Previous studies on salt or saltine-alkali tolerance of oats have focused on germplasm resource screening, and physiological and biochemical responses to saline-alkali stress (Zhang et al., 2011; Luo et al., 2012; Fu et al., 2018; Hou et al., 2018; Li et al., 2018; Zhang et al., 2018). To the best of our knowledge, the molecular mechanism for A. sativa L. saline-alkali tolerance remains largely unknown. An improved understanding of root metabolomics responses to saline-alkali treatment is, therefore, necessary to improve crop tolerance to this type of stress.

In this study, we described the metabolomics of BY and YZY seedling roots under complex saline-alkali stress using ultra-performance liquid chromatography–mass spectrometry (UPLC-MS/MS) analyses. The goals of this study were to (1) investigate the differences in growth and root metabolomics of oats under complex saline-alkali stress and (2) determine the differences in the saline-alkali tolerance mechanisms among tolerant and sensitive cultivars. This was a supplement to research on the mechanism of plant’s saline-alkali tolerance and provided theoretical support for the innovation of saline-alkali tolerant germplasm resources.



MATERIALS AND METHODS


Preparation of Saline-Alkali Solutions

To simulate the saline-alkali composition and content of the soil in the central and western regions of Heilongjiang Province (Yin et al., 2017), which is one of the main oat producing areas in China, two neutral salts and two alkaline salts were mixed in a 2:1:2:1 molar ratio (NaHCO3: Na2CO3: NaCl: Na2SO4), resulting in total ion concentrations of Na+, Cl–, HCO3–, CO32–, and SO42– of 150, 37.5, 37.5, 18.75, and 18.75 mM, respectively, with a pH of 9.8. The test design was conducted according to the method of Shi and Wang (2004), with appropriate adjustments.



Plant Materials and Cultivation Conditions

The seeds of two oat cultivars of BY and YZY were obtained from the oat Research Laboratory of Heilongjiang Bayi Agricultural University. The oat seeds were sand cultured in a rectangular plastic culture bowl (10 cm × 10 cm) under a 25/20°C (day/night), photoperiod 12/12 h (day/night), and 70% relative humidity. Hoagland nutrient solution (20 mL bowl–1) was irrigated and replaced every 2 days until the first leaf of the seedlings emerged (i.e., tillering stage). Then, the control seedlings were irrigated with 20 mL of distilled water (0 mM Na+, pH 6.8), instead of Hoagland nutrient solution, and the treatment seedlings were irrigated with 20 mL of saline-alkali mixed solution (150 mM Na+, pH 9.8) instead of Hoagland nutrient solution. Each treatment contained three replicates. After 12 days of saline-alkali stress treatment, a total of 120 mL of saline-alkali solution was used for irrigation, then, the oat seedlings were ready for analysis.



Growth Performance and Physiological Indicators

Cultured seedlings were removed and rinsed, then, the plant height, root length, and accumulation of dry matter in the shoots and its root tissues were measured, and each measurement was conducted on 10 plants and was repeated three times. The soluble protein content was determined using the Bradford method, the soluble sugar content was determined using the anthrone colorimetric method, the proline content was determined using the acidic ninhydrin colorimetry method (Gao, 2006), and the content of betaine was determined using Reinecke’s salt colorimetric method (Wang, 2006). The malondialdehyde (MDA) content was determined using the thiobarbituric acid method, the hydrogen peroxide (H2O2) content was determined using the titanium sulfate method, and the [image: image] content was determined using the hydroxylamine method (Gao, 2006). The SOD activity was determined using nitro blue tetrazolium photo-reduction, peroxidase (POD) activity was determined using guaiacol colorimetry, CAT activity was determined using the hydrogen peroxide method, and APX was determined according to the principle that H2O2 reduces the content of ascorbic acid (Zhang and Qu, 2003).



Metabolites of Oat Root Extracts


Sampling Methods

The oat seedlings were rinsed 2–3 times with phosphate-buffered saline (PBS) buffer (pH 7, 1 mol L–), and the oat roots were then transferred to a cryotube, frozen with liquid nitrogen, and stored at −80°C for further metabolomics analyses. Three biological replicates were performed per treatment. The BY and YZY were labeled as CKby and CKyzy, and XPby and XPyzy for the control and salt-alkali treatments, respectively.



Sample Preparation

The freeze-dried oat root sample was crushed by using a grinder (MM400; Retsch, Germany) for 1.5 min at 30 Hz. Then, 100 mg of powder was weighed and extracted overnight in a refrigerator at 4°C with 1 mL of extract solution (methanol: water = 7: 3). The sample was vortexed three times during this period to increase the extraction efficiency. After centrifugation at 10,000 rpm for 10 min, the supernatant was collected, filtered with a microporous filter (0.22 μm), and stored in the injection bottle for further LC–MS/MS analysis. The quality control sample was prepared by mixing equal amounts of the four groups of oat root extracts from different treatments. One quality control sample, which was prepared by mixing an equal aliquot of the supernatants from all samples, was used and replicated three times to examine the repeatability of the entire analysis process.



LC–MS/MS Analysis

The ultra-performance liquid chromatography (UPLC) separation was conducted using a Shim-pack UFLC CBM30A System (Shimadzu, Kyoto, Japan), equipped with a UPLC HSS T3 C18 (1.8 μm, 2.1 mm × 100 mm; Waters, Milford, MA, United States). The mobile phase was composed of ultrapure water (with 0.04% acetic acid) and acetonitrile (with 0.04% acetic acid). An elution gradient with a water/acetonitrile ratio of 95:5 (v/v) at 0 min, 5:95 (v/v) at 11 min, 5:95 (v/v) at 12 min, 95:5 (v/v) 12.1 min, and 95:5 (v/v) at 15 min was performed. The flow rate was set to 0.4 mL min–1, with a column temperature at 40°C and injection volume at 2 μl.

The Biosystems 6500 QTRAP was used to acquire MS/MS spectra of the metabolites. After the sample was chromatographically separated, it was subjected to MS for analysis, and the eluent was alternately connected to electrospray ionization (ESI)-triple quadrupole (QQQ). The MS conditions for a multiple reaction monitoring (MRM) test was set as follows: the electrospray ion source temperature 500°C, the ion spray voltage as 5500 or −4500 V in the positive or negative modes, respectively; the gas I as 55 psi gas II as 60 psi, the curtain gas as 25 psi, and the collision-activated dissociation as high. The QQQ scans were acquired as MRM experiments with the collision gas (nitrogen) set to 5 psi, and each ion pair was scanned according to the optimized declustering potential (DP) and collision energy (CE; Chen et al., 2013). The Analyst 1.6.3 software (AB Sciex, Waltham, MA, United States) was used to continuously evaluate the full scan survey of MS/MS data, as it was collected and triggered the acquisition of MS/MS spectra (Supplementary Figure 1).




Data Processing and Analysis


Qualitative and Quantitative of Metabolites

Metabolite identification was conducted based on the metabolite information MWDB (Metware Database built by BioMarker) and public databases, such as MassBank, KNAPSAcK, HMDB, and METLIN. A quantitative analysis of metabolites used MRM with QQQ mass spectrometry. Data were processed using Analyst 1.6.3 software, and peak areas were integrated and corrected by the MultiaQuant software (Fraga et al., 2010; Supplementary Figure 1).



Data Preprocessing and Annotation

Metabolite data were log10-transformed for statistical analysis to improve the normality and were normalized. Unsupervised pattern recognition principal component analysis (PCA) on normalized data was performed using the R software, version 3.1.1. The supervised pattern recognition orthogonal partial least squares discriminant analysis (OPLS-DA) was tested for all samples, and the R (3.3.2) package ropls was adopted to analyze the differences between the samples and to identify differential metabolites. The OPLS-DA model was used with variable importance in the projection (VIP) values (VIP > 1) combined with FC (fold change) of metabolites values (FC > 2) to identify differential metabolites. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to perform functional annotations on differential metabolites. Based on the annotation results, a KEGG pathway enrichment analysis was performed.



Statistical Data Analysis

The effects of different concentrations of saline-alkali stress on the physiological parameters of roots were analyzed by one-way ANOVA with the Duncan’s method for multiple comparisons at significance levels of P ≤ 0.05 and 0.01. All statistical analyses of experimental data were performed using the SPSS software v.20.0 (SPSS, Chicago, IL, United States).





RESULTS


The Growth Phenotype Assay

Saline-alkali stress lasting for 12 days caused a decrease in plant heights by 5.68% (BY) and 7.57% (YZY), as compared to the respective controls; but there was no significant difference among cultivars under the same treatment (Figure 1A). For YZY, saline-alkali stress induced a significant decrease in the biomass of shoots and roots by 14.20 and 13.16%, respectively, in the stressed group when compared with its respective controls. For BY, saline-alkali stress did not induce a significant change in the biomass of shoots and resulted in a significant increase of root dry weight by 26.67% (Figures 1B,C). Under saline-alkali stress, shoots dry weight, root dry weight, and the ratio of roots to shoots in YZY decreased significantly by 26.77, 42.11, and 20.83%, respectively, compared to BY (Figures 1B–D).
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FIGURE 1. Oat seedlings growth phenotypes of Baiyan7 (BY) and Yizhangyan4 (YZY) during saline-alkali stress. (A) Plant height (cm), (B) shoots dry weight (g plant–1), (C) root dry weight (g plant–1), (D) ratio of root weight to shoot weight, (E) chlorophyll content in the leaves (mg⋅g–1⋅FW), and (F) carotenoids content in the leaves (mg⋅g–1⋅FW). Different lowercase letters indicate significant differences among the treatments (P < 0.05) and different capital letters indicate significant differences (P < 0.01).


The plant height of the two oat cultivars was significantly decreased (P < 0.01) after saline-alkali stress, but there was no significant difference among cultivars under the same treatment (Figure 1A). For BY, saline-alkali stress did not significantly reduce the biomass of shoots and roots, but it instead induced a significant increase (P < 0.01) in root’s dry weight and the ratio of roots to shoots ratio (P < 0.01; Figures 1B–D). However, the saline-alkali stress resulted in a significant decrease (P < 0.05) in above-ground and below-ground biomasses in YZY (Figures 1B,C). These results showed that there were differences in growth phenotypes among cultivars after saline-alkali stress. At the same time, the chlorophyll content in leaves decreased during saline-alkali stress (P < 0.01; Figure 1E).



Reactive Oxygen Species and Malondialdehyde Accumulation

Under saline-alkali stress, distinct growth phenotype differences suggested that oat root cells were likely to face a serious threat. To verify this hypothesis, related physiological and biochemical analyses were conducted.

The significantly higher ROS content, which was induced by saline-alkali stress, was observed in the roots of both cultivars. The H2O2 concentration (0.69 μmol g–1 FW) in the treated roots of BY was the highest, which was significantly higher than that of YZY roots (Figure 2A). The roots of YZY had the highest [image: image] concentration (8.14 μmol g–1 FW), which was significantly higher than that of BY roots (Figure 2B). Compared with the control, increases in H2O2 and [image: image] were the largest in YZY roots, which was significantly increased by 111.54 and 282.16%, respectively. The MDA, which reflects cell membrane damage, increased significantly by 27.27 and 71.99% in BY and YZY roots, respectively. There was no significant difference in the content of MDA in roots between the two cultivars after treatment (Figure 2C).
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FIGURE 2. Accumulation of H2O2, [image: image], and malondialdehyde (MDA) in roots under saline-alkali stress. (A) H2O2, (B) [image: image], and (C) MDA contents in roots under control and saline-alkali stress. FW, fresh weight.




Antioxidant Enzyme Activities of Oat Seedlings Roots

Saline-alkali stress-induced changes in the antioxidant enzyme activities of oat roots. After saline-alkali stress, the activity of SOD in YZY roots increased significantly by 54.15% (P < 0.01; Figure 3A); the activities of POD and APX in BY roots were significantly increased by 77.70 and 68.58% compared to control, respectively (P < 0.01; Figures 3B,D). The activity of CAT in the roots of both cultivars decreased significantly (P < 0.01; Figure 3C). Under saline-alkali stress, the activities of POD and CAT in BY roots were significantly higher than those in YZY roots; however, the APX activity was significantly lower than that of YZY root.
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FIGURE 3. Antioxidant enzyme activity of oat seedling roots during CK and saline-alkali stress conditions. (A) Activity of superoxide dismutase, (B) activity of peroxidase, (C) activity of catalase, and (D) activity of ascorbate peroxidase. FW, fresh weight; DW, dry weight.




Osmo-Regulated Substance Changes of Oat Seedling Roots

The main osmoregulation substances such as proline, betaine, soluble sugar, and soluble protein were significantly affected by saline-alkali stress. The results showed that the contents of proline, soluble protein, and soluble sugar in the roots of both cultivars were significantly higher than those of the control (P < 0.05). Moreover, the content of betaine was significantly increased in BY roots (P < 0.01); but there was no significant change in YZY roots (Figure 4). After saline-alkali stress, the contents of proline, betaine, and soluble protein but not soluble sugar in the roots of BY, were significantly higher than those in the roots of YZY (P < 0.05), which increased by 55.88, 48.55, and 34.94%, respectively (Figures 4A–C). The soluble sugar content in the roots of BY was significantly increased by saline-alkali stress, but it was significantly lower than that of YZY after stress (Figure 4D).
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FIGURE 4. Osmoregulation substances of oat seedling roots under CK and saline-alkali stress conditions. (A) Proline content of BY and YZY roots under saline-alkali stress treatment and CK conditions. (B) Betaine content, (C) soluble protein content, and (D) soluble sugar content. FW, fresh weight; DW, dry weight.




Principal Component Analysis of Oat Root Metabolites Under Saline-Alkali Stress

The results of the analysis of main osmoregulation substances showed that there were significant differences in osmotic adjustment responses to saline-alkali stress between the two cultivars. To further validate these results, a metabonomic analysis was conducted.

The chromatograms of oat seedling roots were obtained using LC–MS/MS analysis (Supplementary Figure 1). There were significant differences between the peaks. The score plots of PCA results (Figure 5) showed that the control and treatment clusters were separated by the first principal (PC1), which accounted for 21.64% of the total variance, and the BY and YZY clusters were separated by the second principal (PC2), which accounted for 16.53% of the total variance. The separation performance of PCA analysis was not obvious. Given the complexity of the data, OPLS-DA was performed to accurately analyze the differences between the samples within each group (Figure 6). The score plots of the OPLS-DA results showed clear separations, and the Q2, which represented the model predictability, was greater than 0.5, indicating the effectiveness of the model. These results indicated that the samples within each group were significantly different in their metabolic levels, and the differential metabolites could be screened according to their VIP values.
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FIGURE 5. Principal component analysis score plots of metabolic profiles in oat roots. CKby and CKyzy represent the control treatment of Baiyan7 (BY) and Yizhangyan4 (YZY), respectively; XPby and XPyzy represents the saline-alkali stress treatment of BY and YZY, respectively.
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FIGURE 6. The orthogonal partial least squares discriminant analysis model score plot of metabolic profiles in oat roots.




Differential Metabolite Analysis

In BY and YZY roots, 752 metabolites were identified by LC–MS/MS. According to the OPLS-DA model, metabolites with VIP > 1 and FC > 2 were determined as differentially abundant metabolites (DAMs). After saline-alkali stress, there were 42 upregulated DAMs and 109 downregulated DAMs in BY roots, and 56 upregulated DAMs and 40 DAMs in YZY roots (Table 1 and Supplementary Table 1); while there were only 20 common DAMs, including 3 upregulated DAMs and 17 downregulated DAMs in groups G1 and G2 (Figures 7A,B). Compared with YZY, there were 86 upregulated DAMs and 71 downregulated DAMs in BY roots before treatment; and 54 upregulated DAMs and 88 downregulated DAMs in BY roots during stress (Table 1 and Supplementary Table 1); there were only 54 common DAMs, including 24 upregulated DAMs and 30 downregulated DAMs in G3 and G4 (Figures 7C,D), which indicated that saline-alkali stress led to changes in metabolites and that there were differences in metabolic profiles between cultivars. We then focused on differential metabolites induced by saline-alkali stress in G1 (CkBY-vs-XpBY) and G2 (CkYZY-vs-XpYZY).


TABLE 1. Differential metabolites between different treatment groups of oat roots.
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FIGURE 7. Venn diagram of different metabolites between groups. (A,C) Represent upregulated metabolites and (B,D) represent downregulated metabolites.


Difference significance analysis was conducted for DAMs induced by saline-alkali stress. Compared with the control, the significantly (P < 0.05) up-accumulated DAMs in BY roots were mainly amino acids and amino acid derivatives, phenylpropanoid compounds, including betaine (14.27-fold), 3-O-acetyl pinobanksin (11.00-fold), 1-O-feruloyl quinate (1.80-fold), N-acetyl-L-arginine (1.45-fold), L-cysteine (1.30-fold), proline (1.24-fold), p-coumaryl alcohol (1.29-fold), 3-methyl-1-pentanol (1.14-fold), pantothenol (1.12-fold), and 8-methoxy psoralen (1.09-fold). In contrast, the significantly (P < 0.05) up-accumulated DAMs in YZY roots were mainly organic acids, phenylpropanoid, and flavonoid compounds, including kaempferol 3-O-glucoside (2.80-fold), kaempferol 3-O-galactoside (2.34-fold), citric acid monohydrate (1.44-fold), N-feruloyl putrescine (1.36-fold), pantothenol (1.26-fold), citric acid (1.19-fold), 1-O-beta-D-glucopyranosyl sinapate (1.11-fold), and cis-aconitic acid (1.08-fold). Some lipids, phenylpropanoids, flavonoids, and other compounds were significantly (P < 0.05) down-accumulated metabolites, but there were differences in compound types and downregulation levels in the two cultivars (Table 2).


TABLE 2. The significant differential abundant metabolites in roots of Baiyan7 (BY) or Yizhangyan4 (YZY) after saline-alkali stress.
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For BY roots, there were 42 upregulated DAMs and 109 downregulated DAMs in the saline-alkali stress-exposed samples, when compared to the control. A total of 151 DAMs included 5 sugars (such as trehalose 6-P, N-acetylglucosamine 1-P, and phytocassane, etc.), 35 organic acids and derivatives (such as fumaric acid, caffeic acid, cinnamate, and trans-cinnamate, etc.), 12 amino acids and derivatives (such as proline, cysteine, and methionine, etc.), 33 lipids [most of which were monoacylglycerol (MAG) and its isomer, lysoPC and its isomer, and scope and its isomer, etc.], 11 phenylpropanoids (including 4 monolignols and 7 coumarins, etc.), 14 flavonoids (such as taxifolin, glabridin, 3-O-acetyl pinobanksin, and luteolin, etc.), 24 glycosides (most of them were formed by flavonoids and sugars; most of which were downregulated), 5 vitamins and cofactors (such as α-tocotrienol, pantothenol, and thiamine, etc.), 6 alkaloids, 2 peptides, 6-gingerol, phytol, and 4-hydroxy benzaldehyde (Table 1 and Supplementary Table 1). Among them, the DAMs with larger multiples mainly included fumaric acid (16.38-fold), betaine (14.27-fold), rosmarinic acid (13.24-fold), L-isoleucine (12.98-fold), imperatorin (−13.92-fold), and α-tocotrienol (−12.20-fold) (Figure 7). The significantly (P < 0.05) increased DAMs were mainly amino acids and their derivatives, phenylpropanoid compounds, including betaine, 3-O-acetyl pinobanksin, 1-O-feruloyl quinate, N-acetyl-L-arginine, cysteine, proline, p-coumaryl alcohol, 3-methyl-1-pentanol pantothenol, and 8-methoxypsoralen. The significantly (P < 0.05) decreased DAMs were mainly lipids and organic acids (Table 2).

Compared to the control, there were 56 upregulated DAMs and 40 downregulated DAMs induced by saline-alkali stress in YZY roots. A total of 151 DAMs included 8 sugars (including upregulated maltotetraose, galactinol, mannitol, melezitose, panose, and downregulated sucrose and deoxyribose 5-P), 24 organic acids and derivatives (such as citric acid, cis-aconitic acid, citramalate, ureidoisobutyric acid, deoxycytidine, 2′-deoxyinosine, and trans-citridic acid), 4 amino acids and derivatives, 12 lipids, three phenylpropanoids, 10 flavonoids (such as liquiritigenin, tangeretin, tricin, and catechin), 19 glycosides (most of them were formed by flavonoids and sugar, and most of which were upregulated), two vitamins and cofactors (the reduced form of glutathione and pantothenol), 6 alkaloids, 3 peptides (N′-p-coumaroyl putrescine, N-p-coumaroyl putrescine, and N-feruloyl putrescine), 6-gingerol, gallic acid, ginkgolide A, and chlorpyrifos (Table 1 and Supplementary Table 1). Among them, the more complex DAMs included C-hexosyl-chrysoeriol O-hexoside (15.5-fold), D (+)-melezitose O-rhamnoside (10.21-fold), maltotetraose (4.08-fold), melezitose (3.20-fold), gallic acid (−13.94-fold), deoxyribose 5-P (−11.67-fold), spinosin (−11.19-fold), rosmarinic acid (9.68-fold), and catechin (−2.86-fold) (Figure 7). The significantly (P < 0.05) increased DAMs included two metabolites related to the TCA cycle (citric acid and cis-aconitic acid), three glycosides, pantothenol, N-feruloyl putrescine, and citric acid monohydrate, and the decreased DAMs included gallic acid, spinosyn, ureidoisobutyric acid, and dimethylglycine (Table 2).



Functional Annotation and Enrichment Analysis of Differentially Abundant Metabolites in the Kyoto Encyclopedia of Genes and Genomes

The results of metabolic pathway annotation analyses identified 36 DAMs from BY and 26 DAMs from YZY of the corresponding metabolic pathways (Table 1). In BY roots, DAMs showing significantly increased accumulation levels under saline-alkali stress were mainly concentrated in amino acids and their derivatives (such as proline, N-acetyl-L-arginine, and L-cysteine) in the biosynthesis of amino acids pathway, in the serine and threonine metabolism pathway, and phenylpropanoids and their derivatives (such as p-coumaryl alcohol and 1-O-feruloyl quinate) in the phenylpropanoid biosynthesis pathway. The DAMs, showing significantly reduced accumulation levels under saline-alkali stress, were mainly concentrated in lipids and their derivatives [such as MAG, monogalactosyl diacylglycerol (DGMG), lysoPE, and lysoPC] in the glycerolipid metabolism pathway and the lipid metabolism pathway, phenylpropanoids and their derivatives in the phenylpropanoid biosynthesis pathway (such as 4-methoxy cinnamic acid, osthenol, caffeic acid, methyl p-coumarate, trans-4-hydroxycinnamic acid methyl ester, 3,4-dimethoxycinnamic acid, ethyl ferulate, and 1-O-caffeoyl quinate imperatorin), and flavonoid compounds (dihydroquercetin and glabridin) (Table 2 and Figure 9). In YZY roots, significantly upregulated DAMs found under saline-alkali stress were mainly concentrated in the TCA cycle and its intermediate metabolites (such as citric acid, citric acid monohydrate, and cis-aconitic acid), and flavonol compounds in the flavone and flavonol biosynthesis pathways (such as kaempferol 3-O-glucoside, and kaempferol 3-O-galactoside). The significantly downregulated DAMs mainly included some flavonoid compounds (such as spinosyn, liquiritigenin, and apigenin O-hexosyl-O-pentoside) (Table 2 and Figure 9).

Under saline-alkali stress, the TCA cycle of BY and YZY seeding roots was stimulated in the roots of BY and YZY, and the intermediates, such as citrate, cis-aconitate, succinate, fumarate, and malate, were increased. Compared with BY, the TCA cycle pathway components were enhanced by saline-alkali stress in YZY roots. The amino acid metabolism and related metabolism pathways were significantly altered in BY and YZY; in the arginine and proline metabolism pathway, proline in BY roots was upregulated, while a large amount of N-feruloyl putrescine, N-p-coumaroyl putrescine, and N′-p-coumaroyl putrescine accumulated in YZY roots. Compared with BY, the sugar and alcohol metabolisms in YZY roots were increased, as were melibiose, sucrose, galactinol, glucose-1P, glucose-6P, trehalose-6P, fructose-6P, maltotetraose, melezitose, and panose accumulation. For these metabolites, the increases were greater in YZY roots (Figure 9). In the phenylpropanoid biosynthesis pathway, saline-alkali stress induced the decrease of caffeate, methyl ferulate, methyl p-coumarate, trans-4-hydroxycinnamic acid methyl ester, 3,4-dimethoxycinnamic acid, 1-O-caffeoyl quinic acid, and 4-methoxycinnamic acid accumulation in BY roots, and increases of downstream products including p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. In contrast, saline-alkali stress led to the enhancement of the flavonoid biosynthesis pathway and the production of flavonoids, followed by glycosides (formed by flavonoids and sugar) accumulated in YZY roots (Figure 9 and Table 2).




DISCUSSION

The BY cultivar was bred by the Jilin Baicheng Academy of Agricultural Sciences (Guo et al., 2007); the YZY cultivar was bred by the Zhang Jiakou Academy of Agricultural Sciences. Both BY and YZY are the main cultivars of oats used for foods or feeds in the western Songnen Plain (Fu et al., 2018). According to the screening results (data not listed) of the experiments, the BY and YZY were identified as saline-alkali resistant and sensitive cultivars, respectively.

Saline-alkali stress severely inhibits plant growth and even leads to plant death, with seed germination and seedling growth being the most sensitive stages affected (Ibrahim, 2016). Roots are the main site of nutrient uptake and salinity perception (Bai et al., 2016), which plays an important role in plant growth and development. Roots are in direct contact with soil, and are the first perceiver and responder of soil environmental stress; roots are more sensitive than shoots, responding to alkali stress (Xu et al., 2013; Wang et al., 2021). When roots are exposed to saline-alkali stress, the root is the first to perceive the stress information, which is gradually transmitted to the aboveground parts (Fang et al., 2021).


Inhibition of Seedling Growth and Physiological Parameters

The plant height of the two cultivars decreased significantly under saline-alkali stress, indicating that the plant growth of oats was significantly affected. Dry matter accumulation level is a comprehensive reflection of seedlings and one of the main indices of salt tolerance (Yang et al., 2009; Wang et al., 2018). A high pH stress mainly reduced the chlorophyll content (Bai et al., 2021), which caused a significant decrease in shoot and root dry weights of YZY (Figure 1). Saline-alkali stress did not have a negative impact on the BY root dry weight and even induced a significant increase in the root dry weight and root/shoot ratio. Maintaining vigorous root growth and increasing the root/shoot ratio may be a morphological adaptation for saline-alkali stress-tolerant cultivars (BY) (Wang et al., 2018). This is consistent with previous studies (Wu et al., 2009; Luo et al., 2012) and may be due to the difference in response mechanisms of different oat cultivars under saline-alkali stress, leading to differences in their growth performances.

Under saline-alkali stress, the rapid and excessive accumulation of ROS, including H2O2 and O2– can cause damage to cell membranes through lipid peroxidation and can even cause cell death (Gill and Tuteja, 2010; Liu et al., 2020). Among the antioxidant enzymes, CAT is sensitive to saline-alkali reaction, and, APX and POD play important roles in H2O2 clearance (Liu et al., 2016). In the present study, obvious effects of saline-alkali stress on the accumulation of H2O2 and O2∙– were observed in the roots of both cultivars (Figure 2). The MDA, which reflects increased cell membrane damage, showed no significant differences among cultivars. This indicated that saline-alkali stress caused the accumulation of ROS in oat roots, but showed no significant difference in the degree of cell membrane damage between cultivars. Similar results for oats (Avena nude L.) have been reported (Zhao et al., 2013; Liu et al., 2016).

Osmotic stress has been identified as one of the main threats to plants under saline conditions (Munns, 2002). To cope with osmotic stress, plants synthesize and accumulate compatible solutes, and the most seen and compatible solutes are sucrose, proline, and betaine, which can generate a significant osmotic pressure and function as osmolytes during salt stress (Munns and Tester, 2008). Different plant species and different cultivars of the same species can respond to salt-alkali stress through changes in different osmotic adjustment substances. Accumulations of proline and betaine are generally higher in salt-tolerant plant species than in sensitive species (Liu et al., 2016; Fu et al., 2018). Consistent with these results, during saline-alkali stress, the contents of proline, betaine, soluble protein, and soluble sugar in BY roots were significantly increased, and were significantly higher than those in YZY roots, except for soluble sugar. The contents of proline, soluble sugar, and soluble protein in YZY roots were significantly increased, and the levels of soluble sugar were significantly higher than those in BY roots (Figure 4). These results indicated that proline and betaine were the main osmotic regulators in BY roots, and that soluble sugar played a more positive osmotic regulation role in YZY roots.



Sugar Metabolism Plays a Basic Function in Improving Saline-Alkali Tolerance

The regulation of sugar, induced by saline-alkali stress, was observed in the roots of oat (Figure 9 and Supplementary Table 1). This may be related to the function of sugars in plant metabolic pathways. In plants, sucrose is a product of photosynthesis and it is an important energy source for metabolic activity; it has the function of osmotic adjustment, affecting redox homeostasis and the protection of macromolecular structures (Yang and Guo, 2018). Glucose was downregulated in the roots of BY and YZY, and this may be due to glucose being utilized in various metabolic pathways. Sufficient carbon sources and energy supplies are important for the assimilation of nitrogen and the synthesis of amino acids (Jia et al., 2019). Therefore, we speculated that the lack of significant accumulation of sugars may be related to other metabolic enhancements, including the TCA cycle and amino acid metabolism. In addition, the saline-alkali stress-induced mannitol (1.85-fold), galactinol (2.17-fold), maltotetraose (4.08-fold), melibiose (2.02-fold), panose (3.09-fold), melezitose (1.85-fold), and sucrose (2.25-fold), are consistent with the physiological parameters for soluble sugars.



Energy Metabolism Is an Active Strategy of Oat in Response to Saline-Alkali Stress

The TCA cycle is an important aerobic pathway in the final steps of the oxidation of carbohydrates and fatty acids (Wu et al., 2013) and is an important energy-producing process in plants. The TCA cycle plays an important role in resisting adverse environmental conditions, and is a central cycle in plant metabolism, giving rise to many primary and secondary metabolites including several intermediates involved in amino acid biosynthesis and nitrogen assimilation (Yang et al., 2017). The levels of cis-aconitic acid and citric acid in the TCA cycle were increased by saline-alkali stress in YZY roots. The intermediate metabolites of the TCA cycle, including citrate, fumarate, succinate, malate, and cis-aconitate, were upregulated in roots of BY and YZY (Table 2 and Figure 8), revealing that saline-alkali stress induced the enhancement of the TCA cycle. Oats could, therefore, enhance the saline-alkali tolerance of its roots by increasing energy capacity and the levels of intermediate products during saline-alkali stress, which is similar to barley (Wu et al., 2013).
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FIGURE 8. K-means figure of the top 10 differential metabolites (G1) log2FC (XpBY–CkBY), (G2) log2FC (XpYZY–CkYZY), (G3) log2FC (CkBY–CkYZY), and (G2) log2FC (XpBY–XpYZY). Red denotes upregulation and green denotes downregulation.




Organic Acids Maintain the Intracellular pH Under Saline-Alkali Stress

Complex saline-alkali stress further increases the pH during salt stress (Fang et al., 2021), which results in reduced ion levels in the environment surrounding the roots. A high pH leads to root cells losing their normal physiological functions (Munns and Tester, 2008). Under saline-alkali stress, plants secrete organic acids to maintain the pH and ion balance of the internal environment, which is an adaptive response to stress (Yang et al., 2017; Jia et al., 2019). Similarly, saline-alkali stress induced the accumulation of organic acids in oat roots. The plants of different families and genus (or even from the same family) have a different metabolic control mechanism for organic acids during alkali stress (Yang et al., 2007). We showed that saline-alkali stress induced the accumulation of organic acids, such as a citric acid monohydrate, cis-aconitic acid, citric acid, citramalate, oxalic acid, etc., in the roots of YZY. After saline-alkali stress, the organic acids accumulating in BY roots included fumaric acid, citric acid, malate, succinate, rosmarinic acid, linoleic acid, etc. The accumulation of organic acids can effectively compensate for the deficiency of inorganic anions (Wang et al., 2011). Organic acids are also involved in protein modification, nutrient uptake, signal transduction, and other physiological processes (Fang et al., 2021).

It is worth mentioning that fatty acids and their derivatives are also involved in plant resistance to abiotic stress, in addition to their roles in storing energy (Wang et al., 2021). We showed that in the roots of BY, four kinds of fatty acids, including ureidoisobutyric acid, punicic acid, octadecadien-6-ynoic acid, 16-hydroxyhexadecanoic acid, 9-hydroxy-(10E,12Z,15Z)-octadecatrienoic acid, 9,10-EODE, and 12,13-EODE, were downregulated by saline-alkali stress, which may be an effective way for BY roots to adapt to salt stress (Yang et al., 2017).



Differences of Amino Acids and Amino Acid-Associated Metabolism Between Cultivars

In higher plants, amino acids accumulate in response to various stresses and have multiple functions in plant growth (Less and Galili, 2008). Amino acid accumulation occurs in response to salt stress (Mutwakil et al., 2017). The results of the current study indicated that amino acid metabolism was significantly enhanced in BY roots during saline-alkali stress, leading to the significant accumulation of proline, cysteine, isoleucine, N′-acetyl-L-arginine aspartate, and 4-hydroxy-L-glutamate, whereas this was not observed in YZY roots. Metabolic analyses showed that there were differences in the arginine and proline metabolism pathways between the roots of the two studied cultivars (Figure 9), including the induced significant upregulation of proline accumulation in the roots of BY, and N-feruloyl putrescine in the roots of YZY (P < 0.05). In the roots of YZY, the compounds associated with putrescine biosynthesis, such as N-feruloyl putrescine, N′-p-coumaroyl putrescine, and N-p-coumaroyl putrescine, accumulated in the roots of YZY. The N-feruloyl putrescine is a feruloyl-CoA conjugate of putrescine, which shares ornithine as a common precursor with proline (Mohapatra et al., 2009; Figure 9). The accumulation of polyamine putrescine is correlated with slower growth and/or necrosis, rather than being an adaptive response to salinity (Widodo et al., 2009). The elevated levels of putrescine may indicate that the roots of sensitive cultivars, such as YZY, have been extensively damaged under the experimental conditions used in the study.
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FIGURE 9. Change in metabolites of the metabolic pathways in roots of oat seedlings after 12 days saline-alkali stress treatment. Proposed metabolic network changes in oat seedlings subjected to saline-alkali stress, as obtained using orthogonal partial least squares discriminant analysis. H-units, p-coumaryl alcohol; S-units, sinapyl alcohol; G-units, coniferyl alcohol; GABA, γ-aminobutyric acid; GPS4, phospholipid-hydroperoxide glutathione peroxidase; GSH, glutathione; GSSG, glutathione disulfide; LysoPE, 1-octadecanoyl-sn-glycero-3-phosphoethanolamine; MAG, monoacylglycerol; P5C, δ-pyrroline-5-carboxylate; PE, phosphatidylethanolamine; Phe, phenylalanine; PEP, phosphoenolpyruvate trisodium salt; SAH, S-adenosyl-L-homocysteine; Try, tryptophan; Tyr, tyrosine; C0094, methyl p-coumarate; C0095, methyl ferulate; C0098, trans-4-hydroxycinnamic acid methyl ester; C0109, 3-O-acetyl pinobanksin; C0376, naringenin; C0429, 3,4,5-trimethoxycinnamic acid; C0479, 8-methoxypsoralen (xanthotoxin); C0582, glabridin; C0907, N-feruloyl putrescine; C1521, dihydroquercetin (taxifolin); C1622, kaempferol 3-O-glucoside (astragalin); C2620, 3,4-dimethoxycinnamic acid; C2795, 4-methoxycinnamic acid; C2901, 1-O-caffeoyl quinic acid; C2940, 1-O-beta-D-glucopyranosyl sinapate; C2978, apigenin O-hexosyl-O-pentoside; C3215, isoliquiritigenin; C3237, liquiritigenin; C3268, kaempferol 3-O-galactoside (trifolin); C3296, kaempferol 3-O-rhamnoside (kaempferin); C0426, pentagalloylglucose; C5903, kaempferol. *Indicate significant (P < 0.05).


The L-cysteine is used as a sulfur donor in plants and is used for multiple processes catalyzed by multiple catabolic enzymes [(Less and Galili, 2008); its level is positively correlated with the methylation index (Kim et al., 2006)]. Cysteine has a structural function in proteins, as well as playing a role as a precursor for essential biomolecules, such as glutathione (GSH), phytochelatins (PCs), S-adenosyl-methionine (SAM), S-adenosyl-L-homocysteine (SAH), and methionine (Peng and Song, 2011; Sadak et al., 2019). Our results are supported by Peng and Song (2011), who reported that the L-cysteine treatment can efficiently activate the phenylpropanoid pathway, to promote the accumulation of phenolic substances (Table 2 and Figure 9). The accumulation of isoleucine can alleviate salt stress by enhancing glycolysis (Kumar et al., 2010). In addition, these amino acids can increase the scavenging free oxygen radicals, in addition to regulating the osmotic pressure and alleviating salt stress. Moreover, amino acids serve as precursors for a large array of secondary metabolites, including pigments, alkaloids, hormones, and cell wall components (Jia et al., 2019).

Glycine betaine (GB) is synthesized from serine via ethanolamine, choline, and betaine aldehyde (Ashraf and Foolad, 2007), and is closely related to amino acid metabolism and lipid metabolism. Ethanolamine is essential for the synthesis of phospho-ethanolamine and phosphatidylethanolamine (PE) as well as choline and GB (Kim et al., 2006). MAG is degraded to ethanolamine via glycerone phosphate and PE in the glycerophospholipid metabolism pathway. In this study, the significant decrease of MAG contents in the roots of BY (Table 2 and Figure 9), including MAG (18:1) isomer2, MAG (18:1) isomer1, and MAG (18:3) isomer5, may be related to its degradation and formation of choline, which, in turn, leads to significant up-accumulation of betaine (14.27-fold). In addition to important osmotic regulation functions, the GB and proline are thought to have positive effects on enzyme and membrane integrity during stress conditions (Ashraf and Foolad, 2007). When GB is present at high levels, together with proline, it is efficient in protecting plants from oxidative stress (Annunziata et al., 2019). Furthermore, GB is only accumulated during prolonged stress, does not normally break down in plants, and can be transported easily and efficiently from older to younger plant tissues (Bray et al., 2000; Carillo et al., 2008). These results suggest that GB plays a pivotal role in protecting young leaf and root tissues of BY against saline-alkali stress, and it may be one of the reasons why BY can maintain a relatively normal growth under saline-alkali stress.



Differences Between Cultivars of Secondary Metabolic Pathways

Generally, secondary metabolites, particularly the majority of phenolic compounds produced in the phenylpropanoid pathway, are usually a defense response to biotic or abiotic stress (Zhao et al., 2015). Compared with the control, the accumulations of secondary metabolites in oat roots, including some flavonoids and phenols, were significantly altered by saline-alkali stress (Table 2, Figure 8, and Supplementary Table 1). Considerable evidence suggests that phenylalanine, which is required for the biosynthesis of flavonoids and lignin, is an important precursor of phenylpropanoids (Santos et al., 1998). Phenylalanine accumulation was upregulated by saline-alkali stress in the roots of YZY, whereas it was downregulated in the roots of BY. This indicated that compared with YZY roots, the biosynthesis of the phenylpropanoids pathway in the roots of BY was at least partially inhibited. Analyses of metabolic pathways showed that during saline-alkali stress, phenylpropanoids and flavonoids in the roots of the two cultivars differed in metabolic pathways and metabolite accumulation levels (Figure 9).

The tolerance of plants to salinity is closely related to the formation of secondary cell walls and the deposition pattern of cellulose and lignin (Wang et al., 2016). Monolignols are synthesized from phenylalanine via cinnamate and p-coumaroyl-CoA, but this metabolic pathway can be diverted to the synthesis of flavonoids via p-coumaroyl-CoA (Wang, 2013). In BY roots, the increased monolignols, including coniferyl alcohol (G-units of lignin) and p-coumaryl alcohol (H-units of lignin) were induced by saline-alkali stress. In particular, the accumulation of H-units of lignin was significant (Figure 9). Increased lignin levels could contribute to the enhancement of cell wall strength, thus, maintaining and accelerating root cell growth. Unlike BY roots, lignin production in roots of YZY was not triggered by saline-alkali stress. Instead, the building blocks of phenylpropanoids were in part diverted to the production of flavonoids, suggesting suppression of root cell elongation. The tolerance of plants to salinity is closely related to the formation of secondary cell walls and the deposition pattern of cellulose and lignin (Wang et al., 2016). This may be the fundamental reason why BY roots could maintain vigorous growth under saline-alkali stress, while YZY roots were severely inhibited. The results suggested that under saline-alkali stress, the BY roots actively formed lignin units via the phenylpropanoid biosynthesis pathway to maintain cell structure stability and normal root growth, while the YZY roots formed flavonoids via the flavonoid biosynthesis pathway, and then flavonoids combined with sugars to form glycosides used for antioxidant regulation.

In addition, the panthenol in root tissues of both cultivars was significantly (P < 0.05) increased during stress (Table 2 and Figure 9). Pantothenol is the precursor of pantothenic acid (vitamin B5). Pantothenic acid is not an antioxidant and exerts its major function as part of CoA. It is an essential acyl group carrier co-factor required for the growth of various organisms and plays a key role in numerous steps of cellular metabolism (Awasthy et al., 2010), controlling GSH biosynthesis by regulating cellular energy levels to maintain a stable GSH level to protect against peroxidative damage (Slyshenkov et al., 2004).




CONCLUSION

In summary, saline-alkali stress altered physiological, biochemical, and molecular processes, thereby affecting the growth and biomass of oat roots. The roots of oats, especially a sensitive cultivar (YZY), responded to saline-alkali stress by increasing the TCA cycle. Oat roots secreted and accumulated organic acids, which was an adaptive response to maintain pH and ion balance during saline-alkali stress. Saline-alkali stress induced the increase of amino acid metabolism in roots of tolerant cultivars (BY) and significantly increased the accumulation of osmotic substances, including proline, betaine, and L-cysteine. However, the roots of the sensitive cultivar (YZY) responded to osmotic stress by increasing the content of soluble sugars. Moreover, there were differences in the phenylpropanoid pathway between the tolerant cultivar and sensitive cultivar during saline-alkali stress. In the roots of BY, saline-alkali stress significantly induced the increase of monolignols, including coniferyl alcohol and p-coumaryl alcohol, which contributed to the enhancement of cell wall strength, and the maintenance and acceleration of root cell growth. However, the metabolism of phenylpropanoids was, in part, diverted to the production of flavonoids in the roots of YZY.

This is the first study that used an integrated approach to determine the possible molecular mechanisms of how A. sativa L. adapts to saline-alkali stress. The analyses of different metabolites of tolerant and sensitive cultivar roots provided an important theoretical basis for understanding the mechanisms of saline-alkali tolerance and increased our knowledge of plant metabolism regulation during stress.
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Calcium-dependent protein kinases (CDPKs) are a major group of calcium (Ca2+) sensors in plants. CDPKs play a dual function of “Ca2+ sensor and responder.” These sensors decode the “Ca2+ signatures” generated in response to adverse growth conditions such as drought, salinity, and cold and developmental processes. However, knowledge of the CDPK family in the legume crop chickpea is missing. Here, we have identified a total of 22 CDPK genes in the chickpea genome. The phylogenetic analysis of the chickpea CDPK family with other plants revealed their evolutionary conservation. Protein homology modeling described the three-dimensional structure of chickpea CDPKs. Defined arrangements of α-helix, β-strands, and transmembrane-helix represent important structures like kinase domain, inhibitory junction domain, N and C-lobes of EF-hand motifs. Subcellular localization analysis revealed that CaCDPK proteins are localized mainly at the cytoplasm and in the nucleus. Most of the CaCDPK promoters had abiotic stress and development-related cis-regulatory elements, suggesting the functional role of CaCDPKs in abiotic stress and development-related signaling. RNA sequencing (RNA-seq) expression analysis indicated the role of the CaCDPK family in various developmental stages, including vegetative, reproductive development, senescence stages, and during seed stages of early embryogenesis, late embryogenesis, mid and late seed maturity. The real-time quantitative PCR (qRT-PCR) analysis revealed that several CaCDPK genes are specifically as well as commonly induced by drought, salt, and Abscisic acid (ABA). Overall, these findings indicate that the CDPK family is probably involved in abiotic stress responses and development in chickpeas. This study provides crucial information on the CDPK family that will be utilized in generating abiotic stress-tolerant and high-yielding chickpea varieties.
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INTRODUCTION

Chickpea, the world's second most important food legume, is majorly produced by South Asia. Importantly, as the largest producer of chickpea, India contributes about 70% (5.9 million tons (mt) annually) to the world's chickpeas production (Varshney et al., 2009). Chickpea seeds are of high nutrition value as they contain 20–30% crude protein, 40% carbohydrate, 3–6% oil, and an abundance of minerals, such as calcium, magnesium, potassium, phosphorus, iron, and zinc (Gil et al., 1996; Ibrikci et al., 2003). Unfortunately, due to continuously fluctuating and harsh environmental conditions in the semi-arid tropics where chickpea is majorly cultivated, its productivity is severely affected. An estimated 40–60% of annual global chickpea yield losses are accounted for by abiotic stress factors only. While drought inflicts severe damage and accounts for almost 50% of chickpea yield loss, temperature changes and soil salinity together account for about 25% of chickpea yield loss (Varshney et al., 2014). Consequently, a wide gap is developed between chickpea demand and supply. Importantly, damage to chickpea yield dents several chickpea-producing countries economically. Drought, cold, and salinity, respectively, are reported to cost ~1.3 billion, 186, and 354 million US dollars (Ryan, 1997). Abiotic stresses negatively impact the flower set, pollen viability, pod set/abortion, and retention. As these developmental stages determine the seed number in chickpea, a negative impact on them significantly hampers chickpea yield. Thus, identification of crucial stress-related genes and their utilization in breeding programs to generate stress-tolerant chickpea varieties are urgently required.

Abiotic stresses are known to elicit a profound increase in cytosolic calcium (Ca2+) levels. The spatio-temporal accumulation of Ca2+ develops a specific “Ca2+ signature” in the form of Ca2+ spikes, waves, and oscillations. The Ca2+ signature encoded by a specific stimulus is decoded by various Ca2+ sensors, toward a specific response (Tang et al., 2020). Major Ca2+ sensors that have been identified and characterized in plants include calmodulin (CaM) and CaM-like proteins (CMLs) (Zeng et al., 2015), calcineurin B-like proteins (CBLs) (Luan, 2009), and Ca2+-dependent protein kinases (CDPKs) (Singh et al., 2017). Among these, CDPKs are one of the largest Ca2+ sensor groups in the plant kingdom and constitute a multi-gene family (Schulz et al., 2013; Xiao et al., 2017). A total of 34 CDPK have been found in the Arabidopsis thaliana genome (Cheng et al., 2002), 31 genes in the rice (Oryza sativa) genome (Ray et al., 2007), and 20 genes in the wheat (Triticum aestivum L.) genome (Li et al., 2008). CDPKs are unique enzymes with a dual function of a Ca2+ sensor and responder, attributed to their peculiar structural features. Differing from other Ca2+ sensors, CDPKs can sense, respond to, and translate Ca2+ signals into protein phosphorylation events (Poovaiah et al., 2013). Plant CDPKs are comprised of a conserved domain structure and are monomeric in nature. A variable N-terminal domain is followed by a ser/thr kinase domain and a CDPK activation domain (CAD). An auto-inhibitory region called as “inhibitory junction domain” and a calcium-binding CaM-like domain (CaM-LD) is located within CAD (Schulz et al., 2013). CaM-LD contains four elongation factors (EF) hand motifs that are responsible for Ca2+ binding. These EF hands are organized as N-terminal and C-terminal lobes (each consists of two EF hands) (Boudsocq and Sheen, 2013; Liese and Romeis, 2013). At the basal state, the C-terminal lobe shows high affinity to Ca2+ thus, it remains loaded with Ca2+ even at low Ca2+ concentration. The C-terminal lobe via interaction with auto-inhibitory junction maintains the kinase in an inactive state. The binding of Ca2+ induces a conformational change in the N-terminal lobe, which disrupts auto-inhibitory junction-kinase interaction. That removes auto-inhibition and leads to the activation of kinase (Boudsocq and Sheen, 2013). In plants, different CDPK isoforms have been found to exhibit distinct expression patterns, which possibly accounts for their functional specificity (Yang et al., 2017; Zhang et al., 2017). CDPK proteins localize in the cytosol and subcellular organelles, including the nucleus, plasma membrane, endoplasmic reticulum, tonoplast, mitochondria, and chloroplasts (Simeunovic et al., 2016). This suggests that CDPKs might target variable substrates throughout the plant cell. In plants, CDPKs have been involved in regulating important functions, including biotic and abiotic responses, hormone signaling, and development (Schulz et al., 2013). Knowledge of plants' CDPK functions has been generated majorly from the research with the model plant Arabidopsis thaliana. Information about molecular features of the CDPK family and its role in important legume crop chickpea is missing. Molecular characterization of the CDPK family will help in understanding their functions in chickpeas.

Here, we have unearthed the entire repertoire of CDPK encoding genes in the chickpea genome. Gene and domain structure analysis confirmed the authenticity and integrity of CDPKs. Phylogenetic analysis and chromosomal localization provided crucial insight into the evolution and expansion of the chickpea CDPK family. Homology modeling was used to understand the three-dimensional structure of chickpea CDPK proteins. Subcellular localization analysis showed that chickpea CDPK proteins are mainly nuclear and/or cytoplasmic. In-silico promoter analysis showed the presence of stress, hormone, and development-related cis-regulatory elements in CDPK promoters. Extensive expression analysis of the chickpea CDPK family was performed under abiotic stresses (drought, salinity, and cold) and during different developmental stages using public RNA-Seq data and qRT-PCR analysis. Expression analysis indicated the involvement of the CDPK family in abiotic stress signaling and plant development in chickpea.



MATERIALS AND METHODS


Identification of CDPKs in the Chickpea Genome

The chickpea genome at National Centre for Biotechnology Information (NCBI) (Varshney et al., 2013) was explored to identify the CDPK encoding genes. CDPK protein sequences of rice and Arabidopsis thaliana were retrieved from Uniprot (Swiss-Prot), and used for BLAST homology search in the chickpea genome database. Further, the Hidden Markov Model (HMM) profile of CDPK was extracted from the Pfam (http://pfam.xfam.org/) database and was used as a query to search the chickpea database at NCBI. All obtained sequences were compiled, redundant entries were removed, and only unique entries were used in further analysis. Protein sequences of putative CDPKs were scrutinized for the presence of canonical domains using in-silico tools, such as SMART (http://smart.embl-heidelberg.de/), Interpro (https://www.ebi.ac.uk/interpro/), Prosite (https://prosite.expasy.org/) and Pfam (https://pfam.xfam.org/). Various attributes of CDPKs, such as gene ID, protein ID, CDS size, protein size, Introns, molecular weight (MW), isoelectric point (pI), and chromosomal coordinates were extracted from NCBI and ExPASy (https://web.expasy.org/compute_pi/).



Phylogenetic Analysis

Multiple Sequence Alignment (MSA) was performed using non-redundant protein sequences of CDPKs from chickpea, Arabidopsis, rice, and soybean (Glycine max), using Clustal W at default settings. A phylogenetic tree was generated in MEGA X version 10.1.8 (Pennsylvania State University, USA) by the neighbor-joining method. Bootstrap values were calculated in 1,000 replicates to determine the phylogenetic relationship among the CDPKs. The web-server iTOL (Letunic and Bork, 2021) was used to mark the different clades of CIPKs with different colors for better visualization.



Gene Structures and Domain Prediction

To investigate the gene structure of CDPKs, their CDS and the genomic sequences were extracted from NCBI. These sequences were submitted at the Gene Structure Display Server 2.0. (http://gsds.cbi.pku.edu.cn/index.php?input=ite) to generate the gene structure diagram. Identification of domains was carried out using a standalone package of InterPro Scan. Co-ordinates of essential domains and active sites were extracted and used as input in Illustrator for Biological Sequences for the visualization.



Gene Nomenclature, Chromosomal Localization, and Gene Duplication

The nomenclature of chickpea CDPK genes was done based on sequence closeness to their Arabidopsis orthologs, and phylogenetic analysis. Genes were named as CaCDPK followed by a number (1–22) corresponding to their respective Arabidopsis orthologs. The information of chromosome co-ordinates of genes was obtained from NCBI and further used to display chromosomal localization. The MCScanX software package (Wang et al., 2012; Athens, USA) was used to assess the gene duplication within the chickpea CDPK gene family. Genes located within 20 kb distance on the same chromosome were considered as tandemly duplicated genes (Feng et al., 2015).



Homology Modeling of CaCDPK Proteins

The three-dimensional (3D) structures of all CaCDPK proteins were predicted by homology modeling using the PHYRE2 web portal (http://www.sbg.bio.ic.ac.uk/phyre2). PHYRE2 uses advanced remote homology detection methods to build 3D models for protein sequences (Kelley et al., 2015). All the proteins were modeled with 100% confidence by the single highest scoring template model.



In-Silico Subcellular Localization of CaCDPK Proteins

The full-length protein sequences of CaCDPKs were used as input in the subCELlular LOcalization predictor: CELLO online tool (Yu et al., 2006) to predict their subcellular localization.



Constructs Preparation for In-Planta Subcellular Localization

The protein coding sequence (ORF excluding their stop codon) of CaCDPK5, CaCDPK16, and CaCDPK21 genes were amplified from chickpea complementary DNA (cDNA) with gene-specific primers using iProof high fidelity DNA polymerase (Bio-Rad) through PCR in a thermocycler (Applied Biosystems). The list of these primers is given in Supplementary Table 1. The ORFs after amplification cloned into gateway entry vector p-ENTR-D-TOPO (Invitrogen). Genes were subsequently mobilizing into a compatible destination vector pSITE3CA under the control of 2XCaMV35S promoter by LR recombination protocol. The authenticity of all the constructs was ensured by PCR and sequencing.



Agro-Infiltration Into Nicotiana benthamiana and Confocal Microscopy

Agrobacterium tumefaciens (GV3101::pMP90) cells were transformed with the YFP constructs of the respective genes. Transformed Agrobacterium cells were used to transfect 6-week-old N. benthamiana plant leaves. Plants were grown in a growth chamber with the following conditions: 12/12 h photoperiod, 25–26°C temperature, and 60% relative humidity for 48–72 h. Transiently transformed Nicotiana leaf discs were analyzed under Total confocal scanner (TCS) SP5 laser scanning electron microscope (Leica, Germany) to detect the florescence, according to Deepika et al. (2022).



In-Silico Promoter Analysis

The 2 kb sequence, upstream of translational start site of CDPK genes was retrieved from NCBI. This sequence was used as input in PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) for the detection of various cis-regulatory elements and motifs. Important cis-regulatory related to abiotic stresses, hormonal response, and plant development were selected.



RNA-Seq Expression Analysis in Developmental Stages and Tissues

To investigate the expression pattern of CaCDPK genes during developmental stages, RNA-Seq data was extracted from the NCBI-Sequence Read Archive (SRA) (ID:SRP121085). The raw reads obtained from SRA were processed using the FASTP tool (Shenzhen, China). An index of the reference genome was built and mapping of raw reads onto the reference genome was done using HISAT2 (Kim et al., 2019). StringTie (Pertea et al., 2015) was used to assemble the aligned sequences into potential transcripts. Transcript abundance was calculated by fragments per kilobase of transcript per million reads (FPKM) values. Expression dynamics were analyzed in 27 tissues representing different developmental stages, such as germination (radicle, plumule, and embryo), seedling (Epicotyl and primary root), vegetative (root, petiole, stem, and leaf), reproductive (Petiole, stem, nodules, root, flowers, buds, pods, immature seeds, and leaf), and senescence (immature seeds, mature seeds, seed coat, stem, petiole, root, nodules, leaf, and yellow leaf). Log2 transformed expression values were used to generate the heat-map using the MeV4 tool (Maryland, USA). RNA-Seq data for different seed developmental stages (S1–S7) in two distinct desi chickpea varieties (JGK3 and Himchana 1) was extracted from SRA number SRP072563 and SRP072564.



Plant Growth and Stress Treatment

Desi chickpea (var. ICC4958) was used for gene expression analysis. The seeds were surface sterilized and plants were grown according to Sagar et al. (2020). Ten-day-old seedlings were subjected to different stress treatments. For drought stress, water was withdrawn and seedlings were air-dried within the folds of tissue paper at 22–23°C temperature. Samples were harvested in replicates after 0 (untreated control), 1, 3, and 6 h of drought treatment. For salt stress, seedlings were kept in 150 mM sodium chloride (NaCl) solution in a beaker, and samples were collected after 0, 3, 6, and 12 h. Abscisic Acid (ABA) seedlings were kept in 100 μM (±) ABA in sterile water in a beaker under light and samples were collected after 0, 3, 6, and 12 h treatment. Same aged seedlings were kept in sterile water for control at 22–23°C.



RNA Extraction and cDNA Synthesis

A total of 100 mg tissue of the control, drought, salinity, and ABA treated root and shoot samples were used for RNA extraction using the TRIzol reagent (Ambion, Life technologies, USA) according to the manufacturer's protocol. The RNA obtained was purified to remove any genomic DNA contamination using an RNeasy Min Elute Clean-up Kit (QIAGEN, Hilden, Germany). The quantity and quality of RNA were ascertained by the ratio 1.8–2.0 for A260:A280 and 2.0–2.3 for A260:A230 using a Nano Drop ONEc (Thermo Scientific, USA) nano-spectrophotometer. Subsequently, MOPS-agarose gel electrophoresis was done to confirm the integrity of the RNA. A total of 1 μg total RNA was used to synthesize the first strand cDNA using a RevertAid first-strand cDNA synthesis kit (Thermo Scientific) according to the manufacturer's protocol.



Expression Analysis by qRT-PCR

The qRT-PCR primers for selected genes were synthesized by the PRIMER EXPRESS SOFTWARE (Applied Biosystems, USA) according to Singh and Pandey (2015). Their specificity was analyzed using the RGAP BLAST tool and melt curve analysis after a real-time PCR run. The details of all the primers are given in Supplementary Table 1. Three biological replicate samples (with three technical replicates of each biological replicate) of control and nutrient-deficient root and shoots were used to assess the expression pattern. iTaq Universal SYBR Green supermix (Bio-Rad) was used to detect the expression in Bio-rad CFX96 real-time PCR system (Bio-Rad) according to Sagar et al. (2021).



Statistical Analysis

For statistical significance, all expression and quantitative experiments were replicated three times. The data have been presented as the mean of three replicates ± SD. A two-tailed student's t-test was performed to determine the statistical significance among the replicate samples. A p < 0.05 was considered statistically significant (denoted by *), p < 0.01 (denoted by **) and p < 0.005 (denoted by ***).




RESULTS AND DISCUSSION


Identification and Organization of CDPK Family in the Chickpea Genome

A thorough investigation of various databases resulted in the identification of 22 non-redundant CDPK encoding genes in the chickpea genome. This is consistent with previous findings, where different plant species including Arabidopsis thaliana, rice (Oryza sativa), wheat (Triticum aestivum L.), and tomato (Solanum lycopersicum) have been found to encode for about 20–30 CDPK genes (Cheng et al., 2002; Ray et al., 2007; Li et al., 2008; Hu et al., 2016; Wang et al., 2016). Gene structure analysis showed that CaCDPKs are made up of multiple exons and introns. Most CDPK genes are comprised of 6-8 introns except CaCDPK16, which is comprised of 11 introns. Domain analysis revealed that all the CaCDPKs harbored a canonical catalytic kinase domain toward the N-terminus with a typical Ser/Thr kinase active site and ATP binding site (Figure 1). In addition, four EF-hand motifs were present in all the CDPK proteins toward the C-terminus, which are crucial for Ca2+ binding. Strikingly, a crucial Ca2+ binding site was found to be missing in one of the EF hand motifs of CaCDPK6, CaCDPK7, CaCDPK8, CaCDPK13, and CaCDPK22. The absence of such an important site might impair the Ca2+ binding ability of these CDPKs. However, variations in the number of EF-hand motifs and Ca2+ binding sites have also been previously reported in other plants (Cheng et al., 2002; Asano et al., 2005; Kong et al., 2013; Zuo et al., 2013). The in-depth analysis of N-terminal sequences of CaCDPKs revealed that out of 22 proteins, 11 have a myristoylation site (Table 1). The N-terminal domain of many CDPKs in several plant species has been found to contain potential N-myristoylation and N-palmitoylation sites. For example, AtCPK2, AtCPK3, AtCPK6, AtCPK9, AtCPK13, AtCPK5, and AtCPK16 (Benetka et al., 2008; Mehlmer et al., 2010; Lu and Hrabak, 2013), N. tabacum NtCDPK2/NtCDPK3 (Witte et al., 2010) and potato (Solanum tuberosum) StCDPK4/StCDPK5 (Asai et al., 2013) have been marked with N-myristoylation. These N-terminal modifications determine the membrane targeting of plant CDPKs, as mutations in N-myristoylation or N-palmitoylation sites have been found to hamper their membrane targeting (Singh et al., 2017). CDPKs show a high degree of structural conservation in terms of gene and protein structure, as similar exon-intron and domain arrangement pattern has been observed in diverse plant species including tomato, barley (Hordeum vulgare L.), Brachypodium distachyon, and Medicago truncatula (Hu et al., 2016; Yang et al., 2017; Wen et al., 2020; Zhao et al., 2021). Chickpea CDPK proteins length was found to be in the range of 497–764 amino acids, and molecular weight varied between 56.16 and 68.74 KDa. Interestingly, CDPK protein had a highly variable isoelectric point (pI) falling in the range of 5.09 (CaCDPK22) and 8.99 (CaCDPK16) (Table 1). This indicates that the chickpea CDPK protein might function optimally in a diverse microenvironment.
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FIGURE 1. Structural features of the chickpea calcium-dependent protein kinases (CDPK) family. (A) Exon-intron organization is shown for CaCDPK genes and gene names are mentioned at the left. The scale at the bottom represents gene length in kb. (B) Protein domain structure of the chickpea CDPK family is showing conserved protein kinase and EF-hand along with some important sites present. ATP binding site and Serine/threonine-protein kinase active site are located at the protein kinase domain.



Table 1. Summary of various features of the chickpea CDPK gene family.
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Evolutionary Analysis of CDPK Family

To understand the evolution of chickpea CDPKs, phylogenetic analysis was performed with Arabidopsis, rice, soybean, and chickpea CDPK proteins. All the CDPKs from different plant species could be demarcated into four sub-clades; group I-IV(Figure 2). While, groups I and II each contained eight chickpea CDPK members, group III contained five CDPKs (CaCDPK7, 8, 10, 13, and 14), and group IV contained only a single CDPK member i.e., CaCDPK16. This phylogenetic distribution is conserved across different plant species, as group I comprises the highest number of CDPK members and group IV comprises the least members (Hu et al., 2016). This analysis suggests the evolutionary conservation of CDPKs across plant species. However, within the separate clades, chickpea CDPKs were closer to the dicot plants Arabidopsis and soybean, whereas distantly placed from monocot plant rice. Such distribution indicates the evolutionary divergence of monocot and dicot CDPKs.


[image: Figure 2]
FIGURE 2. Phylogenetic relationship among CDPKs from different plants. An un-rooted neighbor-joining phylogenetic tree was constructed from the CDPK protein sequences of Arabidopsis thaliana, rice, soybean, and chickpea. All the CDPKs could be divided into four groups; I- IV. Numbers above the nodes represent bootstrap values calculated from 1,000 replicates.


Chickpea CDPK genes were mapped on the different chromosomes using their chromosomal coordinates. Out of 22 CDPK genes, 19 could be mapped on seven out of eight chickpea chromosomes. Three genes (CaCDPK7, 13, and 17) were placed on the scaffold region and none of the genes was localized on chromosome 1. CaCDPK genes were variably distributed on chromosomes, with chromosome 4 containing the highest five genes. Four and three CDPK genes were located on chromosomes 2 and 6, respectively. Two genes each were located on chromosomes 5, 7, and 8. Whereas, only a single gene, CaCDPK8 was located on chromosome 3 (Figure 3). Gene duplication analysis revealed that three pairs of CDPK genes (CaCDPK3/6, CaCDPK9/19, and CaCDPK11/12) were segmentally duplicated. In addition, one gene pair, CDPK2/20 was found to be tandemly duplicated. Gene duplication is considered an important process for the evolution of gene families in plants (Singh et al., 2010, 2014; Sagar et al., 2021). Similar to chickpea, the CDPK family has been evolved through segmental and tandem duplication in diverse plant species, such as Arabidopsis, rice, cotton, poplar, moss (P. patens), and cabbage (Brassica rapa) (Hrabak et al., 2003; Ray et al., 2007; Zuo et al., 2013; Hamel et al., 2014; Liu et al., 2014; Wu et al., 2017). However, the extent of duplication has been found to be varied in different species. For instance, chickpea had only three segmentally duplicated pairs, whereas nine and eight gene pairs were segmentally duplicated in the rice and Arabidopsis genomes, respectively (Ray et al., 2007). This indicates that gene duplication is a conserved mechanism of the evolution and expansion of the CDPK family in plants.


[image: Figure 3]
FIGURE 3. Chromosomal locations of chickpea CDPK genes. Green color bars represent the chromosomes, the location of genes has been marked alongside. Chromosome numbers are given at the bottom of each chromosome. Except chromosome 1, the CDPK genes are distributed variably on seven chromosomes.




3D Protein Structure Analysis

To get an insight into the 3-D protein structure of chickpea CDPKs, homology-modeling was performed for all the CaCDPKs. The protein structures were obtained by comparing with related template protein pbanka-031420 (PDB id 3Q5I). All protein structures were modeled with the template protein with 100% confidence. Most proteins were modeled with a high coverage level ranging from 72 to 90%. The 3-D structures of different CaCDPKs were comprised of a variable number of α-helix, β-strands, disordered region, and transmembrane (TM) - helix (Supplementary Table 2). Among these, the most frequently occurring secondary structure was the α-helix, which warrants the stability of protein structure (Neelamathi et al., 2009). The percentage of α- helices varied from 36 to 48, whereas the β-strands contributed to 11–19% of the protein structure (Supplementary Table 2). In all the CaCDPK proteins, structural folds made up of blue and green α- helices and β-strands represent the catalytic kinase domain. Orange and red color ribbons represent the N-lobe and C-lobe, respectively with each lobe containing two EF hand motifs. Whereas, an inhibitory junction domain (JD) is represented by yellow helical ribbons (Figure 4). Thus, the presence of important characteristic domains and motifs in all the CaCDPK proteins confirms their authenticity and integrity. Similar features of the 3-D structure of CDPK proteins were obtained in different plant species including Arabidopsis, rice, maize, ginger (Zingiber officinale), and sorghum (Mittal et al., 2017; Vivek et al., 2017). Suggesting that the CDPK protein structure is highly conserved, with similar structural folds and conformational arrangements in higher plants. This also hints toward their conserved functional and structural mechanism.


[image: Figure 4]
FIGURE 4. Three-dimensional structure of chickpea CDPK proteins. A three-dimensional (3-D) structure was generated for all 22 members of the chickpea CDPK family. Each CDPK protein is made up of a variable number of α-helix, β-strands, transmembrane helix, and disordered region. Structure comprising blue and green α-helices and β-strands represents kinase domain, yellow helical ribbons represent inhibitory junction domain (JD), orange helices indicate N-lobe, and red helices indicate C-lobe with each containing two elongation factors (EF) hand motifs.




Subcellular Localization of CaCDPK Proteins

To identify the possible sites of activity of CaCDPK proteins in order to have an insight into their function, in-silico subcellular localization was performed. By considering the highest reliability score, 15 CaCDPK proteins were exclusively localized in the cytoplasm, whereas only two proteins, CaCDPK16 and 19 were exclusively localized in the nucleus (Figure 5A). Five CDPK proteins, CaCDPK2, 5, 9, 15, and 18 could be localized both in the cytoplasm and nucleus. To validate the in-silico localization pattern, fluorescence-based subcellular localization was performed in N. benthamiana for three randomly selected candidates; CaCDPK5, 16, and 21. Confocal microscopy analysis revealed that CaCDPK5 was localized in both the nucleus and cytoplasm and CaCDPK21 was localized at the cytoplasm (Figure 5B) which is consistent with in-silico prediction. Whereas, CaCDPK16, which was predicted to be nucleus localized was actually localized in the cytoplasm of Nicotiana cells. Thus, in-planta localization significantly supported and validated the in-silico localization pattern. These findings indicate that CaCDPKs might phosphorylate different substrates in the cytoplasm and in the nucleus to regulate various cellular functions in chickpea. CDPKs have been found to be localized at diverse subcellular locations in plants. Most of the CDPKs in Arabidopsis are either membrane-localized or are localized at both cytoplasm and membrane. Whereas, a few AtCDPKs are exclusively cytoplasm localized (Simeunovic et al., 2016). N-myristoylation and palmitoylation are crucial modifications of CDPK proteins that determine CDPK localization (Simeunovic et al., 2016; Zheng et al., 2019). Recently, a study on legume plant Medicago truncatula showed that the CDPKs with N-terminal acylation sites were localized at the plasma membrane whereas, those lacking the N-acylation sites were distributed in cytosol and nucleus (Zhao et al., 2021). Consistently, in our study CaCDPK2, 5, and 18 were devoid of N- myristoylation site and distributed in nucleus and cytosol. Surprisingly, several CaCDPK proteins were marked with N- myristoylation site but none of them was found to be localized at the plasma membrane. It is known that N-myristoylation is an irreversible acylation, it requires a second post-translational signal i.e., reversible palmitoylation to sustain membrane localization of a CDPK (Witte et al., 2010). Therefore, the absence of a palmitoylation site in CaCDPK proteins could be a possible reason for them not to be localized at the plasma membrane. Also, the reversibility of the second post-translational signal could lead to the ferrying of CDPK between membrane and cytosol or nucleus (Boudsocq and Sheen, 2013). Moreover, the localization of CaCDPK proteins could be coupled with a stimulus, and a particular condition may lead to a change in their subcellular location. For example, the subcellular location of Arabidopsis AtCPK10, AtCPK30, and AtCPK32 proteins was changed due to variable [image: image] availability (Liu et al., 2017).


[image: Figure 5]
FIGURE 5. Subcellular localization of chickpea CDPK proteins. (A) Localization was predicted using an online tool, CELLO. The figure shows chickpea CDPK proteins localized majorly in the cytoplasm and nucleus based on the highest reliability score with black color. Proteins that were predicted to be localized both in the cytoplasm and nucleus are shown by blue color at both locations. (B) N. benthamiana cells expressing the YFP- fusion protein driven by the 2XCaMV 35S promoter. Confocal images of fluorescence expressing CaCDPK proteins are showing their variable distribution in different compartments. CaCDPK5 is localized to the cytoplasm and nucleus, whereas CaCDPK16 and CaCDPK21 are localized at the cytoplasm. Cells transformed with vector only (CaMV35S-YFP) are shown in the lowermost row. Scale bar = 20 μm.




cis-Elements in CDPK Promoters

The cis-regulatory elements in the promoter are crucial for the transcriptional regulation of a gene. Therefore, to get an insight into the transcriptional regulation of CaCDPK genes their promoters were investigated for cis-regulatory elements. A total of 16 types of cis-regulatory elements were found to be variably distributed in CaCDPK promoters (Figure 6, Supplementary Table 3). These elements majorly belong to three categories; stress-responsive (GT1-motif, LTR, WUN-motif, ARE, TC-rich repeats, Box-4, AE-box, MYB, Myb-like, MYC, chs-CMA1a, and STRE), hormone-responsive (ABRE, ERE), and plant development related (AAGAA-motif, GATA-motif) (Hughes et al., 2000; Abe et al., 2003; Yamaguchi-Shinozaki and Shinozaki, 2005; Sharma et al., 2011; Nakashima and Yamaguchi-Shinozaki, 2013; Deepika and Singh, 2021; Hou et al., 2021). Abiotic stress-related motif Box-4 (light-responsive) was present in all CaCDPK promoters, and MYB motif (drought, low temperature, salt stress-related) was found in all CaCDPK promoters except CaCDPK2. This suggests that by binding these motifs, specific TFs might regulate the expression of CaCDPKs under different abiotic stresses. Markedly, 14 out of 21 CaCDPK promoters which contain the MYB motif were also found to contain the ABRE motif (ABA-responsive element), suggesting that these genes could regulate abiotic stresses, such as drought and salinity via the ABA-dependent pathway. It has been well-understood that different developmental events and abiotic stresses are interconnected through ABA in plants (Schroeder et al., 2001; Singh et al., 2015). Especially, during the later stages of seed development, a programmed dehydration event is triggered that results in seed dormancy (Hetherington, 2001; Schroeder et al., 2001). ABA commonly regulates these developmental and abiotic stress responses (Nakashima et al., 2009; Hubbard et al., 2010), and genes, which are involved in the regulation of such responses have been found to contain ABRE elements in their promoters (Singh et al., 2012, 2013). Thus, CaCDPK promoters with elements like MYB and ABRE could be involved in regulating chickpea plant development under abiotic stress conditions. Apart from two promoters (CaCDPK4 and 16), all the CaCDPK promoters also contained one or more ethylene-responsive, ERE motifs. Ethylene is an important plant hormone that is involved in plant defense and development (Mishra et al., 2013). The presence of the ERE element in most of the CaCDPK promoters reinforces the involvement of the CDPK family in plant development, biotic and abiotic stress responses in chickpea. Consistently, CDPK family members have been found to regulate development during plant-pathogen interaction, herbivore attack, and wounding in diverse plant species (Cai et al., 2015; Zhang et al., 2015; Hettenhausen et al., 2016; Xiao et al., 2017).


[image: Figure 6]
FIGURE 6. Promoter analysis of chickpea CDPK genes. Different cis-regulatory elements in the 2 kb upstream promoter region of CaCDPK genes are illustrated by different colors in the bar chart. The X-axis represents the name of genes and Y-axis represents the number of different cis-elements in each promoter. The names of cis-regulatory elements are mentioned on the right.




Expression Pattern of CaCDPKs in Developmental Stages

To get an insight into the functional role of CDPK genes in plant development, expression analysis was undertaken during various stages of chickpea development. Expression profiles of all CaCDPK genes were generated during 27 development stages. These stages represent germination, seedling, vegetative stages, reproductive stages, and senescence. All genes except CaCDPK2 showed a differential expression pattern during multiple developmental stages (Figure 7, Supplementary Table 4) A total of 10 genes showed ubiquitous expression during most developmental stages these include, CaCDPK1, 5, 6, 8, 10, 11, 12, 13, 16, and 19. Out of these, CaCDPK8 had the strongest expression during most stages of reproductive development, and some stages of vegetative development and senescence. Notably, the expression of all these 10 CaCDPK genes was relatively lower in three stages of senescence namely, immature seeds, mature seeds, and seed coat. This suggests that these CaCDPK genes could be involved in a range of developmental processes from germination to senescence. Some of the genes, including CaCDPK7, 14, 17, and 21 showed a significant and specific expression in flowers, suggesting their role in flower development. This observation is consistent with previous findings where CDPKs were implicated in flower development. FLOWERING LOCUS T (FT) is an important component of the regulatory network of flower development and it forms a complex with its interdependent partner AtFD (also known as AtbZIP14). Arabidopsis CDPK members, AtCPK4/AtCPK6/AtCPK33 phosphorylate AtFD at T282 in-vitro in presence of Ca2+, which is crucial for the formation and function of this complex. This complex triggers the transcriptional activation of floral meristem identity genes which control floral transition (Abe et al., 2005; Kawamoto et al., 2015). Thus, genes like CaCDPK7, 14, 17, and 21 could be involved in similar regulatory networks controlling flower development in chickpea.


[image: Figure 7]
FIGURE 7. Expression profiles of CDPK genes in different developmental stages of chickpea. The heatmap represents the expression pattern of CaCDPK genes in different tissues of developmental stages, such as germination, seedling, vegetative, reproduction, and senescence. The genes are named on the left and different tissues/developmental stages are labeled at the top. Scale bar represents the normalized log_2 FPKM values.


In Arabidopsis, expression and functional analysis indicated the role of multiple CDPKs in pollen tube growth. Analysis of single and double mutants of CDPK17 and CDPK34 revealed that their redundant activity is required for pollen tube tip growth and pollen fitness (Myers et al., 2009). A shaker-type K+ inward channel mediates the K+ influx which is crucial for pollen tube growth in Arabidopsis. CPK11 and CPK24 work together to inhibit this channel, thereby suppressing pollen tube growth (Zhao et al., 2013). Similarly, CPK2 and CPK20 control pollen tube growth via regulating another ion channel SLAH3 (Gutermuth et al., 2013). Furthermore, CDPKs regulate plant development via modulating phytohormone signaling. AtCDPK28 regulates the expression of key GA biosynthesis genes (e.g., gene coding for GA3ox1) and thus, controls various facets of plant development, including petiole and stem elongation (Matschi et al., 2013). Similarly, in Nicotiana attenuata, NaCDPK4 and 5 regulating GA activity positively regulate stem elongation and plant height (Heinrich et al., 2013). In our study, CaCDPK15 was specifically and strongly down-regulated during the germination stage of plumule, vegetative stage of petiole and stem, and senescence stage of the petiole. Thus, CaCDPK15 could be a crucial regulator of the petiole, stem elongation, and plant height in chickpea.



Expression Pattern in Seed Development in Two Contrasting Chickpea Cultivars

The seed is the most important part of the chickpea plant from the yield point of view. Therefore, to understand the role of the CDPK family in seed development, expression analysis was performed in two contrasting chickpea cultivars i.e., large-seeded JGK3 and small-seeded Himchana 1. The expression pattern was analyzed during seven stages of chickpea seed development representing early-embryogenesis (S1), mid-embryogenesis (S2), late embryogenesis (S3–S4), mid-maturation (S5), and late-maturation (S6–S7) stages (Rajkumar et al., 2020). Total 17 CaCDPK genes expressed differentially in both chickpea cultivars. Out of these, nine genes (CaCDPK2, 3, 6, 8, 9, 12, 14, 16, and 20) were found to be up-regulated, whereas eight genes (CaCDPK4, 7, 11, 13, 15, 18, 19, and 22) were down-regulated in one or more seed stages in both the cultivars (Figure 8, Supplementary Table 5). Notably, most up-regulated CaCDPK genes were induced during S1–S4, while their expression was insignificant during later seed stages (S5–S7). In contrast, the most down-regulated genes had significant negative expression during later stages of seed development (S5–S7). This indicates that different sets of CaCDPK genes are involved in positively regulating early to late embryogenesis, and negatively regulating mid-late maturation phases of seed development, both in JGK3 and Himchana1 cultivars. CaCDPK3 and CaCDPK14 showed similar expression patterns (up-regulation) from the S1–S4 stages with the highest expression in the S4 stage. however, their expression level was higher in JGK3 than Himchana 1. CaCDPK2 had significant expression during S3 and S4 stages in both the cultivars. CaCDPK4 showed common as well as cultivar-specific expression as it was specifically down-regulated in the S6 stage of both JGK3 and Himchana1, and S5 and S7 stages of Himchana1 and JGK3, respectively. CaCDPK15 showed a peculiar expression pattern, it was specifically down-regulated only in S2 and S4 stages of Himchana1. CaCDPK7 could be a major negative regulator of the entire process of seed development as it was ubiquitously down-regulated during all the seed stages in both chickpea cultivars. Like chickpea, rice orthologs of CDPKs, such as OsCPK21, OsCPK23, and OsCPK31 were found to be strongly up-regulated during different seed developmental stages (Ray et al., 2007). Overexpression of seed-specific OsCPK31 results in early grain filling, and seed maturation in rice (Manimaran et al., 2015). As suggested by previous reports, CaCDPKs could phosphorylate specific targets/substrates which are important components of the seed development process in chickpea. For instance, a castor (Ricinus communis) CDPK protein, RcCDPK2 phosphorylate a sucrose synthase, RcSUS1 at Ser-11 in developing castor oil seed (COS). RcSUS1 cleaves the imported sucrose, thereby, it generated the storage end product in developing COS (Fedosejevs et al., 2016). Similarly, RcCDPK1 in vivo phosphorylates Phosphoenolpyruvate carboxylase (PEPC) interacting bacterial-type (BTPC) subunits at Ser-451, and this phosphorylation is inhibitory for BTPC activity. Thus, RcCDPK1 regulates respiratory CO2 refixation and anaplerotic photosynthate partitioning in developing COS (Ying et al., 2017).


[image: Figure 8]
FIGURE 8. Expression profiles of CDPK genes during different stages of seed development in chickpea. Expression profiles are shown for seven seed developmental stages (S1–S7) in two chickpea cultivars: large-seeded JGK3 and small-seeded Himchana1. The genes are named on the left and stages/cultivars are labeled at the top. The scale bar represents the log_2 Fold Change FPKM values.




qRT-PCR Expression Analysis Under ABA, Drought, and Salinity Stress

The onslaught of abiotic stresses, such as drought and salinity triggers the increase in cytosolic Ca2+ concentration, leading to the generation of stimulus-specific “Ca2+ signatures.” These signatures once sensed, trigger specific and overlapping downstream signaling cascades toward an adaptive response. CDPKs are a major class of Ca2+ sensors in plant cells that plays a crucial role in the plant's adaptation to stress conditions. Therefore, to understand their role in abiotic stress signaling in chickpea, qRT-PCR analysis was performed for 10 selected genes i.e., CaCDPK3, 4, 5, 7, 8, 14, 16, 18, 21, and 22 under abiotic stresses such as drought, salt stress, and phytohormone ABA. Expression profiles were generated at different time points, in root and shoot tissues separately. Based on the expression fold change value ≥1.5 w.r.t. untreated control, all 10 CaCDPK genes were found to be differentially expressed under one or more stress conditions (Figure 9, Supplementary Table 6). In roots, except CaCDPK7 and 8, eight genes express differentially under drought conditions. CaCDPK5, 14, and 21 were significantly up-regulated after 1, 3, and 6 h of drought treatment, while CaCDPK22 was up-regulated after 3h and 6h of drought treatment. CaCDPK3 and 16 were exclusively induced after 1h of drought treatment and CaCDPK4 showed significant up-regulation after 6h drought only (Figure 9). Thus, these CaCDPK genes could be categorized as early inducing, late inducing, and ubiquitously expressed. Under ABA treatment, CaCDPK4, 14, 16, 18, and 22 were found to be differentially expressed. Drought-induced CaCDPK4, 16, and 22 were also up-regulated during the mid (6 h) and late stages (12 h) of the ABA treatment. ABA is known to regulate various aspects of plant growth, including root growth and seed germination (Sagar and Singh, 2019). An overlapping expression of CaCDPK4, 16, and 22 under ABA and drought indicates that these CaCDPKs might be involved in regulating root growth via the ABA-dependent pathway, and improving water uptake under drought stress. The ABA pathway commonly regulates response to osmotic stresses, including drought and salinity stress (Singh et al., 2016). Numerous studies have revealed the co-regulation of several genes under drought and salinity stress (Ray et al., 2007; Singh et al., 2015, 2017). Surprisingly, in our study, except CaCDPK3 most drought-induced CaCDPK genes were found to be down-regulated under salt stress. Salt stress is known to be inflicted through two components; osmotic and ionic stress (Verslues et al., 2006). The osmotic component is common in both drought and salt stress, whereas the ionic component is unique to salt stress. It is possible that CaCDPKs might regulate salt stress response through its ionic component only, however, it requires detailed functional investigation. Like in roots, CaCDPK genes are expressed differentially in one or more conditions in the shoot. Seven genes (CaCDPK4, 7, 8, 14, 16, 21, and 22) showed differential expression under drought stress conditions. CaCDPK8 was down-regulated in both the stresses and under ABA treatment. Similar to the root, CaCDPK21 showed a continuous induction (1–6 h) under drought stress, and CaCDPK4 was induced after 6 h. CaCDPK22 which showed strong induction after 3 and 6 h drought in roots was found to be up-regulated after 1 h but down-regulated after 3 and 6 h drought treatment. Interestingly, CaCDPK5 which was continuously expressed in roots showed insignificant expression in shoot whereas, CaCDPK7 which had insignificant expression in roots was up-regulated after 6 h in the shoot, under drought. This suggests that some CaCDPKs preferentially express in the root or shoot tissues, and possibly regulate tissue-specific functions. Four genes, including CaCDPK7, 14, 16, and 22 were found to be up-regulated both under drought stress and ABA treatment. ABA is produced under drought conditions and it regulates the stomata closure. Drought-activated CaCDPKs might phosphorylate and regulate guard cell ion channels to regulate the stomata movement in an ABA-dependent manner, to reduce the transpiration rate and water loss under drought stress in chickpea. Previously, AtCPK3, AtCPK6, AtCPK21, and AtCPK23 have been shown to phosphorylate and regulate SLOW ANION CHANNEL (SLAC1), Ca2+ permeable channels, and SLOW ANION CHANNEL-ASSOCIATED (SLAH3) to promote ABA-dependent stomata closure (Mori et al., 2006; Geiger et al., 2010, 2011). Besides phosphorylation, CaCDPKs may also regulate the stomata movement in chickpea through interaction with different proteins, as previously shown by the interaction of AtCPK8 with CATALASE3 (CAT3) and that of OsCPK21 with 14–3–3 protein (OsGF14e) (Zou et al., 2015; Chen et al., 2017). Strikingly, CaCDPK14 which was strongly induced during most of the seed developmental stages (Figure 8), was also induced under drought and ABA treatment. Careful analysis showed that the promoter of CaCDPK14 contains an ABRE element. As discussed earlier, seed development and drought stress are interconnected, and ABA is known to simultaneously regulate these processes. Probably by regulating drought response CaCDPK14 might control seed development via the ABA-dependent pathway in chickpea. Such genes could be the potential targets for improving abiotic stress tolerance and crop yield, thus could be of great biotechnological importance.
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FIGURE 9. Expression profiles of CDPK genes under drought, salt, and ABA treatments in chickpea. qRT-PCR analysis was performed to generate the expression profile of CaCDPK genes under drought, salt, and ABA treatment in root and shoot of desi chickpea (ICC4958). Different treatments and time points are indicated on X-axis and the relative expression level of the gene is indicated on Y-axis. Each bar represents the mean value of three replicates. Standard error among the samples is indicated by error bars. *p < 0.05, **p < 0.01 and ***p < 0.005 for treated samples w.r.t. untreated control.


Unlike roots, at least four genes, including CaCDPK3, 5, 18, and 21 were up-regulated under salt stress in the shoot. CaCDPK21 showed continuous expression after 3, 6, and 12 h of salinity treatment, CaCDPK5 was induced after 3 and 12 h whereas, CaCDPK3 and 18 expressed during later stage (12 h) of salt stress (Figure 9, Supplementary Table 6). These CaCDPKs might regulate root-shoot translocation of Na+ ion, sequestration of excess Na+ from subcellular compartments into the vacuole, and in the maintenance of Na+/K+ homeostasis in plant cells under salinity stress. CPK3 (Mehlmer et al., 2010) and CPK27 (Zhao et al., 2015) have been shown to regulate Na+ toxicity and K+ uptake, respectively, in Arabidopsis that leads to salt stress tolerance. CDPKs also control oxidative damage or ROS homeostasis to protect the plants from the deleterious effects of stresses, including drought and salinity. For instance, OsCPK12 promotes the expression of ROS scavenger gene OsAPX2/OsAPX8 and suppresses the expression of NADPH oxidase gene OsRBOHI, thereby regulating ROS homeostasis and improving tolerance to salt stress in rice (Asano et al., 2012). Overall, this analysis revealed the spatiotemporal pattern of CaCDPK genes expression in chickpea. This hints toward specific and common phosphorylation targets/substrates of CaCDPKs under abiotic stresses in the root and shoot tissues in chickpea.




CONCLUSIONS

In conclusion, a total of 22 non-redundant CDPK encoding genes are identified in the chickpea genome. Protein structure and phylogenetic analysis revealed that the CDPK family is highly conserved in terms of structure and evolution, in higher plants. Subcellular localization suggests that most CaCDPK members may target various substrates in the cytoplasm and nucleus to regulate diverse functions. The expression pattern suggests the crucial role of several CDPK members in abiotic stress tolerance and plant development in chickpea. Importantly, some candidate CaCDPKs might regulate drought stress response and seed development. Such genes could be important in determining the crop yield thus, will be of great biotechnological importance. In the future, efforts must be directed for the identification of targets/substrates of key CaCDPKs to delineate CDPK mediated signaling networks underlying abiotic stress response and plant development. Ultimately, knowledge obtained from this study will help in developing abiotic stress-tolerant and high yielding chickpea cultivars that will contribute to world food security.
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Wheat is among the top 10 and most widely grown crops in the world. However, wheat is often infected with many soil-borne diseases, including sharp eyespot, mainly caused by the necrotrophic fungus Rhizoctonia cerealis, and Fusarium head blight (FHB), caused by Fusarium graminearum, resulting in reduced production. Piriformospora indica is a root endophytic fungus with a wide range of host plants, which increases their growth and tolerance to biotic and abiotic stresses. In this study, the capability of P. indica to protect wheat seedlings against R. cerealis and F. graminearum was investigated at the physiological, biochemical, and molecular levels. Our results showed that P. indica significantly reduced the disease progress on wheat caused by F. graminearum and R. cerealis in vivo, but not showed any antagonistic effect on F. graminearum and R. cerealis in vitro. Additionally, P. indica can induce systemic resistance by elevating H2O2 content, antioxidase activity, relative water content (RWC), and membrane stability index (MSI) compared to the plants only inoculated with F. graminearum or R. cerealis and control. RNA-seq suggested that transcriptome changes caused by F. graminearum were more severe than those caused by R. cerealis. The number of differentially expressed genes (DEGs) in the transcriptome can be reduced by the addition of P. indica: for F. graminearum reduced by 18% and for R. cerealis reduced 58%. The DEGs related to disease resistance, such as WRKY and MAPK, were upregulated by P. indica colonization. The data further revealed that the transcriptional resistance to F. graminearum and R. cerealis mediated by P. indica is quite different.

Keywords: Piriformospora indica, differentially expressed gene (DEGs), sharp eyesspot, root rot, reprogram


INTRODUCTION

Wheat is an economically important crop worldwide and approximately 35∼40% of the world’s population take wheat as the main food. As the world’s largest producer and consumer of wheat, the stability of wheat production in China is of great significance to guarantee not only national but also world food security. However, one of the major problems of these crops is the ecological loss caused by a variety of diseases, which has caused more than 1 billion yuan (RMB) of losses per year from 2005 to 2008 (Chen et al., 2008). Wheat sharp eyespot is a serious disease caused by Rhizoctonia cerealis, infecting both the stems and sheaths of wheat plants, blocking the transportation of nutrients required for growth (Chen et al., 2008; Wang et al., 2021). Fusarium graminearum is another necrotrophic fungus that can cause root rot and head blight in wheat around the world (Osborne and Stein, 2007). The F. graminearum produces mycotoxins, accumulates in wheat grains, and is harmful to food quality, thus, posing a severe threat to human and animal health (Zhang et al., 2013; Xiu et al., 2021).

In China, the increasing grain output is the primary goal of developing a modern agricultural path with Chinese characteristics. Studies have shown that despite a large number of measures that have been taken to protect crops from the threat of diseases and pests, the increase in yield is accompanied by an increased loss in crop production due to biotic and abiotic stresses (Lobell and Field, 2007; Schäfer et al., 2009). The methods to increase crop yield should be reliable for producers and safe for consumers, as well as the environment. Traditionally, agrochemicals played a critical role in disease control, but this has led to an increase in environmental pollution and induced pesticide resistance (Zhang et al., 2017). Hence, using endophytes in the rhizosphere to develop biological defenses against plant diseases, as a safer and more productive means of agricultural practices, has been attracting more attention to researchers and scientists. Those plant growth-promoting rhizobacteria (PGPR) have been well-evaluated and concluded by Gouda et al. (2018). Compared with endophytic bacteria, the role, and usages of endophytic fungi for sustainable agriculture remain controversial and restricted.

Generally, as a beneficial companion in plants, endophytic fungi help plants to resist both biotic and abiotic stresses by regulating the immune response of plant-microbe interactions and stimulating the production of metabolites (Tedersoo et al., 2020; Rajani et al., 2021). Therefore, endophytes have a broad application prospect for use as biological control agents and biological fortifiers. However, there is still a long way to go to integrate endophytes into conscious agricultural production because not all endophytes are inherently useful, which is strongly dependent on plant species and genotypes (Lu et al., 2021). Therefore, the complex and dynamic communication relationship between parasitic crops and endophytic fungi needs to be clarified.

Piriformospora indica is a root-endophytic basidiomycete member of the order Sebacinales, which was first discovered by Indian scientists in the Thar desert in northwestern India in 1998 (Verma et al., 1998). The P. indica is well-known to be able to establish beneficial interactions with many different hosts, including monocotyledons such as barley, wheat, rice, corn, and dicotyledons, such as Arabidopsis and tobacco (Qiang et al., 2012). The P. indica serves as an excellent model for beneficial microbes since it: (1) is genetically transformable and culturable in axenic conditions (Zuccaro et al., 2009); (2) promotes plant growth and yield (Kundu et al., 2021); (3) enhances plant tolerance against abiotic stress (Li et al., 2021a); and (4) primes plants for disease resistance against biotrophic and necrotrophic fungi (Stein et al., 2008), oomycetes (Trzewik et al., 2020), and viruses (Fakhro et al., 2010).

Among these advantages, its disease resistance develops it into a good biological control fungus and has been widely used. Studies have confirmed that P. indica can enhance plants’ resistance against Cochliobolus sativus (Sahay and Varma, 2006) and can induce systemic resistance against Erysiphe in barley (Deshmukh and Kogel, 2007) and Verticillium dahliae in Arabidopsis (Sun et al., 2014). Rabiey and Shaw (2016) evaluated the inhibitory effect of P. indica against F. graminearum, but did not elucidate the protective mechanism of P. indica to plants. Furthermore, Panda et al. (2019) showed that P. indica rapidly and effectively activates jasmonic acid/ethylene (JA/ET) mediated basic defense mechanisms against pathogen infection by inducing transcriptome reprogramming to change the expression of JA/ET-related genes. In addition, P. indica can induce changes in gibberellin (GA), salicylic acid (SA), and abscisic acid (ABA) hormone levels, thereby inducing host immunity of microbe-associated molecular model (MAMP) (Jacobs et al., 2011) and self-regulation of mutual-symbiosis (Ding et al., 2008; Waller et al., 2008). Roylawar et al. (2021) reported that P. indica primes onion response against stemphylium leaf blight disease. Colonization of P. indica enhances the complete signal transduction cascade, leading to systematic expression of host defense genes. Studies have also shown that the colonization of this fungus may increase the production of defensive secondary metabolites in plants, such as artemisinin (Arora et al., 2016), abricin (Prasad et al., 2013), trichroterpene (Das et al., 2014), and curcumin (Bajaj et al., 2014).

It follows, therefore, that P. indica itself is a member of a system that activates multiple defense signals in plants and, thus, provides durable defense against multiple pathogens. Harrach et al. (2013) showed that P. indica protects barley roots from the loss of antioxidant capacity caused by Fusarium. Pre-inoculation with P. indica effectively prevented the decrease of ascorbic acid/oxidized ascorbic acid ratio and glutathione content caused by F. culmorum pathogens. Among them, the activities of key antioxidant enzymes increased about 35% in plant metabolism after P. indica colonization. The above results indicate that the colonization of P. indica can stimulate antioxidant enzymes in plants and destroy reactive oxygen species (ROS) in plant cells, thus, triggering the defense response and improving the resistance of plants to pathogens. In addition, P. indica can enhance the resistance of rice to sheath blight by reducing the content of H2O2 and increasing the activity of antioxidant enzymes (Nassimi and Taheri. 2017). Recent studies have shown that P. indica can increase the expression of resistance genes in potatoes, but does not increase the activities of ascorbate peroxidase, peroxidase, and superoxide dismutase (SOD) (Li et al., 2021b). The further study corroborates the idea that P. indica is not likely to affect the defense enzyme response by itself but has a role in modulating onion biochemical reaction to Stemphylium vesicarium infection (Roylawar et al., 2021). Those data implied that different signal transduction pathways are induced by P. indica in different hosts, and the in-depth mechanism remains to be elucidated.

In this study, the effects of P. indica on systemic resistance and basal immunity against sharp eyespot and root rot diseases in wheat were evaluated at the physiological, biochemical, and molecular levels. Also, the effects of P. indica on inducing wheat resistance to sharp eyespot and head blight were compared. With the P. indica, as an effective biocontrol agent, the potential for disease resistance was fully assessed.



MATERIALS AND METHODS


Fungal Inoculums Preparation and Inoculation

Rhizoctonia cerealis and F. graminearum isolated from wheat plants showing the symptoms of sharp eyespot and root rot were used in this study. The isolates of P. indica was obtained from the Professor Karl-Heinz-Kogel of Justus-Liebig-University, Gieseen, Germany. The P. indica was growing on complex medium (CM) medium plates and incubated at 23°C until used. The chlamydospores of P. indica were collected by flooding the surface of the 21-day-old CM plate with sterile distilled water by a spatula. Chlamydospore suspension was filtered through sterile Miracloth and the concentration of chlamydospores was adjusted to 1 × 105/mL using a hemocytometer (Nassimi and Taheri, 2017). The inoculum of R. cerealis was prepared using the method described by Qi et al. (2021). Briefly, at the tillering stage, the stem base of each plant was inoculated with toothpick fragments harboring well-developed mycelia of R. cerealis. The inoculated sites were covered with wet cotton to increase the humidity, which promotes R. cerealis infection. Conidia of F. graminearum were harvested as described previously (Gunnaiah et al., 2012). The F. graminearum isolate (obtained from Prof. Yang, Tianjin Academy of Agricultural Sciences, Tianjin, China) was maintained on potato dextrose agar (PDA) media. For spore production, cultures were grown on rye B agar media, under UV light and darkness, for 16 and 8 h, respectively, at 25°C. Macroconidia were harvested and the spore count was adjusted to 1 × 105 macroconidia ml–1. Wheat spikelets were inoculated with 10 μl of spore suspension using a syringe with an auto dispenser. The inoculated plants were covered with moistened plastic bags to maintain a saturated atmosphere to facilitate infection, and the bags were removed 48 h post-inoculation (hpi).



Plant Materials

Seeds of wheat (Triticum aestivum L.) were surface sterilized by 15% sodium hypochlorite for 8 m and rinsed thoroughly with sterile distilled water. The seeds were treated by two methods: (1) Seed was germinated on wet and sterilized filter paper in a Petri dish at room temperature, after germination, the roots of germinated seeds were immersed into the suspension of P. indica for 6 h at 23°C. (2) Seeds of wheat were directly immersed into the suspension of P. indica at 23°C and change the fresh suspension of P. indica every 8 h until the seeds were germinated. The above treatments’ seedlings were then transferred to cultivation trays containing sterilized sand (121°C and 15 psi for 1 h) under greenhouse conditions (28 ± 4°C; 14/10 h light/dark photoperiod). The seedlings were planted in the 15-cm diameter pots (five seedlings per pot) filled with a 1:1 (v:v) mixture of sand and soil, which were sterilized in three successive days at 121°C and 15 psi for 30 min. To guarantee the colonization of P. indica into the wheat root, the roots of wheat seedlings were irrigated with a 20 mL spore suspension of P. indica per day after being transferred into the soil. The plants used as controls were inoculated similarly with sterile distilled water containing 0.05% (v/v) between 20. Different time intervals (3, 5, 7, 10, 14, 21, and 35 days) between inoculation of P. indica and pathogen were set. The inoculated plants were kept at dark conditions at 85% relative humidity and 23°C for 48 h. Following disease assessment, root volume, wet and dry weight of the roots, and shoots were measured.



Plant Disease Evaluation

For disease evaluation, each plant was carefully pulled out and washed. Sharp eyespot disease severity was graded into six classes based on the site and number of diseased spots (1, I ≤ 5; 2, 5 < I ≤ 15; 3, 15 < I ≤ 25; 4, 25 < I ≤ 35; and 5, I > 35) and the disease index (DI) was calculated, as described previously (Zhu et al., 2015). Fusarium head blight disease severity was graded into five classes based on the proportion of stem discoloration (0 = no discoloration; 1 = 1 to 25%; 2 = 26 to 50%; 3 = 51 to 75%; 4 = more than 75%; and 5 = dead plant) as described by Fernandez and Chen (2005).



Antagonistic Activity Assay

The interactions between P. indica and R. cerealis, the P. indica and F. graminearum were identified methodically. The 5-mm diameter plug of P. indica was placed on a side of a CM plate and incubated at 23°C. After 14 days, the same size plug of R. cerealis or F. graminearum from the margins of 7-day-old culture was placed at the other side of the plate. The interaction of two fungi was investigated macroscopically and microscopically (Rabiey et al., 2015) for 5 and 8 days post-co-cultivation.



Detection of Piriformospora indica in Colonized Wheat Roots

The P. indica colonization in wheat root was identified by staining the root fragments using chitin-specific dye WGA-AF 488 (Molecular Probes1) according to the method of Li et al. (2017). Root samples were then subjected to microscopic observation.



Relative Water Content Measurement

The Relative Water Content (RWC) displays the amount of water fraction in plant leaves and can be estimated by using the following formula as described by Weatherley (1950): RWC = FW−DW/TW−DW × 100. The weight of first leaf segments of wheat from each treatment and control plant was measured at 21 days after inoculation with R. cerealis and F. graminearum as fresh weight (FW). Afterward, leaf samples were immersed in distilled water at room temperature for 24 h and were weighted as turgid weight (TW), and the weights of leaf segments dried in an oven (70°C for 48 h) were recorded as dry weight (DW).



Electrolyte Leakage Determination

Cell membrane stability was estimated by the electrolyte leakage from crowns of wheat plants with different treatments. Wheat crowns without fungal inoculation were used as controls. Crown samples at 21 days after inoculation by the pathogen were washed three times by distilled water and then kept in 25 mL distilled water at room temperature for 24 h. The electrical conductivity of a solution (EC1) was calculated by a conductivity meter (Dingguo, Tianjin, China). Then, the solution containing the leaves was transferred to autoclave at 121°C for 20 m and after cooling to room temperature, the final electrical conductivity (EC2) was measured by a conductivity meter. Membrane stability index (MSI) percentage was measured by the following equation (Singh et al., 1992): MSI = 1−EC1/EC2 × 100.



Histochemical Detection of H2O2

Production of H2O2 in wheat plants was investigated using 3, 3’- diaminobenzidine (DAB) staining. The leaf samples with different treatments and controls without any inoculation or treatment were obtained at different time points and floated in the DAB solution (1 mg mL–1 DAB-HCL, pH 3.8) overnight. Alcohol and glycerin at the ratio of 8:2 were used to decolorize the leaf segments. The DAB polymerization at the site of H2O2 accumulation was produced in a reddish-brown polymer, which was microscopically investigated (Olympus IX83, Shibuya, Japan).



Protein Extraction and Antioxidant Analysis

Total protein extraction was done according to the method described by Kar and Mishra (1976). Leaf tissues (300 mg) were sampled at 0, 6, 12, 24, 48, and 72 hpi with R. cerealis for different treatments. The samples were ground in liquid nitrogen and homogenized in 3 mL of 100 mM potassium phosphate buffer (pH 6.8). The mixture was centrifuged at 14,000 g for 20 m at 4°C and supernatant was used as enzyme source. Soluble protein concentration was investigated using bovine serum albumin as a standard (Bradford, 1976). Guaiacol peroxidase (GPX) activity was determined using guaiacol as a hydrogen donor. The reaction mixture (1.18 mL) contained potassium phosphate buffer (100 mM, pH 6.8), guaiacol (10 mM), H2O2 (70 mM), and enzyme extract (10 μL), and absorbance of the mixture was recorded at 470 nm for 3 m (Chance and Maehly, 1955). The activities of catalase (CAT), superoxide dismutase (SOD), and peroxidase (POD) were calculated as described by Aebi (1984) and Chance and Maehly (1955). The GPX and CAT, SOD, and POD activities were expressed as μmol min–1 mg–1 protein.



Total RNA Extraction

The P. indica irrigation lasted for 2 weeks before R. cerealis and F. graminearum infection. Samples were harvested after respective treatments as shown in Table 1 and subjectively subjected to RNA extraction. Ethanol precipitation protocol and CTAB-PBIOZOL reagent were used for the purification of total RNA from the plant tissue according to the manual instructions. Grind tissue samples about 80 mg with liquid nitrogen into powder and transfer the powder samples in 1.5 ml of preheated 65°C CTAB-pBIOZOL reagents. The samples were incubated by a Thermomixer for 15 m at 65°C to permit the complete dissociation of nucleoprotein complexes. After centrifuging at 12,000× g for 5 m at 4°C, the supernatant was added with 400 μl of chloroform per 1.5 ml of CTAB-pBIOZOL reagent and was centrifuged at 12,000× g for 10 m at 4°C. The supernatant was transferred to a new 2-ml tube that added 700 μl acidic phenol and 200 μl chloroform, followed by centrifuging 12,000× g for 10 m at 4°C. The aqueous phase was added with an equal volume of the aqueous phase of chloroform and centrifuged at 12,000× g for 10 m at 4°C. The supernatant was added an equal volume of supernatant of isopropyl alcohol and placed at −20°C for 2 h for precipitation. After that, the mix was centrifuged at 12,000× g for 20 m at 4°C and then remove the supernatant. After being washed with 1 ml of 75% ethanol, the RNA pellet was air-dried in the biosafety cabinet and was dissolved by adding 50 μL of diethylpyrocarbonate (DEPC)-treated water. Subsequently, total RNA was qualified and quantified using a NanoDrop and Agilent 2100 bioanalyzer (Thermo Fisher Scientific, MA, United States).


TABLE 1. Respective treatments for different sample.
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mRNA Library Construction

The mRNA Library were constructed using the samples in Table 1. The Oligo(dT)-attached magnetic beads were used to purify mRNA. Purified mRNA was fragmented into small pieces with fragment buffer at the appropriate temperature. Then, first-strand complement DNA (cDNA) was generated using random hexamer-primed reverse transcription, followed by second-strand cDNA synthesis. Afterward, A-Tailing Mix and RNA Index Adapters were added by incubating to end repair. The cDNA fragments obtained from the previous step were amplified by PCR, and products were purified by Ampure XP Beads, then dissolved in EB solution. The product was validated on the Agilent Technologies 2100 bioanalyzer for quality control. The double-stranded PCR products from the previous step were heated denatured and circularized by the splint oligo sequence to get the final library. The single-strand circle DNA (ssCir DNA) was formatted as the final library. The final library was amplified with phi29 to make DNA nanoball (DNB), which had more than 300 copies of one molecular, DNBs were loaded into the patterned nanoarray and pair-end 100 bases reads were generated on the BGIseq500 platform (BGI-Shenzhen, China).



Quantitative Real-Time Polymerase Chain Reaction Analysis

Total RNAs (1 μg) from control and treatment were used to make cDNA using M-MLV Reverse Transcriptase (Takara, Beijing, Japan), according to the supplier’s protocol, respectively. After treatment with DNase I (Sigma, Osterode am Harz, Germany), the cDNA was used as a template for quantitative real-time polymerase chain reaction (qRT-PCR) to quantify selected mRNAs using specific primers. The expression level of the respective gene was determined by quantitative RT-PCR. Quantitative RT-PCR was measured by SYBR Green fluorescence method as described previously (Livak and Schmittgen, 2001). In brief, quantitative PCR (qPCR) experiments were conducted on a Light Cycler96 Fast real-time PCR system (Roche, Basel, Switzerland)). The reaction solution contains 2 × Ultra SYBR Mixture 10 μL, 100 ng cDNA template, 10 μM forward, and reverse primers. Wheat actin was used as the control, and all experiments were conducted with at least three technical replications. Amplification program was applied as the following steps: the first initial activation step was performed at 95°C, 5 min, then followed by 30 cycles (95°C for 20 s, 56°C for 35 s, 72°C for 35 s, and 65°C for 20 s). At the end of each cycle, melting curves were determined respectively to guarantee the amplification of a single PCR product. The primers used in this work were listed in Supplementary Table 1.



Statistical Analysis

In this study, all data are expressed as the means ± SE and represent at least three independent biological experiments. The significance of differences was analyzed by using a one-way analysis of variance (ANOVA) with Duncan’s multiple range test.




RESULTS


Interaction of Piriformospora indica With Rhizoctonia cerealis and Fusarium graminearum in Wheat

We set different time intervals including 7, 14, and 21 days between the infection of P. indica and the R. cerealis, and different time intervals including 3, 7, 10, and 14 days between the infection of P. indica and the F. graminearum based on disease progression (Figure 1). The disease index was assessed after infection. We found that sharp eyespot developed most slowly on the wheat seedlings inoculated by the pathogen at 14 days post-inoculation (dpi) with P. indica (Figure 1A), whereas the lowest disease developing was observed on the wheat seedlings inoculation by F. graminearum at 10 dpi with P. indica (Figure 1B). The symptoms of damage caused by R. cerealis on leaves and caused by F. graminearum on roots were documented as shown in Figures 1C,D. The results indicated that pre-inoculation of spores of P. indica 14 days before R. cerealis infection could significantly reduce the eyesport number in the Piri + Rh treatment compared to the Rh (Figure 1C). And the pathogen of F. graminearum led to severe root rot, but this phenomenon could be remitted by P. indica pre-colonization 10 days before F. graminearum infection (Figure 1D).
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FIGURE 1. Determination of the best time interval between inoculating wheat seedlings with Piriformospora indica and Rhizoctonia cerealis or Fusarium graminearum. (A) Time interval between inoculation P. indica and R. cerealis; (B) Time interval between inoculation P. indica and F. graminearum. (C) Symptoms of sharp eyespot caused by R. cerealis on wheat leaves under different treatment (P. indica inoculation was 14 days before R. cerealis infection); (D) Symptoms of root rot caused by F. graminearum on wheat roots under different treatment (P. indica inoculation was 10 days before F. graminearum infection). Piri, P. indica; Fg, F. graminearum; Rh, R. cerealis; Piri + Fg, P. indica + F. graminearum; Piri + Rh, P. indica + R. cerealis.




Effect of Piriformospora indica on Wheat Growth Under Pathogens Infection

The seeds germination rate was calculated for those seeds directly immersed into the suspension of P. indica. Results indicated that pre-inoculation of P. indica before germination could significantly increase the rate of seeds germination (Figure 2A). Additionally, wheat seedlings inoculated by the pathogen at 14 dpi with P. indica were used to evaluate biomass production. The P. indica had a significant effect on growth characteristics of wheat seedlings such as root, stem fresh and dry weight of root, and shoot systems (Figures 2B–E). The biomass enhancement was obvious in wheat inoculated with P. indica, and pre-inoculation of P. indica significantly reduced the biomass loss caused by R. cerealis or F. graminearum (Figures 2B–E). In comparison, the side effects of F. graminearum on wheat yield were more serious than that of R. cerealis.
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FIGURE 2. Effect of various treatments of Piri, Fg, Piri + Fg, Rh, and Piri + Rh on wheat seedlings growth parameters. (A) Seed germination number; (B) root fresh weight; (C) root dry weight; (D) stem fresh weight; (E) stem dry weight. Samples were treated as shown in Table 1 and harvested at 14 dpi with F. graminearum or R. cerealis. Piri, P. indica; Fg, F. graminearum; Rh, R. cerealis; Piri + Fg, P. indica + F. graminearum; Piri + Rh, P. indica + R. cerealis.




Disease Index Evaluation and Relative Water Content and Membrane Stability Index Determination

In this study, the effect of different treatments, including mock, P. indica (Piri), F. graminearum (Fg), R. cerealis (Rh), P. indica plus F. graminearum (Piri + Fg), and P. indica plus R. cerealis (Piri + Rh) on the progress of the disease on the wheat seedlings were evaluated at different time-points (dpi) with P. indica. With the increase of infection time, the inhibition effect on the pathogen in wheat that was pre-colonized by P. indica gradually appeared. From the 7 dpi, the Piri + Fg treatment had a higher effect on reduction of disease severity caused by F. graminearum, and until 21 dpi, this inhibition effect was quite obvious. As for R. cerealis, from the 14 dpi, the Piri + Rh treatment had a higher effect on reduction of disease severity caused by R. cerealis, and until 35 dpi (Figures 3A,B).
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FIGURE 3. Disease index evaluation and relative water content (RWC) and membrane stability index (MSI) determination. (A) The wheat seedlings were infected by F. graminearum at 14 days post inoculation (dpi) with P. indica and harvested at different time-points, including 3, 5, 7, 10, 14, and 21 days. Effect of different treatments, including Fg, Piri + Fg on progress of the disease on the wheat seedlings were evaluated. (B) The wheat seedlings were infected by R. cerealis at 14 days post inoculation (dpi) with P. indica and harvested at different time-points, including 3, 5, 7, 10, 14, 21, and 35 days. Effect of different treatments, including Rh and Piri + Rh on progress of the disease on the wheat seedlings were evaluated. (C) Effect of various treatments of Mock, Piri, Fg, Piri + Fg, Rh, and Piri + Rh on relative water content (RWC). (D) Effect of various treatments of Mock, Piri, Fg, Piri + Fg, Rh, and Piri + Rh on membrane stability index (MSI). Piri, P. indica; Fg, F. graminearum; Rh, R. cerealis; Piri + Fg, P. indica + F. graminearum; Piri + Rh, P. indica + R. cerealis.


In addition, RWC and cell MSI, by measuring electrolyte leakage of wheat crowns of plant leaves, were evaluated among various treatments, inducing mock, Piri, Piri + Rh, Rh, Piri + Fg, and Fg (Figures 3C,D). The obtained results revealed that RWC in plants inoculated with P. indica was highest among the six treatments. In addition, RWCs in Piri + Rh and Piri + Fg were higher than Rh and Fg’s, respectively, but lower than control. By contrast, the RWC in Rh was higher than in Fg (Figure 3C). On the other hand, the data trend of MSI was consistent with the RWC in the mock, Piri, Piri + Rh, Rh, Piri + Fg, and Fg (Figure 3D).



Interaction of Piriformospora indica With Rhizoctonia cerealis and Fusarium graminearum in vitro

Since P. indica can inhibit pathogens’ infection in plants, we wanted to determine whether it can also inhibit pathogens’ infection in vitro. Co-cultivation of P. indica with R. cerealis or with F. graminearum on PDA plate indicated that the endophytic fungi had no antagonistic effect on them, and no obvious inhibitory zone was found at the meeting point of the two colonies (Figures 4A,B).
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FIGURE 4. Interaction of Piriformospora indica with Fusarium graminearum or Rhizoctonia cerealis on PDA plates. (A) P. indica and R. cerealis grow on PDA plate at the 13 and 5th, respectively; (B) P. indica and R. cerealis grow on PDA plate at the 16 and 8th, respectively. (C) P. indica and F. graminearum grow on PDA plate at the 13 and 5th, respectively. (D) P. indica and F. graminearum grow on PDA plate at the 16 and 8th, respectively.




Detection of H2O2 in Wheat Plants

The capabilities of six treatments, such as of mock, Piri, Piri + Rh, Rh, Piri + Fg, and Fg, for inducing H2O2 accumulation in wheat leaves, were investigated at 12, 24, 36, 48, 72, and 84 h, respectively, after inoculation (hai) (Figure 5). In the Piri + Rh group, the content of H2O2 reached the highest level at 48 hai, and then, gradually decreased. For the Rh, the content of H2O2 reached the peak level at 72 h after infection, which was later than that of the Piri + Rh group. Similarly, the content of H2O2 reached the peak after 72 h of infection in Piri + Fg treatment; whereas the highest level of H2O2 content was delayed to 84 hai in Fg treatment.
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FIGURE 5. Detection of H2O2 in wheat leaf segments using 3, 3- diaminobenzidine (DAB) at various hours post inoculation under different treatments. Piri, P. indica; Fg, F. graminearum; Rh, R. cerealis; Piri + Fg, P. indica + F. graminearum; Piri + Rh, P. indica + R. cerealis.




Determination of Antioxidant Enzymes Activity

To investigate the effect of various treatments on enzymatic antioxidants, activities of CAT, POD, SOD, and GPX were assayed in wheat seedlings at 12, 24, 36, 48, 72, and 84 hai, respectively (Figures 6A–D). The CAT activity in control plants without fungal inoculation had a stationary trend and was at the lowest level at all time points compared to other treatments tested. In Rh, CAT activity increased from 48 to 72 hai and then, decreased until 84 hai (Figure 6A). In Fg, the CAT activity increased from 36 hai. By contrast, the CAT activity in Piri + Rh, Piri + Fg was activated from 36 to72 hai and significantly higher than in Rh and Fg respectively. Also, CAT activity in the Pi treatment was higher than Rh and Fg, but lower than Piri + Rh and Piri + Fg.
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FIGURE 6. Determination of antioxidant enzymes activity in wheat seedlings with various treatments at different time points after different fungi inoculation. (A) Catalase (CAT) activity; (B) superoxide dismutase (SOD) activity; (C) peroxidase (POD) activity; (D) Guaiacol peroxidase (GPX) activity. Piri, P. indica; Fg, F. graminearum; Rh, R. cerealis; Piri + Fg, P. indica + F. graminearum; Piri + Rh, P. indica + R. cerealis.


The SOD activity in control plants exposed stationary estate and had the lowest level compared to other treatments tested. In Rh, SOD activity increased from 48 to 72 hai, followed by a decreasing trend until 84 hai (Figure 6B). In Pi + Rh treatment, an increasing trend of SOD activity was observed from 36 to 72 dai, and then, decreased. In Piri, a significant increase of SOD activity from 36 to 72 hai was observed, and then, displayed a stationary status until 84 hai. The highest level of SOD activity was observed at 48 hai in Fg treatment. In Pi + Fg treatment, an increasing trend of SOD activity was observed from 36 to 72 dai. The data indicated that pre-inoculation of P. indica spore could increase SOD activity either in Pi + Rh or Pi + Fg treatment from 36 to 72 dai, and then, remained approximately at the same level.

The POD activity in control plants without fungal inoculation had a stationary trend and was at the lowest level at all time points. In Rh and Fg, a similar trend was observed for the POD activity from 36 to 84 hai (Figure 6C). In Pi + Rh treatment, an increasing trend of POD activity was observed from 36 to 72 dai, and then, decreased. The POD activity in Pi + Fg has the same trend, but a higher POD activity was obtained than the Pi + Rh treatment. In Piri, significant increase of POD activity from 48 to 72 hai was observed. The highest level of POD activity was observed at 72 hai in Piri treatment. The data indicated that pre-inoculation of P. indica spore could increase POD activity either in Pi + Rh or Pi + Fg treatment from 36 to 72 dai.

The order of GPX activity in control plants without fungal inoculation had a stationary trend. In Rh and Fg, a similar trend was observed for the GPX activity from 36 to 84 hai (Figure 6D). By contrast, the GPX activity in Rh was a bit higher than in Fg treatment. However, In Piri, significant increase in GPX activity from 24 to 72 hai was observed. And the GPX activity in Pi + Rh treatment and Pi + Fg was higher than in Piri from 48 to 72 hai. In addition, Pi + Rh could promote higher GPX activity than Pi + Fg.



Profile of Different Expressed Genes in Wheat Responsive to Piriformospora indica and Pathogens Colonization

The transcriptomes of wheat responsive to P. indica and pathogens colonization (see Table 1) were obtained and sequenced respectively by the BGI Seq500 platform. All the uni-genes were finally obtained by sequence splicing, a redundancy removal based on the sequence clustering software. Functional notation and cluster analysis of unigenes were performed by comparing unigenes to the database. Through data integration analysis, differentially expressed genes (DEGs) of wheat responsive to P. indica and pathogens colonization were analyzed (Table 2). The number of DEGs caused by root rot disease was 31,355, and the upregulation and downregulation genes were 17,859 and 13,496, respectively. The number of DEGs in wheat caused by sheath blight was 3,167, and the number of upregulated and downregulated genes was 1,988 and 1,179, respectively. However, P. indica had the least effect on the transcriptome of wheat, with only 641 DEGs, among which 147 genes were upregulated and 494 genes were downregulated, respectively.


TABLE 2. Differentially expressed genes (DEG) in the different comparison group.
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It was shown that, compared to mock, Fg treatment produced 31,355 DEGs, by adding P. indica, the number of DEGs was reduced to 27,516 in Piri + Fg; whereas Rh treatment produced 3,167 DEGs and Rh + Piri produced 1,395 DEGs (Figures 7A,B). We can obtain some hints from the above data: (1) Transcriptome changes caused by F. graminearum were more severe than those caused by R. cerealis; (2) The number of DEGs in the transcriptome can be reduced by the addition of P. indica. The DEGs caused by F. graminearum reduced 18% and those caused by R. cerealis reduced 58% by the addition of P. indica. Additionally, the DEGs involved in the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway were analyzed (Figures 7C–F). In the Fg treatment group, the DEGs were mainly concentrated in the chloroplast-related pathways, including Chloroplast, chloroplast stroma, chloroplast envelope, chloroplast thylakoid, chloroplast membrane, and chloroplast inner membrane (Figure 7C). In the Piri + Fg group, besides the chloroplast-related pathways, DEGs in the plant Tpye cell wall, extracellular region, and photosystem I pathway were added, suggesting that these pathways probably play an important role in alleviating the effects of the disease (Figure 7E). Compared with the DEGs caused by F. graminearum, the DEGs caused by R. cerealis not only concentrated in the chloroplast-related pathway, but also involved in the ribosome and apoplast pathways, which implied that different pathways were activated by the two different pathogens (Figure 7D). By adding P. indica, another three pathways including the primary cell wall, Neclear chromatin, and CCR4-not Core complex pathway were added in the Piri + Rh group, and the defense role of these pathways also needs to be further explored (Figure 7F).
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FIGURE 7. Profile of different expressed genes in wheat responsive to P. indica and pathogens colonization. (A) Venn Diagram of the different expressed genes (DEGs) between Fg vs. Mock and Piri + Fg vs. Mock. (B) Venn Diagram of the DEGs between Rh vs. Mock and Piri + Rh vs. Mock. (C) DEGs enriched in KEEG pathway in Fg vs. Mock group. (D) DEGs enriched in KEEG pathway in Rh vs. Mock group. (E) DEGs enriched in KEEG pathway in Piri + Fg vs. Mock group. (F) DEGs enriched in KEEG pathway in Piri + Rh vs. Mock group (/log2 FC/ > = 1, Q-value < = 0.05). Piri, P. indica; Fg, F. graminearum; Rh, R. cerealis; Piri + Fg, P. indica + F. graminearum; Piri + Rh, P. indica + R. cerealis.




Identification of the Critical Genes in the Key Pathway

Because the addition of P. indica significantly alleviated the yield loss caused by F. graminearum and R. cerealis, we were curious to discover the molecular season of this difference at the transcriptome level. Significantly, DEGs were found in Piri + Fg vs. Fg comparison group (Figure 8A). There were 116 genes in the mitogen-activated protein kinase (MAPK) signaling pathway (plant), 71 of which were upregulated and 45 of which were downregulated. In the phenylalanine pathway, there were 167 DEGs, including 121 upregulated genes and 46 downregulated genes. In general, the number of upregulated genes was greater than that of downregulated genes in the Piri + Fg vs. Fg comparison group (Table 3).
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FIGURE 8. Differentially expressed genes (DEGs) analysis in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and QPCR identification by comparing Piri + Fg vs. Fg and Piri + Rh vs. Rh. (A) DEGs analysis in KEGG pathway by comparing Piri + Fg vs. Fg; (B) DEGs analysis in KEGG pathway by comparing Piri + Rh vs. Rh; (C) Identification of the critical genes by QPCR in Piri + Fg vs. Fg group; (D) Identification of the critical genes by QPCR in Piri + Rh vs. Rh group. Piri, P. indica; Fg, F. graminearum; Rh, R. cerealis; Piri + Fg, P. indica + F. graminearum; Piri + Rh, P. indica + R. cerealis.



TABLE 3. Differentially expressed genes (DEG) involved in the key KEGG pathway in the comparison group of Piri + Fg vs. Fg and Piri + Rh vs. Rh.
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In the Piri + Rh vs. Rh comparison group, significant DEGs were found mainly in phenylpropanoid biosynthesis, photosynthesis – antenna proteins, starch, and sucrose metabolism (Figure 8B). There were 87 DEGs, including 17 upregulated genes and 70 downregulated genes in the Phenylpropanoid biosynthesis pathway; In the fetish-antenna proteins pathway, 53 DEGs were downregulated. In Photosynthesis – antenna proteins pathway, there were 48 DEGs, 11 of which were upregulated and 37 of which were downregulated. In general, the number of downregulated genes was greater than that of upregulated genes in the Piri + Rh vs. Rh comparison group (Table 3). The significant DEGs in the KEGG pathway were explored and their expression levels were quantitatively analyzed by QPCR (Figures 8C,D). The functions of these genes and their accession numbers in National Care for Biotechnology Information (NCBI) were listed in Tables 4, 5. By comparing Piri + Fg vs. Fg, the significantly DEGs were functionally described as transcription factor WRKY19-like, ethylene-response factor C3/1B-like, mitogen-activated protein kinase kinase kinase 17-like, and were all upregulated in Piri + Fg (Table 4). In contrast, by comparing Piri + Rh vs. Rh, the significant DEGs were functionally described as WRKY transcription factor 70, LRR receptor-like serine/threonine-protein kinase, and cytochrome P450 84A1-like and were upregulated in Piri + Rh (Table 5).


TABLE 4. Identification of DEGs involved in the key pathway by comparing Piri + Fg vs. Fg.
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TABLE 5. Identification of DEGs involved in the key pathway by comparing Piri + Rh vs. Rh.
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DISCUSSION

As an important worldwide food crop, wheat quality assurance plays an important role in maintaining the stability of food supply and food safety (Pehlivan-Karakas et al., 2021). However, wheat is often infected with many soil-borne diseases, resulting in reduced production. The sharp eyespot disease, caused by the necrotrophic fungus R. cerealis, and Fusarium head blight (FHB), caused mainly by the soil-borne fungus F. graminearum, are destructive diseases of wheat in many regions of the world (Gilbert and Tekauz, 2000; Hamada et al., 2011; Fernando et al., 2021). Therefore, the biological control capability of P. indica in wheat against sharp eyespot and FHB was investigated in this study.

In our effort, we have found that the germination rate of wheat seed that emerged in P. indica was significantly higher, and the germination time was 1 day earlier than the controls (soaked in water). In addition, our results proved that P. indica treatment was able to promote plant growth parameters, stimulating root biomass and fresh weight. Consistent with our data, colonization of P. indica has been confirmed to be able to increase the growth parameters of various plants (Deshmukh and Kogel, 2007; Waller et al., 2008; Sun et al., 2014; Nassimi and Taheri, 2017; Kundu et al., 2021; Liu et al., 2021), which undoubtedly makes us believe that P. indica can be considered as a biological fertilizer to improve plant yields. Several hypotheses have been formulated about the mechanisms of growth promotion of P. indica, which suggested that P. indica may actively promote auxin-regulated genes through the production of indole-3-acetic acid-like compounds (Lee et al., 2011; Franken, 2012). Of course, there are other possible reasons why P. indica promote plant growth. Studies have shown that root colonization by P. indica can hijack the ethylene signal pathway (Barazani et al., 2007). Because ethylene is used by plants to inhibit their growth under natural conditions, P. indica changes the ethylene pathway, which in turn may help promote host growth (Schäfer et al., 2009). A recent study indicated that Fe transporter (PiFTR) (Verma et al., 2021) and sulfate transporter (SiSulT) from P. indica (Narayan et al., 2021) play key roles in plant growth and development.

When we compare the difference between the treatment of R. cerealis and F. graminearum, it was clear that the disease effect of F. graminearum was more serious than R. cerealis. Previous physiological experiments have fully demonstrated that the colonization of wheat with P. indica can significantly inhibit the yield reduction caused by these two pathogens. In particular, we found that pre-soaking seeds in spore solution of P. indica could increase germination rates (Figure 1). These phenomena give us the confidence and motivation to unravel the mechanism behind them.

Our data demonstrated that dual culture on agar plate did not show any direct antagonistic effect of P. indica on R. cerealis, or F. graminearum (Figures 2A–D). These results were consistent with previous studies that P. indica has no resistance to the pathogen, including F. graminearum, F. verticillioides, F. culmorum, Rhizoctonia solani, and Fusarium pseudograminearum in vitro (Deshmukh and Kogel, 2007; Kumar et al., 2009; Rabiey et al., 2015; Nassimi and Taheri, 2017; Dehghanpour-Farashah et al., 2019). However, it has also been reported that P. indica can produce obvious inhibitory effects on Verticillium dahliae and Gaeumannomyces graminis on PDA plate (Ghahfarokhi and Goltapeh, 2010; Sun et al., 2014). This may indicate that the antagonistic effect of P. indica is species-specific in vitro.

In vivo, P. indica can inhibit disease effects caused by R. cerealis and F. graminearum (Figure 3). We found that a better antagonistic effect of P. indica would be produced in vivo when the time interval between P. indica and R. cerealis was 14 days (Figure 3B). As for F. graminearum, the best time interval between P. indica and F. graminearum was 10 days. And, in alleviating root rot, the role of P. indica is clear (Figure 3D). Previous evidence indicated that P. indica could induce resistance against F. graminearum and F. culmorum in barely (Deshmukh and Kogel, 2007; Waller et al., 2008; Harrach et al., 2013). Nassimi and Taheri (2017) reported that seedlings of rice pre-inoculated with P. indica showed a decreased level of disease caused by R. solani, which is consistent with our findings. Additionally, plants including barely, Arabidopsis, and maize pre-colonized P. indica significantly decreased the severity of the disease caused by F. culmorum and Blumeria graminis f. sp. Hordei, Verticillium dahliae, F. verticillioides, respectively (Waller et al., 2008; Kumar et al., 2009; Sun et al., 2014). Together with our data, this information strongly suggests that P. indica enhances plant resistance to pathogens through some indirect and complex mechanism.

Our study showed that RWC and MSI levels increased in the treatments of Pi and Pi + Rh compared to Fg/Rh and the control (Figure 4). The research demonstrated that electrolyte concentration in arbuscular mycorrhizal plants was higher than non-mycorrhizal plants because of the improved integrity and stability of membrane result from the colonization of arbuscular mycorrhizal fungi (Kaya et al., 2009). In addition, Naghashzadeh (2014) reported that the improved RWC and MSI were found in maize plants by applying mycorrhizal bio-fertilizers. The increased RWC and MSI in the P. indica colonized plant in our study implied that, like arbuscular mycorrhizal fungi, P. indica has the potential to be a biological fertilizer.

The results showed that both the disease of root rot and sheath blight could increase the content of H2O2 in leaves (Figure 5). This was consistent with previous studies, which have shown that soil-borne pathogens can accelerate plant cell death by increasing reactive oxygen species (ROS) and oxidative stress (Desmond et al., 2008; Cuzick et al., 2009). Our results further showed that the peak content of H2O2 appeared earlier in the Piri + Rh and Piri + Fg group, which indicated that the time point of hydrogen peroxide accumulation could be advanced by pre-inoculation of P. indica. In addition, our data showed that activity of SOD, POD, CAT, and GPX were activated in Piri, Piri + Rh, and Piri + Fg groups (Figure 6). Those data agreed with previously reported that P. indica can protect barley roots from loss of antioxidant enzymes caused by F. culmorum (Harrach et al., 2013). The research of Schäfer et al. (2009) and Jacobs et al. (2011) also clarified that P. indica intercepts MAMPs to induce immune responses, including oxidative bursts, induction of defense-related genes. Accordingly, it makes sense that the increased H2O2 content and enhanced antioxidant enzyme activity in plants pre-colonized by P. indica act as a signal to induce plants’ immune system, thereby enhancing plants’ resistance to pathogens. However, it is postulated that endophytes produce low levels of lytic enzymes as compared with pathogens, thus, avoiding triggering the plant immune response and gene products from mycorrhizal fungi are speculated to mimic the host cell signaling, thus, acting as decoys to circumvent plant defenses and gain entry into plant tissues (Trivedi et al., 2021). Obviously, P. indica acts as different patterns to participate in plant immune response. Overall, the interplay between plants and their endophytic microbiota is complex and still far from being fully elucidated.

Comparing the transcriptome of the different treatments, we found that transcriptome changes caused by R. cerealis were more intense than those caused by F. graminearum (Table 2). The growth promotion induced by P. indica was significant, although the transcriptome changes were not as large as those caused by the pathogen. Gene ontology (GO) analysis indicated enrichment in genes involved in various metabolic and catalytic processes. A previous study proved that the roots of the Brachypodium distachyon also displayed substantial transcriptional reprogramming following P. indica colonization (Šečić et al., 2021). These reprogramming genes must be responsible for the fungus-mediated growth promotion. In the Fg treatment group, the differential genes were mainly concentrated in the chloroplast-related pathways: Chloroplast, chloroplast stroma, chloroplast envelope, chloroplast thylakoid, chloroplast membrane, and chloroplast inner membrane. In the Piri + Fg group, different genes in the Tpye cell wall of the plant, in the extracellular region (1,733), and photosystem I pathway were added (Figure 7), suggesting that these pathways play an important role in alleviating the effects of the disease. The differential genes of sheath blight mainly concentrated in the pathways related to the chloroplast pathway, and involved in the ribosome and Apoplast pathways, suggesting that there were differences in the treatment pathways of the two strains. Compared with the Piri + Rh group, the differential genes of the primary cell wall, Neclear chromatin, and CCR4-not Core complex pathway were added, and the defense role of these pathways also needs to be further explored.

It was found that the addition of P. indica greatly alleviated the root rot caused by F. graminearum by comparing Piri + Fg to Fg treatment. Transcriptome sequencing showed that DEGs were mainly focused on the MAPK pathway and Phenylpropanoid biosynthesis (Figure 8A). Of them, 116 DEGs were found in the MAPK pathway, of which 71 were upregulated and 45 were downregulated. Accumulating data have demonstrated that MAPK cascades play central roles in plant immunity. In Arabidopsis, at least two complete MAPK cascades, the MEKK1-MKK1/MKK2-MPK4 and MAPKKK3/MAPKKK5-MKK4/MKK5-MPK3/MPK6 cascades, have been identified and reported to be involved in the elicitation of immune responses (Asai et al., 2002; Suarez-Rodriguez et al., 2007; Qiu et al., 2008; Yamada et al., 2016; Bi et al., 2018; Sun et al., 2018; Gao et al., 2021).

In rice, OsMAPKKK18 and OsMAPKKK24 also function downstream of receptor-like cytoplasmic kinases (RLCKs) and activate the OsMPKK4-OsMPK3/OsMPK6 cascade in the chitin signaling pathway (Kishi-Kaboshi et al., 2010; Wang et al., 2017; Yamada et al., 2017; Ma et al., 2021), suggesting similarity, as well as the diversity of MAPK cascades involved in immunity in different plant species. Therefore, we can determine that P. indica can participate in the activation of the plant immune system by activating the MAPK pathway. Thus, further experiments are warranted to determine which MAPK in wheat was involved in the elicitation of immune responses under the P. indica colonization.

On the other hand, we found that the phenylpropanoid biosynthesis pathway also participated in plant resistance to F. graminearum. Among 167 DEGs of phenylpropanoid biosynthesis pathway, 121 were upregulated and 67 downregulated. Plants have evolved exquisite mechanisms for the biosynthesis of secondary metabolites such as phenylpropanoids to cope with biotic and abiotic stresses (Dong and Lin, 2021). The significant DEGs in the phenylpropanoid biosynthesis pathway gave us reason to believe that P. indica can improve the wheat resistance to F. graminearum via regulating the phenylpropanoid biosynthesis.

In the case of R. cerealis, the pre-colonization of P. indica in wheat roots reduced the number of leaf spots caused by R. cerealis by comparing Piri + Rh to Rh treatment. Transcriptome sequencing showed that DEGs were mainly focused on phenylpropanoid biosynthesis, photosynthesis – antenna proteins, starch, and sucrose metabolism (Figure 8B). In the phenylpropanoid biosynthesis pathway, there were 87 differentially expressed genes, including 17 upregulated genes and 70 downregulated genes. In the photosynthesis – antenna proteins pathway, 53 differentially expressed genes were all downregulated. In the sucrose and sucrose pathway, the number of differentially expressed genes was 48, with 11 upregulated genes and 37 downregulated genes. By comparison, the responses of plants to the synergistic action of P. indica with the two respective pathogens were different. As reported, abiotic and biotic stresses widely reduce light-harvesting complex (LHC) gene expression in higher plants (Islam et al., 2020), which is consistent with our data that genes involved in Photosynthesis - antenna proteins pathway were all downregulated. However, control mechanisms and functions of these changes are not well-understood. Further research on the role of those defense components and their relationships with various types of reactive oxygen, antioxidant systems, in basal immunity will help us to design novel and effective disease management strategies to protect wheat plants against this destructive fungal pathogen.



CONCLUSION

A proposed model illustrating the roles of P. indica in wheat against R. cerealis and F. graminearum was drawn in Figure 9. The pathogens including R. cerealis and F. graminearum can induce the accumulation of H2O2 in plants, reduce the intracellular water content, and destroy the membrane stability. The addition of P. indica can reprogram the transcriptomic changes caused by R. cerealis and F. graminearum: (1) Inducing the expression of resistance-related genes, such as MAPK and WRKY; (2) Affecting the plant hormone signaling pathway; (3) Activating antioxidant pathway. Accordingly, wheat can directly resist the pathogen via the expression of resistance gene; Through the influence of the hormone metabolism pathway, P. indica colonization improved plant biological yield and enhanced plants tolerance to pathogens; By increasing the activity of antioxidant enzymes, the accumulation of reactive oxygen species in cells was decreased, and the water content in cells was further maintained and membrane stability was enhanced. Based on the above three modes, the resistance of wheat to these two pathogens was comprehensively improved.
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FIGURE 9. A proposed model illustrating the roles of P. indica in wheat against R. cerealis and F. graminearum. Piri, P. indica; Fg, F. graminearum; Rh, R. cerealis; RWC, relative water content; MSI, membrane stability index; GA, gibberellin acid; MAPK, mitogen-activated protein kinases.
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Sulfur dioxide (SO2) has long been viewed as toxic gas and air pollutant, but now is being verified as a signaling molecule in mammalian cells. SO2 can be endogenously produced and rapidly transformed into sulfur-containing compounds (e.g., hydrogen sulfide, cysteine, methionine, glutathione, glucosinolate, and phytochelatin) to maintain its homeostasis in plant cells. Exogenous application of SO2 in the form of gas or solution can trigger the expression of thousands of genes. The physiological functions of these genes are involved in the antioxidant defense, osmotic adjustment, and synthesis of stress proteins, secondary metabolites, and plant hormones, thus modulating numerous plant physiological processes. The modulated physiological processes by SO2 are implicated in seed germination, stomatal action, postharvest physiology, and plant response to environmental stresses. However, the review on the signaling role of SO2 in plants is little. In this review, the anabolism and catabolism of SO2 in plants were summarized. In addition, the signaling role of SO2 in seed germination, stomatal movement, fruit fresh-keeping, and plant response to environmental stresses (including drought, cold, heavy metal, and pathogen stresses) was discussed. Finally, the research direction of SO2 in plants is also proposed.
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INTRODUCTION

For so long, sulfur dioxide (SO2) has been viewed as a harmful gas and air pollutant. SO2 can dissolve in water and form sulfurous acid (H2SO3), which in turn dissociates into sulfite ([image: image]), bisulfite ([image: image]), and hydrogen ion (H+). In neutral solution, the ratio of [image: image]/[image: image] is 3/1 (M/M; Singh et al., 2012). Therefore, the toxicity of SO2 mainly roots in three derivants, that is, [image: image], [image: image], and H+. [image: image] and [image: image] are strong nucleophiles, which can deleteriously react with the sulfhydryl groups (–SH)-containing proteins (including enzymes) and then alter their functions and activities, thus disturbing physiological and biochemical metabolism (e.g., photosynthesis, respiration, and ion balance), and even leading to cell death. H+ can lower the pH value of the cells and their compartmentations, followed by affecting the activities of the enzymes and interfering with the cellular metabolism (Huang et al., 2021). In addition, SO2 can induce the accumulation of reactive oxygen species (ROS) by oxidizing sulfite into sulfate and/or activating NADPH oxidase (NOX), which in turn cause biomembrane damage, protein disintegration, DNA damage, chromosome aberration, gene mutation, Golgi body destruction, and programmed cell death (PCD) (Okpodu et al., 1996). Therefore, high concentration of SO2 can damage plant at morphological, physiological, biochemical, and molecular levels. For example, SO2 can reduce photosynthesis by disrupting thylakoid function, interfering with electron transport chain and membrane permeability, destroying pigments, and affecting carbon allocation, leads to leaf damage (e.g., yellow spots, discoloration, and necrosis), growth inhibition, and even plant death (Lee et al., 2017; Huang et al., 2021; Li and Yi, 2022).

SO2, as a signaling molecule, can endogenously produce by the catalysis of aspartate aminotransferase (AAT) and NOX using hydrogen sulfide (H2S) as substrate in animal system (Huang et al., 2021). Endogenous SO2 executes a positive role in reducing brain injury, lung injury, myocardial injury, and hypertension; regulating vascular remodeling, myocardial remodeling, collagen remodeling, ion channels, cell proliferation, endoplasmic reticulum stress, and protein posttranslational modification (mainly sulfenylation by H2O2). Therefore, the abnormal production of endogenous SO2 commonly leads to colitis, hypertension, atherosclerosis, neuronal damage, vascular calcification, myocardial hypertrophy, myocardial injury, pulmonary hypertension, and acute lung injury (Huang et al., 2021). These studies indicate that SO2, as signaling molecule, plays an essential role in many physiological and pathological processes.

In general, signaling molecules, such as calcium ion (Ca2+), ROS, nitric oxide (NO), and H2S, exhibit the common characteristics: small molecule, fast dispersal, dual effects, controllability of generation and elimination, biological activity, reprogramming gene expression, and so forth (Chen et al., 2011; Khan et al., 2019). Small molecules are easy to be quickly biosynthesized/released to initiate signaling, and then immediately eliminated to terminate signaling. In addition, signaling molecules can be rapidly spread from production sites to effect sites to exert their biological effects by their receptors/sensors. Dual effects of signaling molecules refer to their toxicity at high concentration and signaling role at low concentration. Therefore, they must be maintained homeostasis in cells (Khan et al., 2019). Finally, signaling molecules can specially bind to their receptors/sensors and then reprogram gene expression, further regulating cellular metabolism (Chen et al., 2011). It is quite clear that small molecule SO2 meets these criterions, indicating its signaling role in organisms.

In plants, SO2 can be generated in the form of [image: image] during sulfate [image: image] reduction (Li et al., 2020). Recently, exogenous application of SO2 in the form of gas (mg m−3) or solution (Na2SO3/NaHSO3, 3/1, M/M), at low concentrations, has been found to exert a positive role in seed germination (Wang et al., 2017; Sun et al., 2018; Guo et al., 2021), stomatal movement (Taylor et al., 1981; Wei et al., 2013; Hu et al., 2014; Yi et al., 2017), fruit fresh-keeping (Joradol et al., 2019; Zhang et al., 2022), and plant response to adverse environments (Hu et al., 2015; Zhu et al., 2015; Han et al., 2018, 2019; Xue and Yi, 2018; Li et al., 2021; Ma, 2021). These studies indicate that SO2 is emerging as a signaling molecule in plants. However, the review on SO2 signaling in plants is little summarized. In this review, SO2 homeostasis in plants and its signaling role in seed germination, stomatal action, fruit fresh-keeping, and plant response to environmental stress (including drought, cold, heavy metal, and pathogen infection) were concluded. The aim of this paper highlighted that SO2 is an emerging signaling molecule in plants.



METABOLISM OF SO2


Anabolism of SO2

Similar to other signaling molecules, SO2 homeostasis in plants is maintained by its production (i.e., anabolism) and elimination (i.e., catabolism; Figure 1). In plants, the endogenous production of SO2 mainly roots in the reduction of [image: image]. [image: image] absorbed by roots is activated by ATP sulfurylase (ATPS), producing adenosine 5′-phosphosulfate (APS), which is transformed into [image: image] (main form of SO2 in solution) by APS reductase (APR) using glutathione (GSH) as reducing agent (Li et al., 2020). In addition, cysteine (Cys) can change into cysteine sulfinate (Cts) by the catalysis of cysteine dioxygenase (CDO), and then produce β-sulfinylpyruvate (SP), which automatically form SO2 without any enzyme catalysis and release pyruvate (Pyr; Yu et al., 2020; Huang et al., 2022). Also, SO2 can be released from hydrogen sulfide (H2S) and its derivant thiosulfate (TS) under the catalysis of NOX, sulfide oxidase (SO), and TS sulfurtransferase (TST), respectively (Li et al., 2009). Similarly, sulfur-containing amino acids (SAA) also can generate SO2 by the catalysis of amino acid oxidase (AAO; Rausch and Wachter, 2005). However, the detailed mechanisms of SO2-producing pathways in plant growth, development, and response to environmental stress need to be further dissected in the coming days.

[image: Figure 1]

FIGURE 1. Anabolism and catabolism of sulfur dioxide (SO2) in plants. AAO, amino acid oxidase; APR, APS reductase; APS, adenosine 5′-phosphosulfate; ATPS, ATP sulfurylase; CDO, cysteine dioxygenase (CDO); CS, Cys synthetase; Cts, cysteine sulfinate; Cys, cysteine; Cyst, cystathionine; DHAR, dehydroascorbate reductase; γ-ECS, γ-glutamycysteine synthetase; Gly I, glyoxalase I; Gly II, glyoxalase II; GR, glutathione reductase; GS, GSH synthesis; GSH, glutathione; GSL, glucosinolate; GSSG, oxidized GSH; Hcy, homocystine; H2S, hydrogen sulfide; Met, methionine; MG, methylglyoxal; NOX, NADPH oxidase; OPH, O-phosphohomoserine; PC, phytochelatin; Pry, pyruvate; SAA, sulfur-containing amino acids; SGL, S-D-lactoylglutathione; SIR, sulfite reductase; SO, sulfide oxidase; SP, β-sulfinylpyruvate; Thr, threonine; Ts, threonine synthetase; TS, thiosulfate; TST, TS sulfurtransferase.




Catabolism of SO2

Analogue to its production, the scavenging of excessive SO2 is primarily achieved by the enzyme-catalysis pathways (Figure 1). Endogenous SO2 is easy to dissolve in water and produce [image: image], which is in turn reduced into H2S by [image: image] reductase (SIR), followed by synthesizing Cys under the catalysis of Cys synthetase (CS; Hasanuzzaman et al., 2018; Li et al., 2020). Cys is a common precursor for biosynthesis of numerous biological molecules such as GSH, phytochelatin (PC), phytoalexins (PA), cystathionine (Cyst), homocystine (Hcy), methionine (Met), ethylene (ETH), and glucosinolate (GSL; Figure 1). GSH, as an important reducing agent in plant cells, which can be synthesized from Cys under the successive catalysis of γ-glutamycysteine synthetase (γ-ES) and GSH synthesis (GS; Yu et al., 2020; Huang et al., 2022). GSH and its oxidized form (GSSG) can mutually convert by dehydroascorbate reductase (DHAR) and glutathione reductase (GR) using dehydroascorbate and NADPH as electron acceptor and electron donor, respectively (Bartoli et al., 2017). Also, GSH can further synthesize PC to chelate heavy metal in plant cells, thus reducing the toxicity of heavy metal (Li et al., 2020). In addition to these, Cys can transform into other amino acids such as Cyst, Hcy, and Met (Li et al., 2009), further regulating the metabolism of amino acids in plants. These metabolic pathways are closely associated with the acquisition of stress tolerance in plants, also indicating the signaling role of SO2.




SIGNALING ROLE OF SO2

Increasing evidences show that exogenous application of SO2 in a gas (mg m−3, fumigation) or solution (Na2SO3/NaHSO3, 3/1, irrigation) form could reprogramme the expression of thousands of genes. The physiological functions of these genes include antioxidant defense, osmotic adjustment, cell wall modification, and the synthesis of stress proteins (including heat shock proteins, HSP; and pathogen-related proteins, PR), secondary metabolites, and plant hormones (Li and Yi, 2012a,b, 2020; Zhao and Yi, 2014), which in turn modulated several physiological processes, such as seed germination, stomatal action, postharvest physiology, and plant response to environmental stresses, including drought, cold, heavy metal, and pathogen stresses (Table 1). In addition, the modulation of these physiological processes is involved in the interaction of SO2 and other signaling molecules, such as H2S, NO, ROS, cyclic guanosine monophosphate (cGMP), and plant hormones (Figure 2). In this section, the signaling role of SO2 in plants will be stated in detail.



TABLE 1. Examples of the role of SO2 signaling in plant growth and response to environmental stress.
[image: Table1]

[image: Figure 2]

FIGURE 2. Signaling role of sulfur dioxide (SO2) in plants. AAT, aspartate aminotransferase; ABA, abscisic acid; APR, adenosine 5'-phosphosulfate reductase; AsA, ascorbic acid; CAT, catalase; cGMP, cyclic guanosine monophosphate; ETH, ethylene; GR, glutathione reductase; GS, glutathione synthetase; GSH, glutathione; GSL, glucosinolate; H2S, hydrogen sulfide; HSF, heat shock factor; HSP, heat shock proteins; JA, jasmonic acid; MM, methylation modification; NO, nitric oxide; NOX, NADPH oxidase; PA, phytoalexins; PAL, phenylalanine ammonia-lyase; P5CS, Δ1-pyrroline-5-carboxylate synthetase; POD, peroxidase; PPO, polyphenol oxidase; PR, pathogenesis-related proteins; Pro, proline; ROS, reactive oxygen species; SA, salicylic acid; SOD, superoxide dismutase; TSP, total soluble proteins; TSS, total soluble sugars; TST, thiosulfate sulfurtransferase.



Seed Germination

Seed germination is the first and key stage of plant life cycle, which is sensitive to environmental stress, especially soil environment stress. Therefore, seed germination is the basis for crop production and vegetation recovery. In general, seed priming, especially chemical priming, can improve seed vigor, seed germination, and seedling viability, as well as the resistance of seedlings to adverse environments (Paul et al., 2022). In maize seeds, pretreatment with SO2 (1 mM) facilitated seed germination and increased seed vigor. In addition, the SO2-pretreated germinating seeds had higher NOX activity and ROS level, while NOX inhibitor, diphenyleneiodinium, inhibited ROS accumulation and germination and vigor of maize seeds pretreated with SO2 (Guo et al., 2021). Also, SO2 pretreatment up-regulated the expression and activity of α-amylase in germinating maize seeds (Guo et al., 2021). These data imply that SO2 might function as signaling molecule in facilitating the germination of maize seeds by mobilizing reserves via activating NOX-dependent ROS production.

In wheat seeds, pretreatment with 100 μM SO2 donor (NaHSO3/Na2SO3, 1/3 M/M) postponed PCD, restrained the coalescence of small protein storage vacuoles, and reduced the accumulation of ROS (e.g., hydrogen peroxide, H2O2; and superoxide anion, O2–) in aleurone cells pretreated with gibberellin (Sun et al., 2018). In addition, SO2-pretreated germinating seeds, compared to treatment with gibberelin alone, sustained higher activities of catalase (CAT), guaiacol peroxidase (POD), ascorbate peroxidase (APX), and superoxide dismutase (SOD), while had lower activities of lipoxygenase (LOX) and polyphenol oxidase (PPO; Sun et al., 2018). Also, SO2-pretreated aleurone layers induced the production of endogenous H2S and NO, whereas the supplement of cPTIO (NO scavenger) accelerated PCD in both SO2– and H2S-pretreated aleurone cells (Sun et al., 2018). These results indicate that SO2 can trigger H2S/NO signaling to delay PCD in wheat aleurone layers pretreated with gibberellin via activating antioxidant enzyme system.

Similarly, in barley (Hordeum vulgare L.) seeds, pretreatment with SO2 donor (NaHSO3/Na2SO3, 50 μM) alleviated PCD induced by gibberelin in aleurone layers in a concentration-dependent fashion (Wang et al., 2017). Additionally, SO2 pretreatment increased the activities of SOD, CAT, APX, POD, and glutathione reductase (GR), while weakened that of LOX, reduced the levels of H2O2, O2–, and malondialdehyde (MDA) in aleurone layers (Wang et al., 2017). Furthermore, SO2 pretreatment triggered the accumulation of endogenous H2S and NO in aleurone layers (Wang et al., 2017), similar to the results reported by Sun et al. (2018) in wheat. These data suggest that SO2 might regulate the germination of barley seeds by attenuating PCD via the interaction among H2S, NO, and ROS signaling.



Stomatal Movement

Stomata is a major gate that plants exchange with carbon dioxide, oxygen, and water, its movement (i.e., opening and closure) influences photosynthesis, respiration, and transpiration, as well as plant resistance to environmental stress, especially drought stress (Jia and Zhang, 2008). Stomatal movement is strictly controlled by a signaling network composed of many second messengers, such as Ca2+, NO, ROS (mainly H2O2), H2S, and plant hormones (especially abscisic acid, ABA; ethylene, ETH; and cytokinin, CTK; Qi et al., 2018). Therefore, priming with signaling molecules can alter stomatal aperture and enhance the tolerance of plants to environmental stress. In sweet potato (Ipomoea batatas), treatment of epidermal strips with the different concentrations (0 ~ 5 mM) of Na2SO3/NaHSO3 solutions (SO2 donor) rapidly increased the levels of endogenous H2S and NO, and then induced stomatal closure in a dose-dependent manner (Hu et al., 2014). In addition, the stomatal closure induced by SO2 was reversed by hypotaurine (H2S scavenger) and cPTIO (NO scavenger; Hu et al., 2014), indicating that the SO2-triggered stomatal closure might be mediated by the H2S and NO signaling pathways. Also, in broad bean (Vicia faba L.), low concentrations (0.0001 ~ 0.1 μM) of sulfurous acid (H2SO3, as SO2 donor) facilitated stomatal opening by reducing the level of endogenous ABA to antagonize its action (Taylor et al., 1981). Adversely, a high concentration (10 μM) of H2SO3 inhibited stomatal opening by increasing the level of endogenous ABA (Taylor et al., 1981).

In Hemerocallis fulva, the epidermal strips treated with the different concentrations (1 ~ 5 mM) of SO2 donor (Na2SO3/NaHSO3) were found to reduce the guard cells vigor and induce cell death in a concentration-dependent manner (Wei et al., 2013). The SO2-induced death cells exhibited the features of apoptosis (i.e., nuclear condensation, nuclear elongation, and DNA fragmentation), indicating SO2 could trigger PCD in guard cells. Additionally, the levels of endogenous NO, ROS, and Ca2+ were increased by SO2, while reduced by NO scavenger (cPTIO), nitrate reductase (NO-producing enzyme) inhibitor (NaN3), ROS scavengers (ascorbic acid, AsA; and CAT), Ca2+ chelating agent (EGTA), and plasma membrane Ca2+ channel blocker (LaCl3), thus decreasing cell death (Wei et al., 2013). Also, AsA treatment decreased the levels of NO and Ca2+ compared with the SO2 treatment alone, whereas NaN3 treatment decreased ROS and Ca2+ levels, but LaCl3 treatment had no significant effect on NO and ROS levels (Wei et al., 2013). These data imply that SO2 could induce PCD in guard cells by intertwining NO, ROS, and Ca2+ signaling pathways in H. fulva, which might be a major cause for SO2-induced stomatal closure.

Similarly, in Vicia faba, SO2 hydrates (Na2SO3/NaHSO3) induced guard cell death in a dose-dependent fashion (ranging from 0.25 to 6 mM; Yi et al., 2017). Meanwhile, SO2 induced an increase in the level of endogenous NO, H2O2, and Ca2+ in guard cells of Vicia faba, similar to the data reported by Wei et al. (2013) in H. fulva. In addition, treatment with exogenous NO donor enhanced the toxicity of SO2, whereas NO scavenger (cPTIO) and synthesis inhibitors (L-NAME and tungstate) weakened SO2 toxicity (Yi et al., 2017). Likewise, the toxicity of SO2 was also blocked by ROS scavenger (AsA and CAT), Ca2+ chelating agent (EGTA), and Ca2+ channel inhibitor (LaCl3; Yi et al., 2017). Also, treatment with both cPTIO and AsA reversed SO2-induced increase in Ca2+ level in guard cells, while cPTIO and AsA treatment alone blocked SO2-induced H2O2 and NO accumulation (Yi et al., 2017). These data suggest that SO2 toxicity might be achieved by joint action of NO, ROS, and Ca2+ signaling in guard cells of Vicia faba, further supporting the hypothesis proposed by Wei et al. (2013). In addition to stomatal movement, Haworth et al. (2012) reported that SO2 could change stomatal density (SD), stomatal index (SI), and SD/SI ratio in Lepidozamia hopei, Lepidozamia peroffskyana, Ginkgo biloba, Nageia nagi, Podocarpus macrophyllus, Araucaria bidwillii, and Aagathis australis.



Fruit Fresh-Keeping

Shelf-life of the fruits and vegetables determines their quality and economic value. To lengthen the shelf-life, numerous physical and chemical methods are used in the process of fruits and vegetables storage (Joradol et al., 2019). The physical methods are involved in water, fertilizer, gas (e.g., oxygen and carbon dioxide), heat (temperature), and light; while chemical methods are mainly fresh-keeping agent treatments (Zhang et al., 2022). In Longan (Dimocarpus longan Lour. cv. Daw) fruits, SO2 fumigation (500 ~ 2,500 mg L−1) reduced pericarp browning, lengthened shelf-life, and improved the quality of fruits by enhancing antioxidant capacity compared with the control without SO2 fumigation (Joradol et al., 2019). In addition, the fruits fumigated with SO2 had a higher content of endogenous H2O2, which reached a maximum within 6 ~ 12 h. Also, SO2 treatment up-regulated the gene expression of NOX and SOD (Joradol et al., 2019). These data indicate that SO2 fumigation can induce the NOX-dependent H2O2 signaling, which in turn enhance the antioxidant capacity, thereby lengthening the shelf-life of fruits.

Similarly, in table grapes, SO2 treatment (200 μl L−1) inhibited fruit decay and reduced the levels of H2O2 and MDA compared to the control without SO2 treatment (Zhang et al., 2022). Additionally, SO2 treatment up-regulated the expression of VvSiR, VvSAT1, VvSAT2, and VvOASTL, which in turn increased the activities of sulfite reductase, serine acetyltransferase, and O-acetylserine (thiol)-lyase, as well as the content of Cys (Zhang et al., 2022). Likewise, the gene expression level, enzyme activity, and antioxidant content related to AsA-GSH cycle was enhanced by SO2 treatment in grapes. Also, the expression of VvGS (GSH synthetase) was up-regulated by SO2 treatment in table grapes, while the transcription level of VvHPCA1-4 and VvHPCA3 (evaluating the degree of oxidative damage) was down-regulated (Zhang et al., 2022). These data indicate that SO2 can lengthen the shelf-life of table grapes by maintaining H2O2 homeostasis to reduce postharvest oxidative damage via driving the AsA-GSH cycle.



Drought Response

Drought stress commonly leads to osmotic and oxidative stress due to the shortage of water and the overaccumulation of ROS in plant cells. The approaches alleviating osmotic and oxidative stresses can boost the resistance of plants to drought stress (Salehi-Lisar and Bakhshayeshan-Agdam, 2016). In wheat seedlings, under drought stress, pretreatment with SO2 (0 ~ 20 mg m−3) improved the survival percentage and relative water content (Li et al., 2021), indicating that SO2 could increase drought tolerance. The further experiments showed that SO2 pretreatment improved the content of proline (Pro) and activities of SOD and POD, which in turn reduced the accumulation of H2O2 and MDA in drought-treated wheat seedlings. In addition, SO2 pretreatment down-regulated the expression of TaNAC69 (transcription factor gene), while the expression of other transcription factor genes (TaERF1 and TaMYB30) insignificantly changed but maintained a higher levels in wheat seedlings under drought stress conditions (Li et al., 2021). Also, SO2 pretreatment induced an increase in H2S in wheat seedlings under drought stress, while H2S scavenger hypotaurine decreased the activities of SOD and POD, as well as the expression of transcription factor genes, followed by increasing the accumulation of H2O2 and MDA, returning to the level of drought treatment alone (Li et al., 2021). These data suggest that SO2 can increase the drought tolerance of wheat seedlings by accumulating osmolytes and activating antioxidant enzmyes via H2S signaling pathway.

In like manner, in foxtail millet seedlings, SO2 fumigation (30 mg m−3) decreased stomatal apertures and leaf transpiration rate, which in turn improved the relative water content in the leaves of drought-stressed seedlings (Han et al., 2019), thus improving the drought tolerance of seedlings. Additionally, SO2 pretreatment increased the activity of Δ1-pyrroline-5-carboxylate synthetase (P5CS), reduced that of Pro dehydrogenase (ProDH), and corresponding gene expression, followed by accumulating Pro in the leaves of drought-stressed seedlings (Han et al., 2019). Moreover, application of SO2 up-regulated the gene expression of CAT and POD and increased the activities of corresponding enzymes in the leaves of drought-stressed plants, which in turn alleviated drought-induced oxidative damage (i.e., decreasing MDA content) by scavenging H2O2 (Han et al., 2019). These results imply that SO2 fumigation can increase drought tolerance in foxtail millet seedlings by combined effect of stomatal closure, Pro accumulation, and antioxidant defense. Similarly, under drought stress, SO2 pre-exposure (30 mg m−3) increased SOD, POD, and O-acetylserine(thio)lyase (OASTL) activities and GSH, Cys, and nonprotein thiol (NPT) contents in Arabidopsis plants, which in turn alleviated oxidative stress (i.e., reducing H2O2 and MDA accumulation; Li and Yi, 2022). Meanwhile, SO2 increased Pro level by up-regulating gene expression and activity of P5CS and down-regulating that of ProDH, followed by reducing water loss, stomatal conductance, and transpiration rate, thus increasing net photosynthetic rate, water use efficiency, and photosynthetic pigment contents (Li and Yi, 2022), indicating that SO2 can improve the tolerance of Arabidopsis plants to drought stress.



Cold Response

Cold stress includes chilling (above freezing point, resulting in chilling injury) and freezing stress (below freezing point, leading to freezing injury). Both chilling and freezing stress can trigger osmotic and oxidative stresses (Ritonga and Chen, 2020). Therefore, the enhanced osmoregulation and antioxidant capacity by chemical priming are closely related with low temperature stress tolerance in plants. Presoaking of seeds with the different concentrations of (0, 10, 25, 50, and 100 μM) SO2 alleviated the cold-induced growth inhibition. Among concentrations, 50 μM SO2 presoaking was the most efficient (Ma, 2021). Similarly, pretreatment of Arabidopsis thaliana seeds with 50 μM SO2 boosted the cold resistance of A. thaliana seedlings. Otherwise, SO2 presoaking up-regulated the expression of AtCAT3 and AtPOD, and increased the activities of corresponding CAT and POD, which in turn reduced the level of endogenous H2O2 (Ma, 2021). Meanwhile, 50 μM SO2 pretreatment up-regulated the expression of genes related to anthocyanin synthesis (i.e., AtPAL2, AtCHS, AtCHI, and AtF3H), followed by promoting the synthesis of anthocyanin. Interestingly, SO2 pretreatment also activated the expression of genes (i.e., AtICE1, AtICE2, AtCBF1, AtCBF2, AtCBF3, AtCOR15a, and AtCOR15b) involved in C-repeated binding factor (CBF) signaling pathways, mainly cold-response signaling pathways (Ma, 2021).

Parallelly, SO2 (30 mg m−3) exposure reduced stomatal aperture and ROS accumulation by enhancing POD activity under cold stress (Ma, 2021). Also, SO2 exposure promoted Pro accumulation by increasing P5CS activity and lowering PDH activity as well as activated the gene expression of CBF signaling pathways (Ma, 2021), thus improving the cold adaptability of Arabidopsis thaliana. Similarly, exposure of Arabidopsis thaliana (Col-0) to the different concentrations of SO2 increased O2– generation rate and H2O2 content in Arabidopsis shoots, and up-regulated the gene expression of POD, SOD, and glutathione peroxidase (GPX), as well as increased the activity of corresponding enzymes and the content of GSH. Additionally, SO2 exposure increased isoenzymatic isoforms of SOD (FeSOD and Cu/ZnSOD) and POD, while decreased CAT isoforms (CAT2 and CAT3; Li and Yi, 2012b). Similarly, in Arabidopsis, SO2 exposure (30 mg m−3) down-regulated the expression of miR398, which in turn increased the transcript level of its target genes Cu/Zn-SOD (CSD1 and CSD2) and increased the activity of SOD (Li et al., 2017). Similarly, SO2 up-regulated the expression of miR395 expression, followed by decline in the transcript level of its target genes, ATP sulfurylases (APS3 and APS4) and sulfate transporter (SULTR2;1), implying miR398 and miR395 participate in the resistance of Arabidopsis plants to oxidative stress induced by SO2 exposure. These data suggest that SO2-induced ROS act as a signal to trigger plant defense response.



Heavy Metal Response

Heavy metals, such as cadmium (Cd), mercury, arsenic, and aluminum, have become the major pollutants with the development of modern agriculture and industry. Heavy metals can disturb cellular metabolism, inhibit seed germination and plant growth, and even influence on human health by entering into food chain (Ghori et al., 2019). Therefore, heavy metal pollutions have become a huge challenge for crop production, food safety, and human health. How to improve the resistance of crop plants to heavy metal stress and reduce its endogenous accumulation is an urgent issue. In wheat seeds, Cd-inhibited seed germination, while the inhibiting effects were alleviated by exogenous application of SO2 (Na2SO3/NaHSO3 (3/1) solution as SO2 donor) in a concentration-dependent manner and the optimal concentration was between 1 and 2 mM (Hu et al., 2015). Additionally, SO2 donor pretreatment enhanced the activities of amylase and esterase, which in turn resulted in the accumulation of total soluble sugars (TSS) and total soluble protein (TSP) in germinating seeds under Cd stress (Hu et al., 2015). Also, SO2 pretreatment reduced the overproduction of MDA, H2O2, and O2–, as well as the loss of plasma membrane integrity of the radicle tips of seedlings under Cd stress (Hu et al., 2015). Further experiment data showed that SO2 increased the activities of POD, APX, SOD, and CAT, lowered level of LOX in germinating wheat seeds (Hu et al., 2015). Interestingly, compared with the control, SO2 pretreatment increased the level of endogenous H2S in germinating wheat seeds (Hu et al., 2015). These data suggest that SO2 can promote the germination of wheat seeds under Cd stress by mobilizing reserves and activating antioxidant system via H2S signaling pathway.

In foxtail millet seedlings, application of SO2 derivatives (0.5 mM) reduced the Cd-inhibited seedling growth and Cd-induced oxidative damage (i.e., reducing MDA accumulation) in the leaves of seedlings (Han et al., 2018). Additionally, SO2 treatment enhanced the activities of CAT and SOD and drove AsA-GSH cycle, which in turn reduced the accumulation of Cd-elicited O2– and H2O2 in the leaves of seedlings (Han et al., 2018). Furthermore, SO2 application increased the contents of GSH and phytochelatin (PC) by promoting sulfur assimilation, followed by enhancing Cd-detoxification capacity in seedlings. Further experiments showed that SO2 derivatives down-regulated the expression of genes related to Cd uptake and translocation (i.e., NRAMP1, NRAMP6, IRT1, IRT2, HMA2, and HMA4; Han et al., 2018), thus reducing Cd accumulation in the shoots and roots of Cd-stressed seedlings.

Similarly, in wheat seeds, pretreatment with SO2 donor (NaHSO3/Na2SO3, 1/3) at 1.2 mM increased the activities of POD, CAT, and APX, and lowered that of LOX, and reduced the accumulation of O2–, H2O2, and MDA in germinating seeds under aluminum stress (Zhu et al., 2015). As expected, SO2 pretreatment increased the level of endogenous H2S in wheat seeds, while reduced the content of ROS, which in turn maintained the integrity of biomembrane and reduced aluminum accumulation in wheat seedling radicles (Zhu et al., 2015). Also, SO2 pretreatment down-regulated the expression of alumium-responsive genes (i.e., TaWali1, TaWali2, TaWali3, TaWali5, TaWali6, and TaALMT1) in seedling radicles under aluminum stress (Zhu et al., 2015). These data indicate that SO2 can improve seed germination of wheat under aluminum stress by enhancing antioxidant capacity and reducing the accumulation of aluminum via H2S signaling pathway.



Pathogen Response

Besides enhancing abiotic stress tolerance, exogenously applied SO2 also can improve the resistance of plants to biotic stress (Zhao and Yi, 2014). In Arabidopsis plants, SO2 pre-exposure (30 mg m−3) increased the resistance to Botrytis cinerea (Xue and Yi, 2018). Further experiments showed that SO2 pretreatment up-regulated the expression levels of the defense-related genes (PAL, PPO, PR2, and PR3), which encode phenylalanine ammonia-lyase (PAL), polyphenol oxidase (PPO), β-1,3-glucanase (BGL), and chitinase (CHI), and increased the activities of PAL, PPO, BGL, and CHI (Xue and Yi, 2018). Also, SO2 pre-exposure increased the transcript levels of microRNAs (MIR393, MIR160, and MIR167), correspondingly decreased the gene expression of their targets involved in the auxin signaling pathway. Adversely, the expression levels of the primary auxin-response genes (GH3-like, BDL/IAA12, and AXR3/IAA17) were down-regulated by SO2 pre-exposure in Arabidopsis plants (Xue and Yi, 2018). These data imply that SO2 increases the disease resistance of Arabidopsis plants to Botrytis cinerea by enhancing the defense-related gene expression and enzyme activity as well as suppressing the auxin signaling pathway mediated by miRNA.

In addition, Arabidopsis plants, the transcriptome analysis identified that SO2 fumigation (30 mg m−3) led to the change in the expression of 2,780 genes, the genes involved in biotic stress resistance, ROS production and scavenging, and sulfur assimilation were up-regulated (Zhao and Yi, 2014). Likewise, Li and Yi (2012b) reported that SO2 (30 mg m−3) treatment triggered the different expression of 2,780 genes, the functions of which were mainly involved in signal transduction, transcription regulation, molecular structure, transport, binding, and metabolism. Many different expression genes encoding antioxidant enzymes (POD, GPX, and SOD), heat shock proteins (HSP), pathogenesis-related (PR) proteins, and cytochrome P450 were up-regulated by SO2 in Arabidopsis shoots (Li and Yi, 2012b). In Arabidopsis, Li and Yi (2012a), using Affymetrix GeneChip technology, found that the expression of 494 genes was significantly changed by SO2 exposure (30 mg m−3), they encoded antioxidant enzymes (e.g., GST, POD, and thioredoxin), HSP, and PR, as well as were involved in the ETH signaling pathway, phenylpropanoid pathway, and cell wall modification. Similarly, SO2 exposure enhanced the production of ROS, as signaling molecule, increased the activities of SOD, POD, glutathione peroxidase (GPX), and GST in Arabidopsis plants (Li and Yi, 2012a). Also, in fresh table grapes (V. vinifera L. “Crimson Seedless”), transcriptomics approaches also found that SO2 treatment (140 μl L−1) up-regulated the expression of enzymes genes related to sulfur-metabolizing enzymes (especially directing towards chelation and conjugation), redox homeostasis, and plant hormones (e.g., auxin, AUX; ethylene, ETH; and jasmonic acid, JA) signaling pathways (Giraud et al., 2012). Generally, salicylic acid (SA) level is closely related to plant disease resistance. In Arabidopsis thaliana plants, Hao et al. (2011) found that the snc1 mutants (with high SA content) had higher tolerance to SO2 than nahG plants (with low SA content), implying that endogenous SA and signaling might play an essential role in plant responses to SO2 stress. These studies further support the fact that SO2 increases disease resistance in Arabidopsis plants.




CONCLUSION AND PERSPECTIVES

Mounting evidences show that SO2 can not only regulate seed germination, stomatal movement, and postharvest physiology, but also plants respond to environmental stresses, such as drought, cold, and heavy metal, and pathogen stresses. Numerous studies identified that SO2 meets the requirements of signaling molecules in plants, emerging as a novel signaling role in many plant physiological processes. SO2 as a novel signaling molecule can exert its physiological functions either alone or interaction with other signaling molecules, such as Ca2+, H2O2, NO, H2S, cGMP, and plant hormones (e.g., ABA, SA, ETH, and JA; Figure 2). SO2 can enhance antioxidant system (e.g., SOD, CAT, POD, APX, GR, GSH, and AsA) and osmoregulation system (e.g., Pro, TTP, TSS, and P5CS), drive secondary metabolism (e.g., GLS and PA accumulation), synthesize stress proteins (e.g., HSP, HSF, PR, PAL, and PPO), and modulate epigenetic modifications (e.g., DNA methylation modification (MM) and miRNAs), thus regulating several plant physiological functions (Figure 2). Though, the signaling role of SO2 in plants has been verified in a large amount of physiological processes, numerous open questions still need to be further answered in more detail in the coming days. In mammalian cells, the AAT/SO2 pathway is contributed to SO2 signaling; however, in plants, besides the APR/[image: image] pathway (Figure 1), the detailed metabolic pathways of SO2 are waiting for being further expounded. Correspondingly, the knowledge on the exact concentrations of SO2 in plant cells and subcellular structures as well as its receptors/sensors remains to be found. Though SO2 could improve multiple stress tolerance, whether SO2 can induce the tolerance of plants to heat, salt, and flooding stresses and the underlying mechanisms requires to be further explored. In addition, the signaling interaction of SO2 with Ca2+, ROS, NO, H2S, methylglyoxal, and cyclic nucleotide in plants under both physiological and stress conditions is necessary to be uncovered. With the development of omics, the effects of SO2 on transcriptome, metabolome, proteome, and phenome in plants have to be settled urgently.
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Plants can adapt to different environmental conditions and can survive even under very harsh conditions. They have developed elaborate networks of receptors and signaling components, which modulate their biochemistry and physiology by regulating the genetic information. Plants also have the abilities to transmit information between their different parts to ensure a holistic response to any adverse environmental challenge. One such phenomenon that has received greater attention in recent years is called stress priming. Any milder exposure to stress is used by plants to prime themselves by modifying various cellular and molecular parameters. These changes seem to stay as memory and prepare the plants to better tolerate subsequent exposure to severe stress. In this review, we have discussed the various ways in which plants can be primed and illustrate the biochemical and molecular changes, including chromatin modification leading to stress memory, with major focus on thermo-priming. Alteration in various hormones and their subsequent role during and after priming under various stress conditions imposed by changing climate conditions are also discussed.
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INTRODUCTION

Plants being sessile by nature are perpetually manifested with various adverse abiotic and biotic conditions. These unfavorable conditions usually occur together; concurrently or sequentially and negatively impact plant growth, ultimately leading to loss of crop yields (Pandey et al., 2017; Hilker and Schmülling, 2019). Plants possess efficient signaling networks and a sophisticated innate immune system, which enables them to endure a combination of diverse stresses. They seem to have well-defined mechanisms and strategies to remember the impeding stresses by inducing “stress memory” (Martinez-Medina et al., 2016; Hossain et al., 2020).

The concept of memory in relation to plant biology was first indicated by Charles Darwin while analyzing the Venus flytrap (Dionaea muscipula), for its ability to recognize and grasp insects (Darwin and Darwin, 1880). The term “memory” has been used to describe processes used for acquiring, storing, retaining and retrieving information. In humans and animals, it has been mainly linked with neuronal communications. In case of plants, however, “memory” has been used to describe three behaviors namely, keeping time, chemical talks within self and cross-talks with surroundings (Leopold, 2014).

The work on the retention of memory was demonstrated by Gagliano and her colleagues by using a potted touch-me-not plant (Mimosa pudica) (Gagliano et al., 2018). The beneficial adaptable behaviors in plants were considered to be similar to non-conscious, involuntary primitive qualities. Prof. Rainer Hedrich and his team elucidated that various action potentials elicited by an insect in insectivorous plants could be effectively mimicked by electric pulses. The pulses appraised and forewarned the plants with regards to the size of the prey and constitution of the nutrients (Böhm et al., 2016). These experiments demonstrated that plants could learn in terms of counting, memorizing and interpreting the action potentials evoked due to mechanical stimuli and further interpreting these stimuli to effectuate gene expression (Scherzer et al., 2017).

The ability of plants to retain memory in response to milder impact of various biotic and abiotic challenges is called stress priming. In this review we will discuss the biochemical and molecular events induced during stress priming, which may be the cause or effect for the retention of memory. This stress memory can even be passed on to the next generation (Bruce et al., 2007). These changes may eventually help the plants to ward off the negative impact of subsequent severe stress. The descriptions mainly include examples from thermo-priming but examples from other stress priming events are also discussed to better explain the cellular molecular mechanisms.



STRESS PRIMING

Stress can appear at any stage during the development of a plant and it affects essential processes like photosynthesis, membrane stability, gene expression, RNA splicing, protein synthesis, etc (Sah et al., 2016). When exposed to stress plants undergo several changes, which eventually allow them to tolerate stress and survive. When plants are subjected to a mild or sub-lethal stress treatment and permitted to regain, they form a “memory” which ensures that future stress stimuli are not as detrimental as the severe stress given at the first time, even in sensitive plants (Mittler et al., 2012; Crisp et al., 2016). The “memory” response forms the basis of the process of stress priming to facilitate protection of plants upon exposure to subsequent harsh stress. Stress priming is also referred to as stress hardening, stress training, or stress conditioning. Priming has attracted intensive research over the last decade as primed plants show better adaptability and improved stress tolerance. Recent research interests are now focused on understanding and developing stress priming as a viable technique for improving plant tolerance to diverse stresses (Balmer et al., 2015; Martinez-Medina et al., 2016; Xiao et al., 2017; Liu H. et al., 2021).

There are several reports to support that an earlier exposure to a modest high temperature stress (HTS) eliciting stimulus can prime a plant to acclimate to a further exposure of same or different stress (Table 1). Alexandrov (1956) first used the term “heat hardening” to describe this occurrence and he observed that hardening time and temperature are inversely proportional. Likewise, thermo-tolerance can be induced in plants after priming with other biotic or abiotic stress (Table 1). Plants can also be primed for a better response to unfavorable conditions by treatment with specific chemicals like salicylic acid (SA) or JA (Aranega-Bou et al., 2014; Conrath et al., 2015), herbivory and by colonization with microbes like rhizobacterium species (Conrath, 2011; Pieterse et al., 2014; Liu and Avramova, 2016).


TABLE 1. Thermo-priming for enhancing plant tolerance to high temperature and other abiotic stresses.

[image: Table 1]
The effect of priming can be short-term or long-term and the process can be achieved by exposing plants at three different developmental stages to different abiotic and/or biotic elicitors:

(a) Priming of seeds helps to evade diverse stresses at the time of germination by inducing cross-stress tolerance. Seed priming accelerated germination and emergence to allow seedlings to escape abiotic stress such as HTS (Banerjee and Roychoudhury, 2020; Kumari et al., 2021).

(b) Priming at the post-embryonic stage increases the likelihood of the plant for surviving through the environmental changes. Its effects are mainly observed in the existing generation so it is also categorized as intergenerational, mitotic or somatic stress memory. Yucel et al. (1992) demonstrated that pre-heat treated wheat seedlings displayed thermal tolerance to HTS and showed reduced loss in photosynthetic capacity.

(c) Priming of parental population, such that the effects are transmitted to progenies constitute trans-generational priming. Its effects influence the future generations so it is also categorized as meiotic stress memory (Munné-Bosch and Alegre, 2013). In trans-generational stress priming, the memory for response to environmental stresses are likely to be packaged into seeds along with other resources and these provide crucial information to the new seedling during germination and beginning of plant development (Herman and Sultan, 2011). Studies in Brassica rapa indicated that changes in the profiles of non-coding RNA due to HTS could be transmitted to the next generation (Bilichak, 2015). The effect of HTS on seed germination and seed vigor in the progeny from thermo-primed parents has been studied in wheat (Liu, 2020; Zhou et al., 2020).

Initially it was proposed that memory of biotic priming is conferred trans-generationally to protect the progeny against recurring biotic stresses (Luna et al., 2012), but soon it was discovered that memory of abiotic stresses is also passed on to the next generations.

Priming can also be categorized based on the nature of the stress signals into cis- and trans- priming. When the eliciting stimulus and the response-triggering stress are of the same nature it is termed as “cis-priming.” If the eliciting stimulus is different from the response-triggering stress it is termed as “trans-priming” (Hilker et al., 2016).


Cis-Priming

Priming with a particular biotic or abiotic stress can stimulate plant tolerance to subsequent occurrence of same stress and such examples are categorized as cis-priming. It was unequivocally demonstrated using different plants that priming with high temperatures could help in increasing thermo-tolerance to subsequent HTS (Wang et al., 2014a; Zhang et al., 2016b). The preservation of thermo-memory involved expression of specific genes and epigenetic markings (Shi et al., 2016). In wheat seedlings, thermo-priming for two consecutive days with temperature which was 8°C higher than day/night temperatures, increased the tolerance of mature plants to subsequent HTS occurring after anthesis. The primed plants displayed enhanced photosynthetic capacity, higher scavenging capacity of reactive oxygen species (ROS) and greater grain starch accumulation, as compared to plants, which were not primed (Wang X. et al., 2012). These traits were attributed to the up regulation of expression of antioxidant genes in the primed plants (Wang X. et al., 2012; Wang et al., 2014a). High temperature exposure to 10 days old Arabidopsis thaliana induced attenuated memory, early flowering and post-transcription gene silencing in the next generation (Suter and Widmer, 2013; Liu J. et al., 2019). Pre-exposure to sub-lethal high temperatures boosted thermo-tolerance of rice plants and their progenies at the vegetative stage (Shi et al., 2016).

Similarly, priming plants with low temperatures was shown to successfully boost their tolerance to cold stress (Li X. et al., 2014). Seven days pre-exposure of wheat plants at tillering stage to a temperature which was 5°C less than surrounding environmental temperature (10°C), could relieve the damaging impact of low temperature (14°C) stress (Li X. et al., 2014). Cold priming resulted in accumulation of metabolites like sucrose, proline and other osmolytes thereby contributing to the stability of cellular membranes against cold stress (Iba, 2002). It also induced the expression of genes encoding antioxidant enzymes, electron transport chain during photosynthesis, synthesis of chlorophyll and starch thereby ameliorating cell membrane damage and protecting photosynthesis apparatus (Byun et al., 2014; Li X. et al., 2014).



Trans-Priming

trans-priming includes all cases where pre-exposure to a particular biotic or abiotic stress can stimulate plant tolerance to subsequent occurrence of another stress. For instance, drought priming wheat plants at the stem elongation stage induced cross-tolerance to HTS at grain filling stage and reduced yield loss (Wang et al., 2015). Drought primed plants exhibited increase in rate of carboxylation and photosynthesis and reduction in rate of energy loss under HTS (Wang et al., 2015). Both drought primed and unstressed control wheat plants showed similar levels of total protein, glutenin macropolymers and high molecular weight glutenin subunits, which suggested that drought priming protected the grain quality under HTS (Zhang et al., 2013a). Similarly, intermediate drought stress during early seedling stage was found to reduce the damage of subsequent cold stress in wheat by activation of antioxidant enzymes and maintenance of photosynthesis (Li X. et al., 2015). In wheat, pre-treatment of the parent plants with drought or HTS during grain filling imparted trans-generational cross-tolerance to their offspring against HTS at post-anthesis stage (Wang X. et al., 2018). The progenies showed higher grain yield, better maintenance of leaf photosynthesis, enhanced activities of antioxidant enzymes and reduced cell membrane damage (Wang et al., 2016). Drought primed plant progenies also showed cross tolerance to HTS during grain filling due to increased in rate of photosynthesis, reduction of membrane damage and increase in grain yield (Zhang et al., 2016a). The imprint of trans-priming of stress tolerance was also observed in rice, tobacco, radish and alfalfa (Bruce et al., 2007; Choi and Sano, 2007; Vu et al., 2015).

Trans-priming may be facilitated as similar or overlapping signaling pathways are involved in the perception and response to most abiotic stresses in plant (Zhu, 2016). HTS resulted in acquired resistance against the heavy metals such as cadmium, aluminum, iron and copper (Orzech and Burke, 1988). It was shown that HTS treatment increased the production of antioxidant enzymes in plants, which helped to regulate the ROS production triggered by metals (Kochhar and Kochhar, 2005; Hsu and Kao, 2007). Thermo-priming could enhance the preservation of many fruits, particularly those from tropical or subtropical locations, prior to exposure to low temperatures. Response to thermo-priming was associated with accumulation of heat shock proteins (HSPs: HSP70 and HSP79), small HSPs (sHSP22, sHSP18.1, sHSP18.2) increase in antioxidant enzymes (APX, catalase), maintenance of ultrastructure, reduction of membrane leakage and lipid peroxidation. These processes were also associated with providing chilling tolerance (Lurie and Klein, 1991; Jennings and Saltveit, 1994; Collins et al., 1995; Sabehat et al., 1996; Sato et al., 2001; Rozenzvieg et al., 2004; Zhang et al., 2005). A variety of plants could develop cross-tolerance to salt stress after being pre-exposed to HTS. The thermo-memory prior to salt stress caused an increase in H2O2, which resulted in enhanced survival and decreased damage when later exposed to NaCl (Gong et al., 2001). Heat pre-treatment was also shown to increase salinity tolerance by improving antioxidant activity and glyoxalase metabolism in mustard, tobacco and cashew plants (Harrington and Alm, 1988; Hossain et al., 2013b; Pérez-Salamó et al., 2014).

Priming seeds with hormone solutions, bacteria and chemicals is also known to substantially improve seedling emergence, seed germination and plant growth under HTS (Hasanuzzaman and Fotopoulos, 2019). Seed priming with combination of ascorbic acid and SA improved rice growth under HTS (Kata et al., 2014). Priming seeds with bacteria such as Bacillus spp. and Azospirillum spp. improved tolerance against HTS by reducing ROS production (Abd El-Daim et al., 2014). Wheat seeds inoculated with rhizobacteria substantially increased thermo-tolerance of the seedlings (Yang et al., 2009; Anderson and Habiger, 2012). The endophytic bacteria present inside plant tissues have also been implicated in priming process to promote plant growth (Singh et al., 2021). Recently it was reported that colonization by Enterobacter sp. SA187, isolated from root nodules of the desert plant Indigofera argentea lead to HTS tolerance in wheat seedlings under field conditions (Shekhawat et al., 2021). Similarly, endophytic fungus, Paecilomyces formosus (Waqas et al., 2015) and arbuscular mycorrhizal fungi (AMF) (Begum et al., 2019) were shown to improve plant growth under HTS. AMF improved growth by enhancing uptake of water and nutrients, increasing the activity of antioxidant enzymes and improving the rates of photosynthesis (Zhu et al., 2011; Maya and Matsubara, 2013).

Priming of plants by foliar spray of various micronutrients also enhanced their performance under HTS. The foliar spray of boron and iron was effective in attenuating both HTS and drought stress by securing high water content (Kumari et al., 2019). Selenium acts as an osmo-protectant by improving membrane permeability and activities of anti-oxidant system under HTS (Djanaguiraman et al., 2010). Exogenously applied proline protected carbon metabolism and antioxidant enzymes in chickpea and thereby provided better tolerance to HTS (Kaushal et al., 2011).

The integration of priming memory in plants with different molecular techniques may have a major impact on vigor. Although common stress response mechanisms have been shown to provide cross-tolerance to a variety of abiotic and biotic stresses, different plant species have varied abiotic stress sensitivities and the mechanisms used to protect against stress and the cross-talk between these stresses may be species dependent.




MOLECULAR MECHANISMS BEHIND THERMO-PRIMING

The response of plants to stress depends on their ability to rapidly transmit the perceived signals for initiating appropriate physiological, biochemical and molecular adjustments (Hasanuzzaman et al., 2013; Kollist et al., 2019). The stress signals get amplified through various second messengers like calcium ions (Ca2+) and ROS to regulate physiological and developmental responses. This leads to rapid alterations in the genetic machinery, which is achieved through a network of transcription factors (TFs) and microRNAs (miRNAs) (Kinoshita and Seki, 2014).

The same molecular pathways also conferred memory during priming by triggering an early, appropriate and successful acclimation response (Bruce et al., 2007; Conrath, 2011; Walter et al., 2011; Kollist et al., 2019). The activation of basal cellular processes possibly ensured increased capacity to tolerate future stress and maintain complete fitness of the plant (Li S. et al., 2014). The hypothesis thus proposed, suggested that the rapid stress response phase in plants could serve as an intermediate stage in which generic morphological, biochemical and metabolic changes occurred to effectively counteract the detrimental effects of subsequent stress (Figure 1). These processes might involve some overlap with the responses activated during later stages of stress. Together they help in preventing irreversible damage and pre-inducing the stress response cascades. It is possible that a cellular feedback mechanism from the early stress response of plants provides memory by modifying or altering the later plant response during re-occurring stress events (Kollist et al., 2019).
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FIGURE 1. Schematic representation to show the molecular networks operative during thermo-priming in plants. Plants under HTS perform better when primed with a short exposure to high temperature. Priming leads to changes in the physiological, biochemical and molecular framework. The molecular mechanisms responsible for thermo-tolerance and HTS memory are indicated below. Temperature priming activates the hormonal networks and ROS, which transmit the signals through the Ca2+ dependent pathways and/or MPKs to regulate HTS-responsive gene expression. The Ca2+ ions can be conducted through the CDPK or CaM pathways to activate the transcription factors. The HSFs (red) and hormones responsive transcription factors (blue) bind to their respective cis-elements and promote the transcription of HSPs, antioxidant enzymes (like SOD, POD, CAT), miRNAs and other genes. HSPs inhibit thermal denaturation of cellular proteins through increased chaperone capacity (HSP70/60), prevention of aggregation (sHSP/HSP70) and increased transcription (HSP70/90). miRNAs negatively regulate their targets genes, some of which include HSPs, HSFs and chromatin modifiers to trigger positive or negative feedback loops for retention of high temperature memory. On exposure to stress, primed plants show enhanced thermo-tolerance due to preparedness of the molecular machinery. ROS, reactive oxygen species; HSP, heat shock protein; HSF, heat stress transcription factor; MPK, mitogen-activated protein kinases; CDPK, calcium-dependent protein kinase; CaM, Calmodulin; ABA, abscisic acid; Aux, auxin; SOD, superoxide dismutase; CAT, catalase; POD, Peroxidases; HSE, heat shock sequence element; ABRE, abscisic acid response elements.


There are now several reports from studies on thermo-priming and other stress priming events that point towards the underlying mechanisms. Analysis of transcriptome and proteome of heat primed plants showed that the translation of genes encoding cellular receptors, signal transducers, chaperones, enzymes associated with the process of photosynthesis and sucrose synthesis, transcription factors and HSPs were positively regulated whereas genes encoding enzymes involved in metabolism were negatively regulated (Xin et al., 2016; Zhang et al., 2016b; Xiao et al., 2017; Wang X. et al., 2020). The priming information was transmitted to the progenies in the form of cellular signals, HSPs and structural alterations in protein (Zhang et al., 2016b). Similarly, during excess light stress some transcripts were elevated within seconds and these were found to be essential for light stress acclimation (Suzuki et al., 2015). Priming with pathogens or biotic stress elicitors induced primary metabolism, pattern-recognition receptors, Mitogen-activated protein kinases (MAPKs) and chromatin modifications (Slaughter et al., 2012; Balmer et al., 2015; Conrath et al., 2015). Priming with mild drought or waterlogging in wheat seedlings induced proteins participating in oxidative stress, cell defense, carbon metabolism and photosynthesis (Xiao et al., 2017).


Signaling Through Kinases

Synchronized phosphorylation and dephosphorylation of proteins play significant roles in priming plant tolerance to both abiotic and biotic stresses. The Receptor Like Kinases (RLKs) and MAPKs constitute two important signaling cascades for eliciting stress responses (Nakagami et al., 2005).

Receptor like kinases make-up one of the most extensive gene families found in plants and include a large subfamily of Leucine-Rich Repeats (LRR) that play essential roles in plant adaptation to diverse stresses (Monaghan and Zipfel, 2012). GbRLK, identified from Gossypium barbadense (cotton), plays a fundamental role in preventing wilt induced by Verticillium dahliae and tolerance to salinity and drought by regulation of stress-responsive genes (Zhao et al., 2013). Not much is, however, known about their role in HTS and thermo-priming responses as temperature-specific sensors or receptors are not yet known in plants (Liu J. et al., 2015). It is hypothesized that temperature-induced changes in membrane rigidity/fluidity might be involved in the perception of the temperature extremes (Guo et al., 2016).

Mitogen-activated protein kinases represent another large and conserved cascade of three sequentially functioning threonine and tyrosine (TXY) kinases, which mainly act downstream to the RLKs in the signaling events (Jonak et al., 2002; Sharma et al., 2020). They play a major role in amplification and transduction of intracellular signals. The MAPK (MPK) is the last enzyme in the cascade. It is phosphorylated and activated by its upstream MAPK kinase (MAPKK, MKK, or MEK) (Conrath, 2011). MAPKK activity is regulated by phosphorylation by the MAPKK kinase (MAPKKK or MEKK), which either directly or indirectly receives the stress signals from receptors or sensors (Takahashi et al., 2007). MAPKs can activate a variety of downstream effectors and TFs to control thousands of genes to ensure proper cellular functions. The involvement of MAPKs in HTS response has been experimentally validated (Sinha et al., 2011).

MPKs, MEKs, and MEKKs are considered as excellent candidates for transducing signals that mediate thermo-priming (Conrath, 2011). In wheat plants, genes encoding MAPK cascade, Ca2+ signaling kinases and other protein kinases were found to be up regulated in primed plants as compared to non-primed plants (Wang M. et al., 2016). In alfalfa, MKK1 and MKK4, which are intermediaries in wound-responsive MAP kinase signaling were also associated with priming for abiotic stress (Wassie et al., 2020). Transcriptome analysis also indicated a role for genes encoding Ca2+-dependent protein kinases and MAPKK in cold priming response in Arabidopsis (Byun et al., 2014). The accumulation of MPK3 and MPK6 was crucial for priming Arabidopsis plants and was related to increased pal1 and pr1 gene activation, ROS homeostasis, cold stress regulation and pathogen signaling (Beckers et al., 2009). Treatment with benzo (1,2,3) thiadiazole-7-carbothioic acid S-methyl ester (BTH), a synthetic equivalent of the SA resulted in the accumulation of transcript for mpk3 and mpk6, as well as the gradual accumulation of MPK3 and MPK6 proteins (Beckers et al., 2009).

Forgetter2 (FGT2), a type 2C protein phosphatase, also plays an important role in HTS memory by maintaining the dynamics of cellular membranes (Castellanos et al., 2020). FGT2 also interacts with Phospholipase D (PLDα2) to produce phosphatidic acid (PA) and trigger lipid signaling for the maintenance of HTS memory. Mutants of fgt2 and pldα2 were defective in thermo-memory when exposed to reoccurring HTS.

In Arabidopsis, suppression of Target of Rapamycin (TOR) kinase is also well known for providing tolerance to different stresses (Bakshi et al., 2017; Wang P. et al., 2018; Dong et al., 2019). TOR overexpression lines were more immune to abiotic stress (Bakshi et al., 2017) but showed higher susceptibility to bacterial and fungal pathogens (De Vleesschauwer et al., 2018). TOR closely interacted with SnRK1 (Sucrose non-fermenting [SNF] related kinase 1) to regulate plant development and growth (Wang P. et al., 2018). It was demonstrated that in unstressed plants, TOR phosphorylated the ABA receptor to repress the ABA signaling pathway and prevent activation of stress responses. Whereas, ABA-dependent repression of TOR and SnRK1 supported plant survival under extreme hypoxia, starvation and darkness (Baena-González and Sheen, 2008). The SnRK2 isoform, SnRK2.10, is implicated in osmotic stress response independent of ABA. SNRK2.10 mutant plants showed increased sensitivity to dehydration stress with respect to wild type plants. The target proteins of this kinase included dehydrins, ERD10 and ERD14, which are also induced during salinity stress (Maszkowska et al., 2019).

Ca2+-sensing protein kinases (CPKS) or kinases interacting with Ca2+ sensors (CIPKs) and Ca2+ dependent protein kinases (CDPKs) are also associated with conferring stress resistance (Drerup et al., 2013; Mittler and Blumwald, 2015; Kudla et al., 2018). It was shown that exposure of apple trees to salt stress induced MdCIPK13, which phosphorylated to activate a sugar transporter, MdSUD2.2. The resulting sucrose accumulation provided the plants with protection from desiccation by increasing the osmotic pressure (Ma et al., 2019). The CDPKs take up a “primed conformation” as a first response to priming stimulus but their complete activation is possible upon exposure to subsequent harsh stress (Hake and Romeis, 2019).



Reactive Oxygen Species Pathway

Superoxide (O2–), hydrogen peroxide (H2O2) and hydroxyl radicals (OH–) are the most prominent ROS in early reaction of plants to many types of stresses. The burst of ROS production under abiotic stresses is usually analogous with the depression of photosynthesis (Kurepin et al., 2015). Plants have both enzyme dependent and non-enzyme dependent pathways for scavenging and detoxifying ROS. The common ROS-scavenging enzymes are superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), glutathione peroxidase (GPX), peroxiredoxin (PrxR) and glutathione reductase (GR). The major non-enzymatic antioxidants are ascorbic acid (ASA), reduced glutathione (GSH), carotenoids and flavonoids (Mittler et al., 2004).

Thermo-primed wheat plants produced significantly less amount of O2– as compared to non-primed plants (Wang et al., 2014a). Low ROS rates are generally regarded as necessary secondary messengers for cellular metabolism. Accumulation of ROS likely has diverse functions in phytohormone biosynthesis, transport and signaling so it may affect the plant responses mediated by the hormones during priming (Xia et al., 2015). It also plays an important role in cross-tolerance to both abiotic and biotic stress by eliciting the respiratory burst oxidase homologs (RBOHs) and regulation of ABA signals (Xia et al., 2014). However, high ROS levels result in lipid peroxidation, degradation of pigments, DNA damage and carbohydrate oxidation eventually resulting in programmed cell death (Suzuki et al., 2012). Cold priming and drought priming were shown to individually increase SOD, APX and GR activities to shield photosynthetic machinery and protect the cellular membranes (Thomashow, 1999; Wang et al., 2014b).

H2O2 can act as a second messenger and play diverse roles in stress priming and cross-tolerance to multiple abiotic stressors (Suzuki et al., 2012; Hossain et al., 2015; Mittler and Blumwald, 2015). The ABA-dependent accumulation of H2O2 could stimulate the expression of cat1 gene (Guan et al., 2000). Earlier investigations have demonstrated that exogenous application of 10 mM H2O2 solution could prime maize leaves to confer tolerance to salt stress by modulating various cellular processes associated with high antioxidant enzyme activity and increasing content of soluble proteins and carbohydrates (Gondim et al., 2013). Priming with H2O2 improved photosynthesis in leaves exposed to HTS in cucumber and salt stress in maize by enhancing the activity of carbon fixation enzyme, protection of chloroplasts and modulation of metabolites (Khan et al., 2018; dos Santos Araújo et al., 2021). It was shown that plants treated with brassinosteroid (BR) exhibited increased NADPH oxidase activity and enhanced the levels of H2O2 in cucumber apoplasts. These plants also showed resistance to CMV and tolerance to photo-oxidation and low temperature stress (Xia et al., 2009).

The ROS pathway interacts with Methylglyoxal (MG), a potentially toxic compound for plant cells that is produced rapidly as a result of abiotic stress. MG is primarily a by-product of glycolysis but it can also be produced during photosynthesis and metabolism of protein and lipids (Hoque et al., 2016). Excessive cellular accumulation of MG leads to protein glycation resulting in their degradation, endoreduplication and increased DNA strand breaks, sister chromatic exchange and point mutations (Kaur et al., 2014; Hoque et al., 2016). It has been shown that the application of exogenous GSH reduces MG levels via the glyoxalase pathway (Yadav et al., 2005). At low concentrations, MG was found to function as a signal molecule in plants (Li, 2016) and it was associated with the regulation of stomatal movement. MG can cross-talk with ROS and Ca2+ to activate MAPK and regulate the expression of stress tolerance-associated genes, rd29b and rab18 in an ABA-dependent manner (Hoque et al., 2012, 2016). Exogenous application of MG could improve wheat seed germination and seedling establishment under salt and cadmium stresses (Li, 2016; Li X. D. et al., 2017; Li et al., 2017a,b). Recently, MG was reported to act as a HTS priming agent in maize seedlings by inducing AsA-GSH cycle and the ROS-scavenging system (Majláth et al., 2020).

Co-activation of the glyoxalase and ROS-antioxidant pathways is an important feature of abiotic stress and cross-stress tolerances in plants (Yadav et al., 2005; Upadhyaya et al., 2011). It was observed that a short spell of cold shock (6°C, 5.5 h) or heat shock (42°C, 5 h) promoted cross-tolerance to drought and salt stresses in mustard (Brassica campestris L.) seedlings, due to the induction of cellular detoxification of ROS and MG (Hossain et al., 2013a,b). The thermo-priming response involved both ROS and MG pathways, which were implicated in promoting cross-tolerance to HTS, cold stress, drought stress, salt stress and heavy metals in rice (Hsu and Kao, 2007), pea (Streb et al., 2008), maize (Gong et al., 2001), wheat (Lei et al., 2005), tomato (Zhang et al., 2013b), and cucumber (Kang and Saltveit, 2001).

The abiotic stresses also triggered the formation of nitric oxide (NO), which disturbed the redox potential of the cell by affecting the antioxidant and MG, detoxification systems. NO is also involved in the post-translational S-nitrosylation and nitration of target proteins. The exogenous application of NO and hydrogen sulfide (H2S) could induce a primed state which protected plants from the negative effects of salt stress (Antoniou et al., 2020) and low-temperature stress (Amooaghaie and Nikzad, 2013) but their role in thermo-priming has not been elucidated so far. The molecular oxygen and/or O2– anion interact with NO to yield reactive nitrogen species (RNS). These molecules act together to transduce signals during stressed conditions and maintain redox equilibrium inside the cell (Suzuki et al., 2012). The redox hub formed by interaction between ROS, RNS and reactive sulphur species (RSS) is referred to as RONSS (reactive oxygen, nitrogen and sulfur species) and is considered essential for priming strategies to enhance cross-tolerance (Terrile et al., 2020). The RONSS primed state induced translation of a pool of transcripts inclusive of those coding for antioxidant enzymes, osmo-protectant proteins and polyamine biosynthesis.



Chaperons and Prions

One of the earliest indicators of the HTS response is the formation of heat shock proteins (HSPs). The HSPs act as molecular chaperones and are important for maintaining the structure and function of proteins, removing potentially toxic polypeptides and restoring protein homeostasis (Kotak et al., 2007; Timperio et al., 2008). They prevent the aggregation of non-native proteins by facilitating their refolding into their native conformation thereby minimizing toxicity of unfolded or denatured proteins during stress.

The HSPs are also associated with the maintenance of acquired thermo-tolerance (Xue et al., 2014). They are classified according to their molecular weight and functions into five broad families, namely HSP100, HSP90, HSP70, HSP60 and small HSP (sHSPs). The transcription of HSPs is stringently controlled by different members of HTS transcription factors (HSFs). The HSP90 and HSP70 represent the major families of HSPs and their activities are modulated by stress-induced HOP (Hsp70-Hsp90 organizing protein) protein (Carrigan et al., 2006). HSPs and HOP proteins were highly expressed in drought or thermo-primed plants, which helped in improving grain filling during HTS in wheat (Wang et al., 2014b; Zhang et al., 2016b) and rice (Kushawaha et al., 2021).

Under normal conditions, the HSP90.1 bound with ROF1 (rotamase FKBP 1), a member of the FKBP family, to form a cytoplasmic protein complex. Upon exposure to HTS, HSFA2 binds to HSP90.1-ROF1 and the resulting complex translocates to the nucleus, where it putatively functions to enhance the transcriptional activity of HSFA2 and maintain the expression of hsp genes regulated by it during HTS recovery (Meiri and Breiman, 2009). Accordingly, Arabidopsis plants overexpressing rof1 displayed improved HTS memory while rof1 mutant plants had impaired memory response. It was recently demonstrated that during the recovery phase NBR1 (Next to BRCA1) interacts with HSP90.1-ROF1 and facilitates their breakdown by autophagy to repress the response to HTS. Thus, HSP90 has a vital function in controlling of recovery from HTS and resetting the cellular memory of HTS in Arabidopsis. Loss-of-function mutants of NBR1 showed a stronger HTS memory (Thirumalaikumar et al., 2021). The HSP90 also displays hormonal cross talk by inducing TFs like ARFs and reducing the accumulation of transcriptional repressors like Aux/IAAs concentration (Wang R. et al., 2016; Watanabe et al., 2016). Studies in Arabidopsis and rice have indicated that HSP101-HSA32 interaction provides another conserved positive feedback loop during thermo-memory. Continuous accumulation of HSP101 during thermo-memory phase results in high abundance of HSA32. The HSFA32 in turn increases stability of HSP101 by retarding its degradation.

Several small HSPs like sHSP17.6II, sHSP22, sHSP18.2 are also associated with HTS memory. The Arabidopsis Hikeshi-Like Protein1 (HLP1) interacts with HSP70 to provide thermo-tolerance in plants (Koizumi et al., 2014). Induction of Heat Stress Associated 32 (hsa32) gene by HSP101 is necessary for thermo-tolerance and HTS memory preservation (Wu et al., 2013). HSA32 works in tandem with Brushy1/Tonsoku/Mgoun3 (BRU1/TSK/MGO3) which is necessary for the sustained activation of HTS memory genes by inducing changes in chromatin structure (Suzuki et al., 2004; Takeda et al., 2004; Brzezinka et al., 2019).

Another interesting mode of biochemically reproducible memory is provided by sustainable changes in the protein conformation and function of prion domain proteins (PrD). These proteins are ubiquitously present in fungi, mammals and plants (Shorter and Lindquist, 2005; Chakrabortee et al., 2016). The PrDs were shown to switch between non-aggregated states and higher-order functional oligomers. The highly ordered aggregates acted as self-replicating entities that had the ability to propagate and could be transmitted to next generations. These characteristics enabled them to bestow stable alterations in biological states, which is important in molecular biology (Newby and Lindquist, 2013), but their significance in plant stress and memory remains largely unknown. A recent report has identified candidate PrDs in approximately 500 plant proteins using computational algorithms and predicted their diverse functional roles in stress and developmental responses including flowering time and thermo-sensory responsiveness (Garai et al., 2021). Transition from vegetative to reproductive stage also involves memorizing and integrating previously encountered environmental conditions. It was reported that Luminidependens (LD) proteins that are involved in regulating the timing of flowering in Arabidopsis behaved as prion-like conformational switch (Lee et al., 1994; Chakrabortee et al., 2016). The LD may be responsible for memorizing and assimilating the ambient signals required to control flower timing. Recently, an Arabidopsis PrD, ELF3, was found to be associated with thermo-sensory response (Jung et al., 2020).




REGULATION OF GENE EXPRESSION

Response to stress results in alterations in gene expression and the foremost amongst them involve activation of transcription, stabilization of mRNA and synthesis of new proteins. The genes can be grouped to differentiate those regulating the “non-memory” response from the group of genes that delineate the “transcriptional memory” (Ding et al., 2013). This became evident from whole-genome transcriptome studies in Arabidopsis plants exposed to dehydration stress. Single exposure to stress identified >6500 differentially expressed genes, while upon repeated exposure, 4500 genes responded to each stimulus in a same way while 1963 genes generated considerably varied levels of transcripts each time.

Analysis of transcriptional changes, in Arabidopsis thaliana and Zea mays plants, in response to multiple stimuli indicated that transcriptional memory was based on an evolutionarily conserved mechanism that could discriminate between single and repeated stresses. The memory genes could induce or alter mRNA synthesis resulting in cellular changes and/or interactions between overlapping signaling pathways (Ding et al., 2014). These genes produced enzymes, osmolytes, dehydrins and chaperones, which were involved in cellular detoxification, protection and damage-repair. In Arabidopsis, stimuli like touch, wind, wounding, rain or transition of plants from light into darkness caused the translation of tch (touch induced) genes (Chehab et al., 2012). One of the members of this gene family was identified as a calmodulin homolog that could be involved in Ca2+ signaling (Chehab et al., 2009).


Transcription Factors

Transcriptome studies on stress challenged plant tissues identified changes in the transcripts coding for different TFs. Several genes from the MYB, NAC, HSFs, WRKY ethylene response factors (ERFs or AP2), and zinc finger (ZNF) super families have been shown to provide cross-tolerance to abiotic and biotic stressors in plants.

The responses to HTS and thermo-priming are transduced through the MAP kinase pathway to induce the translation of HSFs, which are prime regulators of plant response (Zhang et al., 2016b). HSFs are a conserved family of TFs that bind directly to heat shock elements (HSEs) to control HTS-related gene expression (Ohama et al., 2017). The HSEs consist of tandem inverted repeats of the pentameric consensus sequence nGAAn (nTTCnnGAAnnTTCn) and the AGGGG motifs (Swindell et al., 2007; von Koskull-Döring et al., 2007). Variable number of HSFs are observed in plants, viz. rice (25 members), wheat (56 members), Arabidopsis (21 members), soybean (52 members), tomato (26 members), maize (30 members), carrot (35 members), pepper (25 members), cotton (40 members) etc. (Scharf et al., 2012; Xue et al., 2014; Guo et al., 2016; Yang X. et al., 2016; Li et al., 2019). HSFs are divided into three structural classes: A, B and C, with class A serving as the principal activator of thermo-tolerance genes (Guo et al., 2008; Scharf et al., 2012).

Among the Class A HSF, the HSFA1 subfamily participates as early response genes for activating the other HTS response factors, for instance HSFA2 and DREB2A (Guo et al., 2008; Liu et al., 2011a; Scharf et al., 2012). Recent investigations have shown that HSFA1a directly senses HTS and gets activated through modifications in its redox state (Liu et al., 2013). HSFA1a is involved in the expression of genes coding for HLP1, dehydration-responsive element-binding protein 2a (DREB2a), HSFA7a, HSFBs, HSFA2 and multi-protein binding factor 1C (MBF1C) by binding to HSEs present in their upstream regions. HSFA2 is highly stimulated during HTS and is crucial for growth as well as maintaining the thermo-tolerance response during recovery period. It is regulated by three other TFs, HSFA1b, HSFA1d and HSFA1e (Yeh et al., 2012; Li X. D. et al., 2017). Thermo-priming-induced HSFA2 transiently binds at the promoter region of HTS memory genes, thereby facilitating di- and tri-methylation of histone H3 (Lämke et al., 2016). This chromatin modification triggers hyper-activation of transcription at these loci under subsequent HTS. HSFA3 expression is regulated by DREB2a and DREB2c and is essential for thermo-tolerance (Yoshida et al., 2011; Sato et al., 2014). In tomato, HsfA3 shows strong phosphorylation by HTS activated MAP kinases (Sinha et al., 2011). Other HSFs like HSFA4a and HSFA8 are also involved in sensing the ROS and induction of antioxidant system in plants (Qu et al., 2013). HSFA9 is exclusively expressed in late seed development stages.

The Class B HSFs, such as HSFB1 and HSFB2b primarily act as transcriptional repressors to inhibit HTS-induced gene expression (Ikeda et al., 2011). They act as co-activator in combination with class-A HSFs (Ikeda et al., 2011; Fragkostefanakis et al., 2015). The role of Class C HSFs in HTS is not clear. TF-HSFC1a was found to be negatively controlled by early HTS treatment in rice (Mittal et al., 2009), while overexpression of HSFC2a-B in wheat increased the expression of heat associated genes, resulting in improved thermo-tolerance (Hu et al., 2018).

NAC binding sites are known to be present in the promoters of several HSFs e.g., HSFA1b, HSFA6b, HSFA7a, and HSFC1 (Guo et al., 2015). The NAC TF family is found in plants and has been linked to the regulation of development and a stress related response. Overexpression of OsNAC6 improved tolerance of rice plants to drought and salt by activation of many stress-responsive genes (Nakashima et al., 2007). Heat priming elevated the expression of ATAF1 but its level again decreased during thermo recovery phase (Alshareef et al., 2019). JUB1 and ANAC019, members of NAC-TF family, were reported to regulate HTS and heat memory. JUB1 was reported to show thermo-memory related expression, which was similar to that of HSFA2 and HSFA32 (Shahnejat-Bushehri et al., 2012).

The stress induced increase in ABA, signaled the activation of R2R3-MYB TF, TaPIMP1 in wheat. This increased resistance to the fungus, Bipolaris sorokiniana and tolerance to drought stress (Zhang et al., 2012). The MYB-TFs also conferred cross tolerance to abiotic stimuli such as salinity and drought in transgenic tobacco by increasing the activity of phenylalanine ammonia lyase (PAL) and SOD (Liu et al., 2011b).

The expressions of ERF/AP2-TFs and ZNF proteins were induced in cold-primed plants indicating their crucial roles in priming plant response to cold tolerance (Byun et al., 2014). In cereals, long-term exposure to cold lead to the stable induction of VRN1, a TF related to AP1 (Trevaskis et al., 2003; Yan et al., 2003). This process was accompanied by accumulation of H3K4me at the VRN1 locus (Huan et al., 2018) indicating a possibility of analogous pathway for regulating chromatin in long-term memory of cold in cereals.

Priming by dehydration induced ABA-dependent memory through recruitment of MYC2-TFs, mobilization of mediator complex and accumulation of Ser5P RNA Pol II (Liu and Avramova, 2016). The ABA-dependent expression of a stress inducible OsWRKY45 gene increased tolerance of Arabidopsis to salt and drought stress (Qiu and Yu, 2009). WRKY40 and Zat12, TFs showed a triphasic transient expression pattern during the response to stress. Their expression first peaked as a rapid response within a few seconds of stress (Suzuki et al., 2015), second time after a few minutes and third time after a few hours (Van Aken et al., 2016), indicating that TF pulses control the transcriptome in plants (Davletova et al., 2005).



MicroRNAs

Genome-wide transcriptome and small RNA analysis has linked the non-coding RNAs to stress response in plants. The stress responsive expressions of several conserved and novel miRNAs have been captured in a variety of plants like rice, tomato, populus, mustard, Arabidopsis, wheat, switch grass, cavendish banana and french beans (Chen L. et al., 2012; Yu et al., 2012; Kruszka et al., 2014; Raghuram et al., 2014; Jyothi and Rai, 2015; Liu W. et al., 2015; Hivrale et al., 2016; Pan et al., 2017). Different miRNAs such a miR156, miR159 and miR160 have been found to play essential roles in response to HTS (Stief et al., 2014). Many miRNAs induce response to HTS and thermo-memory by regulating key TFs and enzymes. For instance, miR159 acts on the GAMYB transcripts, miR396 regulates transcripts of WRKY TFs, miR528 regulates transcripts encoding F-box protein and miR5054 acts on cat transcripts (Giacomelli et al., 2012; Wang Y. et al., 2012). The miRNA168 acts in thermo-tolerance memory by regulating the function of AGO1 in thermo-memory, which generates a negative feedback loop and changes the expression of a larger number of miRNAs (Vaucheret et al., 2006).

It has been shown that miR156 was highly induced after HTS, to down regulate the Squamosa Promoter Binding Protein-Like (spl) TFs. Thermo-priming seems to generate HTS memory in Arabidopsis by repressing the transcription of spl2 and spl11 transcripts by inducing transcription of miR156 (Yu et al., 2012; Stief et al., 2014). During recovery from HTS, the spl levels were restored. The HTS also induced a positive feedback loop consisting of HSFA regulated miR398. The levels of miR398 were increased in response to HTS for down regulating the copper/zinc superoxide dismutase gene (Guan et al., 2013). This lead to increased levels of ROS, which in turn induced the HSFs and HSPs.

Another study showed that miR167 regulated DNA methylation process in response to HTS (Wu et al., 2010; Sanchez and Paszkowski, 2014; Naydenov et al., 2015), indicating a possible role for imprinting in HTS memory. The expression of osa-miR531 is regulated under different abiotic stress conditions including short duration HTS by signaling through MAPKs (Raghuram et al., 2014). HTS was shown to enhance the synthesis of vitamin E in chloroplasts, which up regulated miR398 biogenesis by retrograde signaling and provided protection to the Arabidopsis plants (Fang et al., 2019). A role for tRNA-derived siRNA fragments in trans-generational transmission of thermo-priming memory has recently been reported in durum wheat (Liu, 2020).

Our group has shown that miR169:NFY module may play a crucial role in integrating stress memory induced during HTS priming with light regulated development (Khan et al., 2017; Kushawaha et al., 2019). NGS analysis of rice transcriptome showed that levels of several miRNAs, HSPs, and HSFs were dis-regulated by thermo-priming (Kushawaha et al., 2021). Several heat responsive miRNAs like osa-miR531a, osa-miR5149, osa-miR168a-5p, osa-miR1846d-5p, osa-miR5077, osa-miR156b-3p, osa-miR167e-3p were identified that acted on respective HSF or HSP targets to differentially alter gene expression (Kushawaha et al., 2021). The other differentially expressed transcripts were mainly associated with redox pathway, protein phosphorylations and regulation of transcription.




ROLE OF CHROMATIN MODIFICATION IN STRESS PRIMING

Epigenetic regulation resulting in chromatin modification is a common mechanism used to regulate transcriptional activity in eukaryotes. Chromatin is composed of negatively charged DNA associated with positively charged histones that are arranged as nucleosomes. Each nucleosome consists of two molecules of each four histones (H2A, H2B, H3 and H4) forming an octamer, which is wrapped by DNA. The nucleosomes are connected to each other by a DNA strand linked with histone H1 (Kornberg, 1974; Thoma et al., 1979).

The DNA and histones are subjected to covalent modifications such as methylation, acetylation, ubiquitination and poly-ADP ribosylation during gene regulation. DNA methylation and histone modifications are two main mediators of epigenetic regulation. DNA methylation is a definitive chemical process in which a methyl group is added to DNA. It usually occurs when a cytosine (C) is linked to guanine (G) through the phosphate (p) linkage resulting in a CpG site. The methylation reaction is catalyzed by a large family of DNA-methyltransferase (DNMTs) and distinct enzymes perform de novo DNA methylation and maintenance DNA methylation (Kotkar and Giri, 2020).

The epigenetic modifications can be inherited via mitotic and meiotic cell divisions and act to synchronize the changes in gene expression, which form the basis of memory responses (Eichten et al., 2014; Kinoshita and Seki, 2014; Avramova, 2015; Crisp et al., 2016; Liu and Avramova, 2016). Initial indications for involvement of chromatin modification in priming response came from studies in which plants primed with benzothiadiazole showed increased levels of histone methylation (Jaskiewicz et al., 2011). The bi- and tri-methylation of lysine 4 in histone 3 (H3K4me2 and H3K4me3, respectively) is correlated with active transcription of genes (Ruthenburg et al., 2007; Jaskiewicz et al., 2011) and were recognized as potential abiotic stress memory markers.

Response to HTS comprises of two components, induction of stress memory-associated genes and differential expression of HTS regulated genes. Both components are related with increased levels of H3K4me3 and H3K4me2 and are dependent on functional TFs (Lämke et al., 2016; Liu Y. et al., 2019). An increase in H3K4me2 and H3K4me3 was observed after heat priming in Arabidopsis (Conrath et al., 2015). H3K4me2/3 accumulation was also seen in Arabidopsis plants that had been primed with JA (Liu and Avramova, 2016).

Stress related memory might particularly develop when the plant is recovering from stress. This has been best exemplified by studies on vernalization leading to development of memory for cold stress. During the cold phase, repressive chromatin marks were stored at the nucleation regions of FLC, but epigenetic modifications were triggered after reversing to warm conditions. During the recovery from cold signal, the Polycomb Repressive Complex 2 (PHD-PRC2) was deregulated across the entire FLC locus and H3K27me3 increased remarkably throughout the entire gene to achieve epigenetic silencing (De Lucia et al., 2008; Angel et al., 2011).

Modification of chromatin provided potential memory for stress during priming events by maintaining the basal transcriptional machinery at the promoters of these genes to facilitate their rapid or strong expression in response to recurring stress (Conrath et al., 2015). Increase in H3K4me3 was retained as a memory on the stress responsive genes during stress, while H3K4me3 accumulated at primed defense genes before their transcription (Conrath, 2011; Jaskiewicz et al., 2011). Repeated exposures of Arabidopsis plants to mild drought like conditions increased the levels of H3K4me3 and stalled RNA polymerase II at RD29B and RAB18 loci allowing their rapid activation during the stressed phase (Ding et al., 2012). Increased H3K4me3 levels also caused increase in the occupancy of TATA-binding protein (TBP), a key step in the formation of the pre-initiation complex (PIC), at the promoters of memory genes (Liu and Avramova, 2016). HTS memory was also maintained by H3K27me demethylases, Relative of Early Flowering 6 (REF6) and the Jumonji (JMJ30) proteins by controlling the level of histone modification of HSP22 and HSP17.6 genes (Yamaguchi and Ito, 2021).

Some stress-induced TFs were reported to function as prime components of transcriptional memory and are probably involved in recruiting specific chromatin-regulatory proteins to the target loci. For example, bZIP28/60 TFs were stimulated by the stress induced Unfolded Protein Response (UPR) protein (Liu and Howell, 2010) to recruit the COMPASS-like complex (Jiang et al., 2011) for initiating the accumulation of H3K4me during HTS (Song et al., 2015). It was shown that the same mechanism triggered the deposition of H3K4me3 at loci of dehydration memory genes. In yeast, both COMPASS and Mediator complexes were required for the H3K4me accumulation and transcriptional memory of the gene encoding inositol-1-phosphate synthase (Light et al., 2010, 2013; D’Urso et al., 2016). The composition of these protein complexes changed under memory and non-memory situations to allow differential regulation of transcription (D’Urso et al., 2016).

HSFA2 and HSFA1 are known to function in somatic HTS memory (Charng et al., 2007; Lämke et al., 2016; Liu Y. et al., 2019). Thermo-priming induced accumulation of H3K4me2 and H3K4me3 to generate HTS memory was dependent on HSFA2 (Lämke et al., 2016). Binding of HSFA2 occurred during first few hours of heat shock but the enhanced H3K4me3 and H3K4me2 levels persisted even after HSFA2 association with the gene had declined. The HSFA2 acts in trimeric complexes along with other HSFs like HSFA3 [reviewed in Scharf et al. (2012)], indicating that heat memory might be specific to few TF complexes and not individual TFs. HSEs were found to be the sites of active chromatin regions associated with histone (H3K9 and H3K14) acetylation and H3K4me3 (Guertin and Lis, 2010). Transcriptional activation of few HSF and HSP genes in Arabidopsis by HSF1A/B occurred through deposition of H3K56 acetylation under HTS (Weng et al., 2014).

The trans-generational HTS memory involves a heritable positive feedback loop consisting of REF6 and HSFA2 (Liu J. et al., 2019). The HSFA2 and REF6 promote the expression of each other to continuously maintain the active state of HSFA2. The HSFA2 in turn activates the expression of suppressor of gene silencing 3 (sgs3) interacting protein 1 (sgip1), an E3 ligase, to mediate SGS3 degradation. This represses biosynthesis of trans-acting siRNA (tasiRNA) and results in the release of its target, Heat-Induced Tas1 Target 5 (htt5) to promote early flowering in the progeny plants. Subsequent studies demonstrated the role of FGT3 and HSFA3 in inducing transcription of memory-related genes during recovery from HTS.

Nucleosome remodeling has also been related to HTS induced memory. Arabidopsis FGT1 protein maintains low nucleosome occupancy at thermo-memory related genes like hsa32, hsp22.0, hsp18.2, and hsp101. FGT1 acts by interacting with proteins belonging to the chromatin remodeling complexes such as ATP-dependent Switch/Sucrose Non Fermentable (SWI/SNF), Imitation Switch family (ISWI) or Brahma (BRM), Chromo-domain Helicase DNA-binding (CHD) and INO80 complex ATPase subunit (INO80) to provide thermo-memory response (Brzezinka et al., 2016; Liu H. et al., 2021).

The trans-generational priming responses include both inheritable (DNA and chromatin structure change) and non-inheritable (metabolites, proteins or mRNA in the seeds) components (Boyko and Kovalchuk, 2011). The enzyme lysine-specific histone demethylase 1, which is involved in histone demethylation and epigenetic modification, was up regulated in the progenies of the primed plants. This suggested that the epigenetic modification could be involved in the trans-generational stress memory resulting in enhanced tolerance to stress.

The study of mechanism behind maintenance of epigenetic modifications over a longer period of time led to the discovery of trans factors that mediated faithful copying of the chromatin conformation through replication. One such protein, BRU, is necessary for the sustained activation of HTS memory genes (Suzuki et al., 2004; Takeda et al., 2004; Brzezinka et al., 2019). It is also essential to sustain the transcription of HTS responsive genes hsa32, apx2, hsp22.0, and hsp21 (Stief et al., 2014). BRU1 has been implicated in the inheritance of chromatin states in transcriptional silencing and the DNA damage response across DNA replication and cell division.

Recently, a BRU1 orthologue from mammals was found to bind to single-stranded DNA and newly incorporated nucleosomes after replication (Huang et al., 2018). The histone chaperone, Chromatin Assembly Factor-1 (CAF-1) plays a key role in depositing histone H3H4 tetramers into newly replicated DNA. Mutants of caf-1 showed a constitutive priming response against pathogens and increased H3K4me3 at primed defense-response genes. This suggested that regulated deposition of histone tetramers may be essential for inheritance of priming responses (Mozgova et al., 2015).

DNA methylation is another mechanism of epigenetic modification and is shown to be a dynamic regulatory mechanism of defense genes and stress priming. Single base-resolution DNA methylome profiling of cold primed tissues revealed the global loss of DNA methylation with increase in some locally hypermethylated sites. The de novo methylation of cytosine residues (CG, CxG, Cxx) in plant DNA can be triggered by small interfering RNAs (siRNA). The onset of RNA-directed DNA methylation begins with the formation of siRNAs. The siRNAs may be produced through the Polymerase IV (Pol IV) pathway and loaded in Argonaute 4 (AGO4) complex. Alternatively, the siRNAs can be generated through Pol I-RNA Dependent RNA Polymerase 6 (RDR6) pathway and are loaded into AGO6 complex. The AGO4/6 complex, interact with Pol V to recruit a Nuclear RNA Polymerase E1 (NRPE1) complex, which subsequently establishes DNA methylation through Domains Rearranged Methyltransferase2 (DRM2). During cell divisions, the maintenance of known DNA methylation marks in CG and CxG are catalyzed by Methyltransferase1 (MET1) and Chromomethylase3 (CMT3), respectively (Ramirez-Prado et al., 2018; Zhang H. et al., 2018).



ROLE OF PHYTOHORMONES IN STRESS PRIMING

The classic growth promoting phytohormones viz. auxin, cytokinin (CK), strigolactones (SLs) and BR and the stress related hormones such as ABA, JA and SA, play an essential role in orchestrating protection in response high temperature and other abiotic stresses (Tang et al., 2008; Verma et al., 2016; Kumar et al., 2019; Li et al., 2021). Phytohormones act by positively regulating stress responsive gene expression, nutrient allocation, photosynthetic activity, osmolyte biosynthesis and antioxidant metabolism (Alam et al., 2013; Peng et al., 2014; Qiu et al., 2014; Shi et al., 2014; Jin and Pei, 2015; Cheng et al., 2016). Exogenous application of ABA, ethylene and SA or enhancing their endogenous levels helped to significantly overcome HTS induced damage and improved thermo-tolerance response (Table 2). Combined application of gibberellins and ABA in rice lead to increase in pollen germination and vigor. The phytohormones acted by improving anti-oxidant activity and membrane stability (Chhabra et al., 2009; Song et al., 2012). The role of ethylene in reducing HTS by reducing oxidative damage has been studied at seedling stage in Arabidopsis and rice (Larkindale and Knight, 2002; Wu and Yang, 2019).


TABLE 2. Role of hormones in priming plants to high temperature stress.
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Abscisic Acid

The primary stress hormone, ABA, modulates plant responses to multifarious environmental stresses. The involvement of ABA in response to HTS and thermo-priming has emerged through many different studies (Larkindale and Knight, 2002; Zhou et al., 2014; Li et al., 2021). ABA-mediated ROS accumulation in guard cells caused closure of stomata (Kwak et al., 2003) and helped to decrease loss of water. This resulted in cross-tolerance to temperature (heat or cold) and drought stresses. The ABA signals activated the expression of several stress responsive genes such as dehydration-responsive 22 (rd22), pr1a.205, thaumatin-like protein 4 (tlp4), and myb in wheat resulting in increased drought tolerance and fungus resistance (Zhang et al., 2012). ABA enhanced tolerance to HTS by up regulation of HSFs and HSPs, increase in sugar metabolism and reduction in electrolyte leakage (Larkindale and Knight, 2002; Wind et al., 2010; Wang X. et al., 2017; Rezaul et al., 2019). Arabidopsis plants treated with inhibitor of ABA biosynthesis showed impaired response to HTS and reduction in ROS levels (Larkindale et al., 2005). HTS also evoked a rapid and transient expression of endogenous ABA that in turn increased the levels of ROS like H2O2 thereby augmenting thermo-tolerance (Larkindale et al., 2005).

Interaction of ABA and ROS is considered as one of the prime factors for the acclimation of plants exposed simultaneously to drought and salt stresses (Suzuki et al., 2016; Zandalinas et al., 2016). Mutants in ABA biosynthesis or signaling components displayed suppressed H2O2 accumulation and increased HTS sensitivity in plants (Larkindale et al., 2005). Loss-of-function mutation in the ABA induced NADPH oxidases, also known as RBOHs exhibited impaired HTS tolerance as measured by decrease in seed survival and germination capacities (Larkindale et al., 2005; Silva-Correia et al., 2014). Heat- or cold- priming were also found to increase the endogenous concentration of ABA, SA and H2O2 (Liu et al., 2006; Wan et al., 2009). Cold priming induced frost tolerance in winter and spring wheat (Triticum monococcum) was associated with greater accumulation of ABA and dehydrins (Vanková et al., 2014). Priming with drought induced cold stress tolerance was associated with ABA and ROS accumulations in the leaf tissues of wheat (Li X. et al., 2015).



Jasmonic Acid and Salicylic Acid

The biotic stress-induced hormones, JA and SA, can prime transcription by stimulating the expression of defense genes after attack by the pests or pathogens (Beckers and Conrath, 2007; Chen R. et al., 2012). The basic helix–loop–helix (bHLH) TF, MYC2, is an important part of the JA signaling pathway and its activity is regulated by binding of repressor (JAZs) and co-repressors (TPL or related TRPs) proteins (Chini et al., 2007). The JA-induced proteolytic degradation of JAZ repressors allows MYC2 to bind with promoters. It then interacts with MED25 subunit to facilitate the assembly of Mediator complex (Elfving et al., 2011; Çevik et al., 2012), which in turn recruits the pre-initiation complex (PIC) to activate transcription. The cross-talk between JA- and ABA-mediated pathways, has been well established (Wasternack and Hause, 2013; de Ollas et al., 2015). Both JA and ABA mediate induction of drought-inducible genes in response to dehydration stress at the initial stage. However, in subsequent dehydration stress, ABA produced during the initial stress reduces the production of the MYC2 to inhibit biosynthesis of JA (Avramova, 2019).

The role of SA has been discussed in numerous HTS related studies in plants. Exogenous application of SA or its functional synthetic analogs like BTH or INA (2,6-dichloroisonicotinic acid) and the non-protein amino acid, BABA (b-amino butyric acid), prior to HTS were shown to enhance plant biomass, height and photosynthetic efficiency (Kauss et al., 1992; Oostendorp et al., 2001). Priming of plants with BABA also induced SA signals and activated the defense response (Ton et al., 2005). SA enhanced the activities of antioxidant enzymes like SOD, CAT and peroxidases to scavenge ROS and increased enzyme activities required for proline biosynthesis as an adaptive strategy to tolerate HTS. It also helped in reducing membrane damage caused by HTS and decreased the proline-metabolizing enzymes (Verbruggen and Hermans, 2008; Szabados and Savouré, 2010; Lv et al., 2011). Application of SA at seedling stage in plants such as maize, potato, wheat, cotton, pigeon pea, Arabidopsis, mung bean, grape and alfalfa lead to increase in antioxidant enzymes, photosynthetic activity and proline accumulation which reduced cellular damage. It also enhanced basal thermo-tolerance by up regulating HSP expression in some cases (Clarke et al., 2004; Saleh et al., 2007; Khan et al., 2013; Wang et al., 2014a; Hameed and Ali, 2016; Khanna et al., 2016; Makarova et al., 2018; Jahan et al., 2019; Kaur et al., 2019; Wassie et al., 2020).

The Set Domain Group 8 (SDG8) proteins which represent the major H3K36 di- and tri- methyltransferase in Arabidopsis have been implicated in the JA- and SA-mediated plant defense (Ding and Wang, 2015; Li Y. et al., 2015). SDG8 is essential for H3K36me3 for expression of the R-gene, lazarus 5 (LAZ5), in response to fungal infection (Berr et al., 2010; Palma et al., 2010). This memory can be transmitted to the progeny plants and the off-springs were primed for enhanced activation of the WRKY6, PR1 and WRKY53 genes that play roles in immunity (Slaughter et al., 2012).



Auxin

Warm ambient temperature signals can promote a series of structural changes in plants like elongation, growth and flowering, which are collectively termed as thermo-morphogenesis (Quint et al., 2016) and auxin plays a major role in these processes. At normal growth temperatures, the exogenous application of auxin does not elicit hypocotyl elongation but at higher temperatures the auxin-responsive gene expression causes hypocotyl elongation and leaf hyponasty (Küpers et al., 2020). Auxin also act as thermo-protectant of anthers in barley and rice (Sakata et al., 2010; Oshino et al., 2011; Zhang C. et al., 2018).

The light responsive Phytochrome Interacting Factor 4 (PIF4) and PIF7 are involved in regulating hypocotyl elongation and leaf hyponasty. Recent studies showed that PIFs are inducible by HTS and they interact with at least one of the phytochromes thereby indicating their important role in transducing both light and temperature signals (Choi and Oh, 2016; Pham et al., 2018; Kim et al., 2020). The temperature-induced hypocotyl elongation is delayed by the suppression of PIF4 activity by blue light photoreceptor, Cryptochrome 1 (CRY1) (Ma et al., 2016). Loss-of-function mutants of pif4 and pif7 abrogate HTS mediated thermo-morphogenesis and show drastic reductions in auxin biosynthetic enzymes (aminotransferase, YUCCA and cytochrome P450s) (Sun et al., 2012; Fiorucci et al., 2020).



Cytokinin

Several studies have suggested the role of CK in acquisition of thermo-tolerance by inducing higher antioxidant activity and metabolism. When a part of the plant or whole plants were exposed to HTS, a rapid increase in CK was observed which further activated the carbohydrate metabolism and photosynthetic genes (Dobrá et al., 2015). Agrobacterium mediated ectopic transcription of isopentenyltransferase (ipt), which encodes a key enzyme in CK biosynthesis system, resulted in plants that were better adapted to HTS (Skalák et al., 2016). An interesting pattern of expression of interconnected proteins was observed in the chloroplasts, in response to HTS and CK. The adverse effect of HTS on spikelet formation and panicle differentiation is mitigated by CK application (Wu et al., 2017). In Arabidopsis and in crops like maize, wheat and rice, CKs were shown to provide HTS tolerance by reduction in kernel abortion, increase in rate of grain filling, modulating spikelet injury and regulating ROS production (Cheikh and Jones, 1994; Yang D. et al., 2016; Wu et al., 2017; Prerostova et al., 2020).



Brassinosteroids

Brassinosteroids are known to perform surveillance for HTS induced lipid peroxidation, ion leakage and survival rate (Mazorra et al., 2011). Treatment of plants with BR lead to a rise in basic thermo-tolerance due to higher translation of proteins like HSPs, aquaporins, etc. (Dhaubhadel et al., 2002; Sadura et al., 2020). The levels of ROS and expression of antioxidant enzymes also spiked up after the application of exogenous BR under HTS (Nie et al., 2013). However, in tomato seedlings both overproduction and deficiency of BR showed similar response to thermo-tolerance indicating that the process might be independent of BR homeostasis (Mazorra et al., 2011). Later it was shown that Brassinazole-resistant 1 (BZR1), the prime TF in BR signaling, activated PIF4 gene expression to integrate the plant response to different environmental stimuli (Ibañez et al., 2018). BRs also influenced the levels of other phytohormones like ABA, ethylene and SA to regulate oxidative stress under HTS and boost thermo-tolerance (Divi et al., 2010; Kothari and Lachowiec, 2021).



Melatonin

The role of phyto-melatonin is also implicated in governing the response and memory to plant stress (Arnao and Hernández-Ruiz, 2019). Melatonin, a predominantly animal hormone, is present in plants and performs a number of physiological activities including chlorophyll preservation, root and shoot growth, photosynthesis, reduction of oxidative damage and suppression of leaf senescence (Byeon et al., 2012; Tan et al., 2012; Zhang N. et al., 2014; Li X. et al., 2018). Exogenous application of melatonin to roots resulted in its absorption and mobilization in xylem and subsequent accumulation in the leaves (Yoon et al., 2019). Extracellular melatonin enhanced the level of TaSNAT transcripts, which encode a key enzyme in the melatonin biosynthetic pathway and increased the intracellular melatonin levels.

Various reports have also shown the protective effects of phyto-melatonin against biotic and abiotic stress (Li et al., 2012; Li X. et al., 2018; Bajwa et al., 2014; Meng et al., 2014; Shi et al., 2015b). Melatonin is an important master regulator of redox homeostasis in plants (Arnao and Hernández-Ruiz, 2019). It induced the DREB1/CBF TFs AtCBF1, AtCBF2, and AtCBF3 that caused increased tolerance to drought, cold, salt, and Pst-DC3000 (Shi et al., 2015a). Melatonin also up regulated polyamine levels by promoting the synthesis of polyamines from its precursor amino acids, arginine and methionine. In wheat seedlings, Melatonin attenuated the effect of salt stress by preventing polyamine degradation (Ke et al., 2018).




CONCLUSION AND PERSPECTIVES

According to Intergovernmental Panel on Climate Change (IPCC, 2018), the unprecedented increase in global mean temperatures has caused an upsurge in the incidence of extreme HTS. Its adverse effects on plant growth, reproduction and yield are proportional to the intensity and duration of high temperatures (Prasad et al., 2017; Ali et al., 2020). The increase in global temperatures accompanied by fluctuations or changes in climate regimes has increased the occurrence of abiotic stresses such as HTS, salinity, drought and flooding as well as biotic stresses such as pathogen infections and pest invasions. These challenges have emerged as major factors limiting crop production yield (Pandey et al., 2017).

High temperature stress results in various impairments including early leaf senescence, accumulation of ROS, reduced germination, decreased rate of photosynthesis, inhibition of root growth, lower seed set, reduced vigor and elevated rates of lipid peroxidation, protein denaturation, spikelet sterility and anther indehiscence (Wahid et al., 2007; Hasanuzzaman et al., 2013; Rodríguez et al., 2015; Narayanan et al., 2016; Iqbal et al., 2017; Ohama et al., 2017; Ali et al., 2020). Sustainable agriculture necessitates the adaptation of strategies to boost plant responses to improve their tolerance to these stresses. Although lot of efforts like conventional breeding, application phytohormones, comparative genetics, etc., have been initiated in this direction but a detailed understanding of the underlying mechanisms is still needed.

Priming has the potential to be developed as a very promising technique for improving the long-term sustainability of agriculture and increasing crop yields in the present context of global warming and climate change. Plants can be thermo-primed by moderately high temperatures to sustain extreme temperatures that are otherwise fatal to an unadapted plant (Bäurle, 2016). In our lab, experiments on thermo-priming mature rice before and after flowering, showed that priming allows the crops to tolerate HTS and help in prevention of seed loss and increase seed production by sustaining grain filling (Kushawaha et al., 2021). The response may vary from crop to crop depending upon their life cycle, habitat and stress tolerance levels. Therefore comprehensive investigations are required using a broad range of plant species to determine the most efficient and effective stage and duration of priming. The analyses also need to be extended from study of individual stresses to include a mixture of stressors so that plants can be acclimated to tolerate a wide range of temperatures.

Epigenetic regulations, transcript modifications, changes in protein conformations and generation of hormonal or metabolic signals are only a few of the cellular processes that have been studied in response to stress priming in the last decade. Epigenetic alterations resulting in changes in structure and composition of chromatin may play a vital role in stress memory by regulating transcription and/or plant response. The mechanisms overlap with the stress response pathways and often involve activation of epigenetic imprints and feedback loops to initiate faster recruitment of the stress response.

Advance investigations at the chromatin level will be fundamental for understanding the nature of modifications involved in inheriting tolerance to different stresses in the same species. Few features like accumulation of H3K4me may be commonly related to more than one type of stresses, while memory of individual stress may involve specific molecular elements. More research is required to recognize these patterns of stress memory and determine the exact mechanisms by which they are generated. The importance of synchronized gene silencing by miRNAs and other regulatory non-coding RNAs in stress primed plants is a significant question which will require an in-depth analysis. Their role and pathways for integration of priming with stress memory in regulation of plant development and productivity will be an important question to investigate.

It is apparent that our understanding of effects of priming and induced memory of stress in plants is far from clear. The maintenance of memory and its inheritance across cell divisions needs to be investigated. It will be essential to investigate how long the memory phase is maintained and regulated. Further studies are also required to comprehend the precise mechanisms that elicit and reset stress memory. The advancements in various omic-technologies will help in providing better understanding of priming induced cross-talk during stress tolerance in plants. It is evident that increased knowledge of the priming pathways will aid in designing strategies for improving plant performance and seed production. This will not only help them to pre-adapt to changing environmental conditions but also enable them to habituate in new domiciles.
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Abscisic acid (ABA) is a major phytohormone that regulates plant growth, development, and abiotic/biotic stress responses. Under stress, ABA is synthesized in various plant organs, and it plays roles in diverse adaptive processes, including seed dormancy, growth inhibition, and leaf senescence, by modulating stomatal closure and gene expression. ABA receptor, clade A protein phosphatase 2C (PP2C), and SNF1-related protein kinase 2 (SnRK2) proteins have been identified as core components of ABA signaling, which is initiated via perception of ABA with receptor and subsequent activation or inactivation by phosphorylation/dephosphorylation. The findings of several recent studies have established that the post-translational modification of these components, including phosphorylation and ubiquitination/deubiquitination, play important roles in regulating their activity and stability. In this review, we discuss the functions of the core components of ABA signaling and the regulation of their activities via post-translational modification under normal and stress conditions.
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INTRODUCTION

Abscisic acid (ABA) is a major hormone that regulates growth, development, and responses to abiotic/biotic stress throughout the life cycle of plants. Under environmental conditions perceived as unsuitable for plant growth, ABA helps maintain seed dormancy and inhibits germination, whereas during the post-germination stage, this hormone inhibits growth to conserve energy (Chinnusamy et al., 2008; Raghavendra et al., 2010). In addition, ABA plays key roles in stomatal opening and closure, thereby contributing to the regulation of water loss under drought stress (Melotto et al., 2006; Hirayama and Shinozaki, 2007; Cutler et al., 2010; Finkelstein, 2013).

The core components of ABA signaling, along with their roles and regulatory mechanisms, are well known. As ABA receptors, pyrabactin resistance 1 (PYR1)/PYR1-like (PYL)/regulatory components of the ABA receptor (RCAR) family bind ABA in response to abiotic stress and positively regulate ABA signaling (Ma et al., 2009; Park et al., 2009; Santiago et al., 2009; Gonzalez-Guzman et al., 2012; Antoni et al., 2013). Under normal conditions, clade A protein phosphatase 2Cs (PP2Cs) play roles as negative regulator of ABA signaling by binding to subclass III sucrose nonfermenting 1 (SNF1)-related protein kinase 2 (SnRK2) proteins, and subsequently these interactions inactivate downstream ABA signaling factors and inhibit ABA responses to facilitate growth and development (Mustilli et al., 2002; Yoshida et al., 2006a; Fujii et al., 2007; Umezawa et al., 2009; Vlad et al., 2009). Under stress conditions, ABA receptors interact with PP2Cs and SnRK2s are released from PP2Cs-mediated inhibition, leading to autophosphorylation or phosphorylation by other kinases, whereupon the activated SnRK2s phosphorylate downstream targets, including transcription factors and channel proteins, thereby facilitating abiotic stress responses (Fujii and Zhu, 2009; Geiger et al., 2009; Yin et al., 2009; Nishimura et al., 2010; Ng et al., 2011; Xue et al., 2011; Brandt et al., 2012; Soon et al., 2012).

The different components of ABA signaling are modulated to varying extents by post-translational modification (Table 1), with the ubiquitination/deubiquitination and phosphorylation of these components being generally well studied. Ubiquitination of ABA core components can influence ABA signaling and responses both positively and negatively (Coego et al., 2021). Deubiquitination mediated by members of the UBIQUITIN-SPECIFIC PROTEASE (UBP) protein family affects a range of plant physiological processes, including growth, development, immunity, and stress response (Zhou et al., 2017). However, the biochemical mechanisms underlying the involvement of UBPs in ABA signaling have yet to be sufficiently elucidated. A further major category of post-translational modification is phosphorylation; ABA receptors, PP2Cs, and SnRK2s can be positively or negatively regulated by phosphorylation. For example, SnRK2s can undergo autophosphorylation and activation (Yang et al., 2017; Chen et al., 2020). In this review, we focus on the roles of ABA, core ABA signaling pathways, and post-transcriptional regulation of ABA signaling components in plants.



TABLE 1. Post-translational regulation factors of ABA core components in Arabidopsis.
[image: Table1]



THE ROLE OF ABA IN ABIOTIC STRESS RESPONSES


Regulation of Stomatal Closure

In response to drought stress, ABA induces stomatal closure to reduce transpirational water loss (Bauer et al., 2013). ABA modulates stomatal movement via both Ca2+-dependent and -independent pathways. In the former, ABA induces Ca2+ channel opening to facilitate the influx of calcium ions, in response to which upregulated reactive oxygen species levels and inositol-1-4-5-triphosphate contribute to increases in cytosolic Ca2+ content (Lee et al., 1996; Pei et al., 2000; Murata et al., 2001; Mustilli et al., 2002), which in turn modulates multiple signal transduction. Calcium-dependent protein kinases (CPKs) 3/4/6/10/11 phosphorylate and activate slow-type anion efflux channels, including SLOW ANION CHANNEL-ASSOCIATED 1 (SLAC1) and SLAC1 HOMOLOG 3 (SLAH3; Mori et al., 2006; Zhu et al., 2007; Zou et al., 2010; Brandt et al., 2012), whereas CPK21 phosphorylates K+ outward rectifying channel GORK to promote the efflux of K+ ions; KAT1 and KAT2 are inactivated by CPK13 to inhibit K+ ion influx (Hosy et al., 2003; van Kleeff et al., 2018). In contrast, the Ca2+-independent pathway is associated with SnRK2.6 (Li et al., 2000), which activates SLAC1 and KUP6, the latter of which is a KUP/HAK/KT family K+ efflux transporter, thereby suppressing KAT1 activity via phosphorylation (Kwak et al., 2001; Geiger et al., 2009; Lee et al., 2009; Sato et al., 2009a; Osakabe et al., 2013). SnRK2.6 has also been shown to phosphorylate the ABA-responsive kinase substrate AKS1, which binds to the KAT1 promoter, thereby promoting the downregulated expression of KAT1 (Takahashi et al., 2013). Collectively, these Ca2+-dependent and Ca2+-independent pathways contribute to reductions in guard cell turgor, thereby leading to stomatal closure.



Regulation of Dormancy and Germination

As sessile organisms, plants are particularly responsive to environmental cues with respect to the initiation of germination. Under unfavorable environmental conditions, ABA contributes to the suppression of germination by promoting seed dormancy, as revealed by the reduced seed dormancy of ABA biosynthesis and signaling-impaired mutants (Koornneef et al., 1982; Leon-Kloosterziel et al., 1996; Lefebvre et al., 2006; Nakashima et al., 2009a; Zhao et al., 2018). For example, the Raf-like MAKKKs, Raf10 and Raf11, influence seed dormancy by phosphorylating SnRK2s and ABRE-binding factors (ABFs; Lee et al., 2015; Nguyen et al., 2019). ABA can also influence seed germination by modifying hormonal balance. In contrast to ABA, gibberellic acid (GA) is a phytohormone that promotes seed germination (Debeaujon and Koornneef, 2000; Ogawa et al., 2003), and the activities of these two hormones antagonistically regulate seed dormancy and germination in higher plants (Weiss and Ori, 2007; Golldack et al., 2013). Notably, compared with wild-type plants, ABA-deficient mutants are characterized by higher levels of GA, and it has accordingly been suggested that ABA plays a role in regulating the GA metabolic pathway (Seo et al., 2006). As a key repressor of GA signaling, REPRESSOR OF GA-LIKE 2 (RGL2) plays a negative role in seed germination, as indicated by the loss-of-function mutant rgl2, in which ABA concentrations are reduced and germination is promoted (Piskurewicz et al., 2008; Lee et al., 2010). RGL2 also promotes ABI5 expression levels, thereby inducing the ABA-mediated suppression of germination (Liu et al., 2016). Exogenous ABA activates the expression of RGL2 and ABI5 (Piskurewicz et al., 2008), and thus RGL2 is believed to modulate the balance between ABA and GA contents during seed germination.



Regulation of Drought-Responsive Gene Expression

On exposure to drought stress, ABA induces the expression of several genes in mature plants that play roles in the drought stress response. Representative ABA-responsive marker genes in this context include RESPONSIVE TO DESICCATION 29B (RD29B), RESPONSIVE TO ABA18 (RAB18), LATE EMBRYOGENESIS ABUNDANT 1 (EM1), and EM6, the expression of which is induced under conditions of water limitation (Yamaguchi-Shinozaki and Shinozaki, 1994; Mantyla et al., 1995; Uno et al., 2000; Carles et al., 2002; Umezawa et al., 2006; Wang et al., 2018b). The expression of these genes is regulated by a number ABA-inducible transcription factors, including ABA-responsive element (ABRE)-binding proteins (AREBs) and ABFs, which contribute to the regulation of ABA-dependent gene expression under drought stress conditions (Nakashima et al., 2009b; Yoshida et al., 2015). It has also been established that a number drought stress-induced genes are also responsive to exogenous ABA, which is mediated via promoter region ABREs (Nakashima et al., 2009b; Fujita et al., 2011). For example, plants overexpressing (OX) the AREB1/ABF2, AREB2/ABF4, ABF1, and ABF3 genes are characterized by enhanced ABA sensitivity and drought tolerance (Kang et al., 2002; Fujita et al., 2005). In contrast, areb1, areb2, and abf3 mutants show reduced drought tolerance and ABA sensitivity (Yoshida et al., 2010). The transcripts of other transcription factors, such as AtMYC2 and AtMYB2, have been found to accumulate in response to exogenous ABA, and in AtMYC2-OX and AtMYB2-OX plants, the ABA-inducible gene RESPONSIVE TO DESICCATION 22 (RD22) is upregulated, leading to ABA-sensitive and drought-tolerant phenotypes (Abe et al., 2003). Similarly, expression of the NAC transcription factor RD26 is induced by drought and ABA treatment, with RD26-OX plants being characterized by hypersensitivity to exogenous ABA, whereas contrastingly, RD26 dominant repressor plants exhibit an ABA-insensitive phenotype (Fujita et al., 2004). Collectively, these findings thus indicate that ABA induces ABA-responsive transcription factors, which in turn regulate the expression of ABA-responsive genes, thereby enhancing drought stress tolerance.



Regulation of Leaf Senescence

Exogenous ABA treatment has been widely demonstrated to induce leaf senescence (Gepstein and Thimann, 1980; Pourtau et al., 2004; Raab et al., 2009; Lee et al., 2011). Moreover, it has been observed that as leaves senesce, there is a corresponding increase in endogenous ABA levels (Gepstein and Thimann, 1980; Leon-Kloosterziel et al., 1996; Cheng et al., 2002; Breeze et al., 2011; Yang et al., 2014). In terms of gene expression, ABA signaling-associated genes have been found to be upregulated during leaf senescence and the expression of various senescence-associated genes can also be induced by the application of exogenous ABA (Tan et al., 2003; Parkash et al., 2014). An important factor associated with the induction of leaf senescence is chlorophyll degradation, which is mediated via genes such as STAY-GREEN 1 (SGR1), NON-YELLOW COLORING 1 (NYC1), PHEOPHYYTINASE (PPH), and PHEIDE a OXYGENASE (PaO) (Pruzinska et al., 2005; Ren et al., 2007; Hortensteiner, 2009; Sato et al., 2009b; Schelbert et al., 2009). In this regard, Arabidopsis thaliana NAC-LIKE, ACTIVATED BY AP3/PI (AtNAP) has been found to bind to the promoter of ABSCISIC ALDEHYDE OXIDASE 3 (AAO3) to enhance AAO3 transcription and ABA production, and this accumulation of ABA contributes to the induction of chlorophyll degradation-associated genes (Yang et al., 2014). ABA core components have also been established to be involved in chlorophyll degradation. For example, SnRK2s regulate the bZIP transcription factors ABI5 and ABF2/3/4, which directly activate NYC1, PAO, and SENESCENCE-ASSOCIATED GENE 12 (SAG12), which are considered senescence marker genes (Gao et al., 2016; Zhao et al., 2016b).




ABA CORE COMPONENTS

Under abiotic stress conditions, ABA mediates responses via a core signaling pathway. As ABA receptors, PYR1 and PYLs were initially identified based on the characterization of ABA-insensitive mutants, whereas RCARs were identified via yeast two-hybrid screens with clade A PP2Cs (Ma et al., 2009; Park et al., 2009). As positive regulators of ABA signaling, PYRs, PYLs, and RCARs (Ma et al., 2009; Park et al., 2009; Santiago et al., 2009; Gonzalez-Guzman et al., 2012; Antoni et al., 2013) are characterized by star-related lipid-transfer domains that contain a conserved ligand-binding pocket and are localized to the nucleus, cytoplasm, and plasma membrane (Iyer et al., 2001; McConnell et al., 2001; Radauer et al., 2008). Arabidopsis also expresses a group of 13 genes that are similar to Pyr1, namely, Pyl1 to Pyl13 (PYR1-Like; Fujii et al., 2009; Li et al., 2013; Zhao et al., 2013), among which, Pyr1/Pyl1/pyl2/pyl4 mutant alleles show an ABA insensitive phenotype in terms of seed germination and root growth with diminished ABA-responsive gene expression and SnRK2.6 kinase activity (Park et al., 2009). Under normal conditions, PP2Cs negatively regulate ABA signaling by interacting with SnRK2s and inhibiting kinase activity, whereas under stress conditions, PYR1 and PYLs interact with group A PP2Cs, leading to the release and activation of SnRK2s. PYLs have different binding properties with respect to ABA and PP2Cs (Szostkiewicz et al., 2010; Hao et al., 2011; Antoni et al., 2012; Li et al., 2013; Zhao et al., 2013; Tischer et al., 2017), with two discrete binding types being identified, namely ABA-enhanced and ABA-dependent. In the former PYLs, including PYL4-6 and PYL8-10, bind with PP2Cs, whereas in the latter, dimeric PYLs, including PYR1 and PYL1-2, bind with PP2Cs (Hao et al., 2011).

In Arabidopsis, six of the nine identified clade A PP2Cs (ABI1, ABI2, HAB1, HAB2, AHG1, and PP2CA) function as ABA negative regulators (Merlot et al., 2001; Kuhn et al., 2006; Robert et al., 2006; Saez et al., 2006; Yoshida et al., 2006b; Nishimura et al., 2007; Rubio et al., 2009). Under normal conditions, PP2Cs bind to SnRK2s, thereby suppressing stress signal transmission, and thus facilitating appropriate plant growth. PP2Cs interact with C-terminal subdomain II of SnRK2s in an ABA-independent manner (Bhaskara et al., 2012) and repress ABA signaling via interaction with and dephosphorylation of SnRK2s (Mustilli et al., 2002; Yoshida et al., 2006a; Fujii et al., 2007; Lee et al., 2009; Umezawa et al., 2009; Vlad et al., 2009). In the presence of ABA, the different PP2Cs interact with specific ABA receptors and release SnRK2s, thereby inducing downstream signal transduction. Released subclass III SnRK2s are autophosphorylated and activated, with their activity being enhanced via phosphorylation by other protein kinases, including Raf kinases (Cai et al., 2014; Nguyen et al., 2019). In turn, these activated SnRK2s phosphorylate downstream transcription factors, including AREB and ABFs (Kobayashi et al., 2005; Furihata et al., 2006; Sirichandra et al., 2010).



POST-TRANSLATIONAL MODIFICATION OF ABA COMPONENTS


Ubiquitination and Deubiquitination

The core components of ABA signaling are modulated by different types of post-translational modification, among which, ubiquitination influences the responses to environmental factors. Ubiquitination is mediated by the activity of a series of enzymes, including ubiquitin-activating enzyme E1, ubiquitin-conjugating enzyme E2, and ubiquitin-protein ligase E3, and the substrate proteins thus ubiquitinated are subsequently degraded by 26S proteasome proteolysis (Stone, 2019). ABA components are regulated by E3 ligase complexes via successional steps (Figure 1). These complexes are classified into four groups, namely, really interesting new gene (RING), cullin-RING ligase (CRLs), U-box, and homologous to E6-AP carboxyl terminus (HECT; Vierstra, 2009), among which, RING, CRLs, and U-box E3 ligases are involved in ABA signaling.

[image: Figure 1]

FIGURE 1. Degradation of ABA core components by the 26S ubiquitin-proteasome system and endosomal-vacuole pathway. PYR1/PYLs are degraded by RSL1, RFA1/RFA4, and CRL4DDA1 through ubiquitin-proteasome system. RSL1 ubiquitinates PYR1/PYL4 on the plasma membrane (PM), after that ubiquitinated substrates are degraded by ESCRT components, FIVE1/VPS23A/ALIX via endosomal-vacuole pathway. RFA1- and RFA4/CRL4DDA1-mediated ubiquitination processes occur in the cytosol and nucleus, respectively. PP2Cs are degraded by PUB12/13, CRL3BPM3/5(BTB-MATH), PIR1/2, and RGLG1/5 through 26S proteasome. PUB12/13 degrade ABI1 by ubiquitination in the PM. RGLG1/5 ubiquitinate PP2CA/ABI2/HAB2, CRL3BPM3/5(BTB-MATH) ubiquitinate PP2CA/ABI1/HAB1, and PIR1/2 ubiquitinates PP2CA in the nucleus. This figure has been modified from Coego et al. (2021).


Deubiquitination is catalyzed by the ubiquitin deconjugating enzymes (Chung and Baek, 1999). In contrast to E3 ligases, members of the deubiquitinase superfamily (DUB) proteins cleave ubiquitin from target proteins via the deconjugation or degradation of ubiquitin (Amerik and Hochstrasser, 2004). These processes contribute to enhancing target protein stability and activity in vivo (Taya et al., 1999; Lim et al., 2021b). There are five superfamilies among the DUBs, namely, ubiquitin-specific-processing proteases (UBPs), ubiquitin carboxy-terminal (UCH) proteases, the ovarian tumor proteases (OTUs), the Machado-Joseph disease protein domain proteases (MJDs), and JAB1/MPN+/MOV34 (JAMM) proteases. UBPs, UCHs, OTUs, and MJDs are cysteine proteases, whereas JAMMs are zinc metalloisopeptidases (Nijman et al., 2005). Of these five families, the UBPs are well studied in plants, and have been shown to play important roles in cellular processes, including signal transduction, protein degradation, and gene regulation (Yan et al., 2000; Liu et al., 2008).


Ubiquitination of ABA Receptors

CRL E3 ligase complexes and RING-type E3 ligases degrade PYR/PYLs via the 26S proteasome, and yeast two-hybrid screening has revealed that in this pathway, Cullin 4 (CUL4)/De-etiolated 1 (DET1)-damaged DNA binding protein 1 (DDB1)-associated 1 (DDA1) E3 ligase interacts with PYL4, PYL8, and PYL9 (Irigoyen et al., 2014). Furthermore, DDA1 promotes PYL8 protein degradation via the 26S proteasome and reduces ABA sensitivity in DDA1 overexpression mutants (Irigoyen et al., 2014), whereas in MG132-treated plants, accumulated PYL8 is polyubiquitinated and DDA1 promotes polyubiquitination, but ABA opposes this effect (Irigoyen et al., 2014). These findings provide evidence to indicate that ABA protects PYL8 from CRL4DDA1-mediated degradation, either by affecting the CDD-DDA1 complex or by promoting the formation of degradation-resistant PYL8-PP2C complexes (Irigoyen et al., 2014).

Ring finger of seed longevity 1 (RSL1), a member of the RBR-type E3 ligase family (Marin, 2010; Callis, 2014) interacts with PYR1 and PYL4 in the plasma membrane and subsequently polyubiquitinates these to promote their degradation via the 26S proteasome. Phenotypic analysis has revealed that RNA interference mutants of RSL1 are characterized by an ABA-hypersensitive phenotype, whereas an RSL1 overexpression line was found to show reduced ABA sensitivity during seed germination and early seedling growth (Bueso et al., 2014). These observations indicate that RSL1 plays a negative role in ABA signaling via the degradation of ABA receptors (Bueso et al., 2014). In the same gene family as RSL1, the RING finger ABA-related 1–9 (RFA1 to RFA9) proteins are similarly associated with ABA receptor degradation, among which, RFA1 and RFA4 are localized in the nucleus and promote the nuclear degradation of PYR1 and PYL4 via activity of the nuclear E2 enzyme UBC26 (Fernandez et al., 2020). Compared with wild-type plants, PYR1 and PYL4 were observed to show higher expression in an RFA1/RFA4 double knock-out mutant (Fernandez et al., 2020). The endosomal trafficking pathway functions as an important route for the modification of membrane proteins via the endosomal sorting complex required for transport (ESCRT) machinery. Ubiquitinated PYL4 is localized in the plasma membrane and degraded via a vacuolar degradation pathway mediated by the ESCRT components, in which ESCRT-I components FIVE1, VPS23A, and ALIX promote PYL4 degradation. Knock-down mutations of these ESCRT components are characterized a reduction in the degradation of PYL4 and enhanced ABA responses (Belda-Palazon et al., 2016; Yu et al., 2016; Garcia-Leon et al., 2019).



Ubiquitination of Clade A PP2Cs

Plant U-box type E3 ubiquitin ligase (PUB)12/13, Ring domain ligase (RGLG)1/5, CUL3-RING-based E3 ligases, and other E3 ligases collectively play roles in the proteolytic degradation of PP2Cs. PUB12/13 interact with ABI1 and thereby promote the ubiquitination of ABI1 in response to exogenous ABA, which induces the production of the dimeric form of PYR1 or monomeric forms of PYL4/PYL9 (Kong et al., 2015). A pub12 pub13 double mutant was found to be characterized by a high accumulation of ABI1 and an ABA-insensitive phenotype, the latter of which was recovered following the crossing of double mutant plants with those containing an abi1-3 mutation. These findings thus indicate that PUB12 and PUB13 play roles in controlling ABI1 stability (Kong et al., 2015). RGLG1/5 E3 ligases contribute to the degradation of PP2CA. In vivo analysis has revealed that RGLG1 interacts with PP2CA, which is enhanced by ABA, and promotes ubiquitination. In vitro, however, it has been observed that RGLG1 ubiquitinates PP2CA in the absence of either ABA or PYL4 (Wu et al., 2016). In contrast to PP2CA, which is nuclear localized, myristoylated RGLG1 is localized in the plasma membrane. ABA prevents the myristoylation of RGLG1 and induces cycloheximide-insensitive translocation to the nucleus (Belda-Palazon et al., 2019). Thus, RGLG1 plays a positive role in the ABA response by repressing PP2CA (Wu et al., 2016). PP2CA has also been demonstrated to interact with BTB/POZ and MATH domain proteins (BPMs) in plants, based on co-immunoprecipitation analysis performed in conjunction with liquid chromatography–tandem mass spectrometry. Compared with wild-type plants, those overexpressing BPM3 and BPM5 were found to accumulate lower amounts of PP2CA protein following ABA treatment. Contrastingly, in response to ABA treatment, the levels of PP2CA accumulated in plants harboring a bpm3 bpm5 double knock mutation were observed to be higher than those in the wild-type plants. Consistently, BPM3 and BPM5 overexpressing plants are characterized by enhanced ABA sensitivity, whereas the bpm3 bpm5 mutant shows reduced ABA sensitivity. Consequently, CRL3BPM complexes appear to play vital roles in ABA responses and signaling (Julian et al., 2019).

By interacting with UBC27, AIRP3 contributes to ABI1 degradation via E3 ligase activity. The UBC27-AIRP3 ubiquitination complex modulates ABA responses by enhancing ABI1 protein stability. In ubc27 and airp3 mutant plants, the rate of ABI1 degradation is reduced, and with respect to cotyledon greening and stomatal movement, ubc27 and airp3 mutant plants are characterized by ABA-insensitive phenotypes (Pan et al., 2020). Among other RING proteins, PP2CA interacting ring finger protein (PIR)1 and PIR2 have been shown to interact with PP2CA, both in vitro and in vivo, thereby promoting its ubiquitination. pir1 pir2 double knock-out mutants were found to be characterized by higher PP2CA protein levels, thus indicating that PIR1 and PIR2 degrade PP2CA via the 26S proteasome (Baek et al., 2019b).



Regulation of SnRK2s Stability by E3 Ligases

Although E3 ligases have been established to contribute indirectly to the stability of SnRK2s, there has as yet been no conclusive evidence to indicate that E3 ligases directly target SnRK2s. To date, only AtPP2-B11, a component of the SKP1/Cullin/F-box complex, has been shown to interact directly with SnRK2.3, with cell-free degradation assays performed using AtPP2-B11-OE and amiR-AtPP2-B11 cell extracts indicating that AtPP2-B11 negatively influences SnRK2.3 stability. However, there is no evidence to indicate that AtPP2-B11 directly ubiquitinates SnRK2.3 (Cheng et al., 2017). In addition, the E3-ubiquitin ligase HOS15 has been found to interact with SnRK2.6, thereby influencing its stability, and compared with wild-type plants, those harboring a hos15-2 mutation were found to accumulate higher levels of SnRK2.6 (Ali et al., 2019). However, in common with AtPP2-B11, the mechanisms whereby HOS15 regulates SnRK2 stability have yet to be established.



Modulation of ABA Signaling by Ubiquitin-Specific Processing Proteases

With respect to ABA signaling, plant tolerance to high salinity and drought stresses is modulated by UBP24 via the regulation of stomatal closure. Knock-out of the UBP24 gene confers an ABA-hypersensitive phenotype during seedling growth, although contrastingly it reduces ABA sensitivity in the guard cells of mature plants. The latter effect results in a drought-sensitive phenotype, owing to a higher water loss compared with wild-type plants (Zhao et al., 2016a). In pepper plants, CaUBP12 has been observed to suppress the degradation of CaSnRK2.6 (Arabidopsis OST1 homolog; Lim et al., 2021b). CaUBP12 interacts with CaSnRK2.6 both in vitro and in vivo, and cell-free degradation analysis has revealed higher levels of CaSnRK2.6 degradation when incubated with crude extracts of the CaUBP12 knock-down pepper plants, although lower levels in the presence of crude extracts of CaUBP12 overexpressing Arabidopsis and tobacco plants (Lim et al., 2021a,b). These findings thus provide evidence to indicate that deubiquitinase-mediated post-transcriptional modification is implicated in the modulation of ABA signaling.




Phosphorylation of ABA Core Components

In response to the perception of stress, ABA signaling is regulated via the phosphorylation activity of a diverse range of kinases particularly with respect to ABA-induced responses under drought stress (Zhu, 2016). In the ABA core signaling pathway, SnRK2s phosphorylate downstream transcription factors (Merlot et al., 2001; Yoshida et al., 2002, 2006b; Saez et al., 2004, 2006; Kuhn et al., 2006; Robert et al., 2006; Rubio et al., 2009), whereas other kinases contribute to the phosphorylation of ABA receptor PYR/PYLs, PP2Cs, SnRK2s, and downstream transcription factors (Figure 2; Cai et al., 2014; Chen et al., 2018; Wang et al., 2018a; Zhang et al., 2018; Baek et al., 2019a; Li et al., 2019; Nguyen et al., 2019; Yu et al., 2019).
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FIGURE 2. Kinase-mediated post-translational modification of core components of the ABA signaling pathway. CARK1, CEPR2, TOR kinase, and AEL phosphorylate PYLs. CARK1 positively regulates ABA signaling by enhancing PYLs activity on the cytoplasm. In contrast, CEPR2 and AEL negatively regulate ABA signaling by promoting degradation of PYLs. TOR kinase also plays negative role in ABA signaling by preventing PYL activation. CEPR2 acts on PM. ABI1 and ABI2 are phosphorylated and enhanced in their phosphatase activity by PR5K2 on the PM. BIN2 and RAF10 phosphorylate SnRK2s enhancing their kinase activity on the cytoplasm and nucleus.



Phosphorylation of ABA Receptors

Several studies have provided evidence indicating the phosphorylation of ABA receptors. For example, TOR kinase, Arabidopsis Early flowering 1 (EL1)-like casein kinase (AEL), C-terminally encoded peptide receptor 2 (CEPR2), and cytosolic ABA receptor kinase 1 (CARK1) have been established to phosphorylate PYLs (Chen et al., 2018; Wang et al., 2018a; Zhang et al., 2018; Li et al., 2019; Yu et al., 2019). Among these, TOR kinase inactivates PYL1 and PYL4 by phosphorylating the Ser119 and Ser114 residues, respectively. Phosphomimic mutants of PYL1 and PYL4 are characterized by an inability to inhibit ABI1 phosphatase activity. Moreover, ABA has been shown to inhibit TOR kinase activity, thereby enhancing the ABA response. Thus, these observations indicate that TOR kinase functions as a negative regulator of ABA signaling by phosphorylating PYL1 and PYL4 (Wang et al., 2018a). AEL phosphorylates PYR1 and PYL1 at residues Ser109/152 and Ser136/182, respectively, and in doing so, promotes PYR1 and PYL1 degradation. Compared with wild-type plants, PYR1 and PYL1 proteins show greater stability in ael triple mutants. The ABA- and NaCl-sensitive phenotypes in knock-out mutants thus tend to indicate that AEL negatively regulates ABA signaling (Chen et al., 2018). CEPR2 has been found to interact with PYL4 in the plasma membrane, in which it phosphorylates Ser54, thus promoting an accelerated degradation of the PYL4 protein. Consistently, the levels of PYL4 protein in CEPR2 overexpressing and cepr2 mutant plants have been shown to be less and more stable, respectively (Yu et al., 2019). CARK1 phosphorylates PYR1 Thr78, PYL1 Thr105, PYL2 Ser81, and PYL3 Thr101, thereby enhancing ABA responses implicated in the inhibition of seed germination, root growth, and the expression of a number of ABA-responsive genes (Zhang et al., 2018; Li et al., 2019).



Phosphorylation of Clade A PP2Cs and Subclass III SnRK2s

PP2Cs are also phosphorylated by specific kinases. For example, ABI1 and ABI2 are phosphorylated by PR5 receptor-like kinase 2 (PR5K2), which phosphorylates the putative ABI1 phosphorylation site Ser 314 and ABI2 Ser304, thereby enhancing their respective phosphatase activities (Baek et al., 2019a). Plants overexpressing PR5K2 are characterized by ABA-insensitive and drought-sensitive phenotypes, whereas atpr5k2 mutant plants show the opposite phenotypes. SnRK2s are phosphorylated and activated by Raf-like MAKKKs, among which RAF10 phosphorylates SnRK2s at a site within C-terminal domain II, referred to as the ABA box. raf10 raf11 double-knock-out mutants are characterized by reduced levels of SnRK2 phosphorylation and germination is significantly delayed in the presence of ABA. In brassinosteroid (BR) signaling, BRASSINOSTEROID INSENSITIVE 2 (BIN2) plays a negative regulatory role by phosphorylating several transcription factors, which contrast with ABA signaling, wherein BIN2 plays the role of a positive regulator promoting ABA responses via the phosphorylation of SnRK2.2 and SnRK2.3, thus enhancing their kinase activities. These observations indicate that the modulation of stress responses in plants involves a certain degree of crosstalk between the ABA and BR signaling pathways (Cai et al., 2014).





CONCLUSIONS AND PERSPECTIVES

Abscisic acid plays vital roles in plant growth, development, and biotic/abiotic stress responses, particularly with respect to seed dormancy/germination, stomatal opening and closure, and leaf senescence. Moreover, the ABA core signaling pathway and post-translational modification of pathway components have been extensively studied. Ubiquitination, catalyzed by E3 ligases, contributes to the 26S proteasome-mediated degradation of ABA receptor PYR/PYL and clade A PP2C proteins, and numerous E3 ligases have been found to regulate the stability of these target proteins, either via direct or indirect interactions. However, it has yet to be conclusively determined whether E3 ligases directly ubiquitinate SnRK2 proteins, which accordingly limits our current understanding of the E3 ligase-mediated modulation of SnRK2 protein stability. The regulation of target protein stability is also modulated by deubiquitination, although in Arabidopsis, the mechanisms underlying the deubiquitination of ABA signaling core components remain to be ascertained. The involvement of UBPs in stress responses and other developmental processes is well characterized; however, to date there have been few studies that have examined the mechanisms associated with protein deubiquitination. To determine whether target proteins are deubiquitinated by UBPs, it will be necessary to isolate either mono- or poly-ubiquitinated proteins. The phosphorylation of target proteins also contributes to their activity and/or stability. In this regard, several kinases that phosphorylate key ABA signaling factors have been shown to regulate drought stress responses, either positively or negatively. However, only a few kinases involved in the ABA core signaling-associated regulation of drought responses have been examined, and it can be assumed that there are numerous other functional kinases that await identification. Consequently, to gain a better understanding of the post-translational modification of ABA core components, it will be necessary to conduct further studies that focus on identifying and characterizing these undiscovered proteins, which will illustrate potentially novel routes for the regulation of ABA signaling and stress responses.
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The basic leucine zipper family (bZIP) represents one of the largest families of transcription factors that play an important role in plant responses to abiotic stresses. However, their role in contributing to thermotolerance in plants is not well explored. In this article, two homoeologs of wheat ocs-element binding factor 1 (TaOBF1-5B and TaOBF1-5D) were found to be heat-responsive TabZIP members. Their expression analysis in Indian wheat cultivars revealed their differential expression pattern and TaOBF1-5B was found to be more receptive to heat stress. Consistent with this, the heterologous overexpression of TaOBF1-5B in Arabidopsis thaliana and Oryza sativa promoted the expression of stress-responsive genes, which contributed to thermotolerance in transgenic plants. TaOBF1-5B was seen to interact with TaHSP90 in the nucleus and TaSTI in the nucleolus and the ER. Thus, the results suggest that TaOBF1-5B might play an important regulatory role in the heat stress response and is a major factor governing thermotolerance in plants.
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INTRODUCTION

Transcription factors function as important components of regulatory networks present inside the cell. They modulate the expression of the target genes by binding to specific sequences in their promoter region (Kong et al., 2015; Yamaguchi, 2021). Amongst the various transcription factor families in plants, basic leucine zipper family (bZIP) represents one of the family, which participates in regulating diverse biological functions, such as stress and hormone signaling, floral induction and development, seed maturation and germination, photomorphogenesis, and pathogen defense (Jakoby et al., 2002; Nijhawan et al., 2008).

bZIP proteins possess the characteristic bZIP domain composed of the basic region and a leucine zipper (Dröge-Laser and Weiste, 2018). The bZIP domain spans over 60–80 amino acids. The basic region consists of 16 amino acids which are further characterized by the presence of an invariant N-x7-R/K motif. The leucine zipper is composed of a heptad repeat of leucine or other hydrophobic amino acids, such as isoleucine, valine, methionine, and phenylalanine, situated nine amino acids toward the C-terminal. While the basic region binds to DNA in a sequence-specific manner, the leucine zipper is in the form of a coiled-coil amphipathic sequence, which is less conserved and determines dimerization aspects, i.e., homodimerization and heterodimerization (Nijhawan et al., 2008; Dröge-Laser et al., 2018).

bZIP is one of the most diverse proteins and is reported in many eukaryotes. Several members of this family have been reported in organisms, such as Arabidopsis (75), rice (89), human (56), Sorghum (92), Soybean (131) and maize (125), Brachipodium distachyon (96), Triticum aestivum (191), Musa acuminata (121), and Manihot esculanta (77) (Riechmann et al., 2000; Deppmann et al., 2004; Liao et al., 2008; Nijhawan et al., 2008; Wang et al., 2011; Wei et al., 2012; Liu and Chu, 2015; Hu et al., 2016a,b; Agarwal et al., 2019). Studies suggest that plant bZIPs can bind to DNA sequences with an ACGT core cis-element, such as ABRE, G-box (CACGTG), C-box (GACGTC), A-box (TACGTA), T-box (AACGTT), and a GCN4 motif [TGA (G/C)TCA] (Foster et al., 1994; Agarwal et al., 2019).

Several bZIPs have been implicated to play an important role in abiotic stresses, such as drought stress, saline stress, and cold stress. In the case of Arabidopsis, AtbZIP17 and AtbZIP24 were reported to enhance salt tolerance by regulating the expression of stress-responsive genes (Liu et al., 2008; Yang et al., 2009). AtbZIP1 was found to be upregulated by cold, salt, and drought stress and its overexpression promoted salt and drought tolerance, thereby making it a positive regulator of the stress response (Sun et al., 2012). AtbZIP62 has been reported as a negative regulator of salt stress response in Arabidopsis thaliana (Rolly et al., 2020). In the case of rice, overexpression of OsbZIP23 in rice plants significantly enhanced drought and salt tolerance and led to increased ABA sensitivity (Xiang et al., 2008). Similarly, Lu et al. (2009) reported the role of OsbZIP72 in ABA signaling and drought tolerance. OsbZIP52 was found to function as a negative regulator in cold and drought stress, as the rice plants overexpressing OsbZIP52, were found to be cold and drought-sensitive, and various stress-regulated genes were observed to be down-regulated in the transgenic plants (Liu et al., 2012). The role of OsbZIP39 was reported in regulating the ER stress response, as its overexpression enhanced the expression of ER stress marker genes (Takahashi et al., 2012).

As compared to Arabidopsis and Oryza sativa, there have been very limited reports elucidating the functional role of TabZIPs. In wheat, overexpression of TabZIP60 enhanced multiple stress tolerance in Arabidopsis through the ABA signaling pathway (Zhang et al., 2015). Further, the splicing of TabZIP60 was found to provide heat stress tolerance in Arabidopsis plants by regulating the expression of ER stress-related genes (Geng et al., 2018). Similarly, TabZIP14-B was found to participate in freezing and salt tolerance in transgenic Arabidopsis plants (Zhang et al., 2017). Agarwal et al. (2019) identified TabZIP, which provided tolerance against environmental stress, such as heat, salinity, and dehydration. TabZIP6 was identified to negatively regulate cold stress response, as it was found to bind to CBF and decrease the expression of downstream COR genes in Arabidopsis overexpression lines (Cai et al., 2018).

Ocs-element binding factor (OBF) proteins belong to group S bZIPs, which bind to promoters containing 20 bp element named as ocs (Katagiri and Chua, 1992; Zhang et al., 1993). This cis-acting ocs-element was first discovered in the promoter of the octopine synthase (ocs) gene of A. tumefaciens (Zhang et al., 1993). The proteins that belong to the OBF bZIP subfamily are also classified as TGA transfactors (Rieping et al., 1994). Maize OBF1 was reported to accumulate in response to low temperature (Kusano et al., 1995). In the case of O. sativa, OsOBF1 has been identified as an interacting protein of low-temperature induced lip19 protein, although the transcripts of OsOBF1 were found to decrease under low-temperature treatment. Thus, OsOBF1 is speculated to be involved in a low-temperature signal switching mechanism in rice (Shimizu et al., 2005). Similarly, in the case of wheat, the transcript of TaOBF1 was found to increase under cold and drought stress, and TaOBF1 heterodimerized with Wlip19 (wheat lip19 homoeolog) (Kobayashi et al., 2008). However, till now TaOBF1 has not been functionally characterized in any plant.

In this study, we have identified TaOBF1-5B as a heat-responsive bZIP. Its interaction with TaSTI and TaHSP90 suggested its potential role in heat stress response. Overexpression of TaOBF1-5B in both Arabidopsis and O. sativa provided thermotolerance by increasing the expression of stress-responsive genes. Thus, this data suggests that apart from being involved in low-temperature response, TaOBF1 might also play an important role under heat stress conditions.



MATERIALS AND METHODS


Phylogenetic Analysis

The protein sequences of all the OBF1 members were downloaded from the NCBI database. The multiple sequence alignment was performed by using the MUSCLE program and the neighbor-joining (NJ) phylogenetic tree was constructed by using MEGA 7 software.



Expression Analysis of TaOBF1 in Triticum aestivum

For analyzing the expression of TaOBF1-5B and TaOBF1-5D in various developmental stages, the wheat expression database hosted at http://wheatexpression.com was used (Borrill et al., 2016). As this database harbored the normalized data, therefore, transcripts per kilobase millions (TPM) values were Log transformed (Log2X) to generate a heatmap using gplot package and Rcolorbrewer package. For seedling-based studies, wheat plants of Indian cultivar PBW-343 and K7903 were germinated on a cotton bed in sterile petri-dishes in a growth chamber maintained at 24/20°C temperature under a daily cycle of 16 h light/8 h dark photoperiod, having 200–300 μmol m−2 s−1 of light intensity. For studying the effect of high temperature, the seedlings of K7903 and PBW-343 cultivar were kept in a growth chamber, that was set at 30, 35, 40, and 45°C and were collected at 2 hrs after the stress treatment (Agarwal and Khurana, 2019). For checking the expression of TaOBF1 homoeologs in various tissues, plants of PBW-343 were grown in potting soil in the departmental net house. For heat stress treatment, the plants were transferred for 4 h to a growth chamber maintained at 42°C for 5, 10, 15, and 20 days after anthesis (Agarwal and Khurana, 2019). A sampling of tissues like root, flag leaf, anther, ovary, lodicule, and developing grain was done from the spike of the control and stressed plants simultaneously. The tissue was immediately frozen in liquid nitrogen and stored at −80°C until RNA isolation.



Transactivation Assay

For checking the transactivation of TaOBF1-5B, the full-length CDS was subcloned into the GAL4 DNA-binding domain of the pGBKT7 vector (Clonetech, USA) by using the Gateway™ cloning technology (Directional TOPO cloning kit and LR clonase Enzyme mix II kit, Invitrogen Inc., USA). The recombinant plasmids were then transformed into yeast strain AH109 harboring the HIS3 reporter gene. The transformants were selected on tryptophan lacking media (SD-W) and the transactivation activity was screened by dropout assay performed on tryptophan and histidine lacking media (SD-HW).



Subcellular Localization and BiFC Assay

To determine the subcellular localization of TaOBF1-5B, the full-length CDS was amplified from the 2 h heat stress cDNA, using the HF phusion enzyme (NEB), and then cloned into the pENTR/D-TOPO vector. It was then mobilized into the destination vector, i.e., pSITE3CA, having the CaMV35S promoter (Directional TOPO cloning kit and LR clonase Enzyme mix II kit, Invitrogen Inc., USA). The ORF of the gene was fused in frame with the C terminal of YFP. This plasmid construct was then used for coating the gold particles and bombarded at a pressure of 1,100 psi into the onion epidermal peel cells by using the PDS-1000 bombardment system (Bio-Rad, Canada). Transformed onion peels were incubated at 27°C for 16 h under dark conditions and the fluorescence was observed in the confocal microscope (Leica, Germany).

For the BiFC assay, the CDS of TaHSP90 and TaSTI-2A were first cloned into pENTR/D-TOPO vector and then mobilized into pSITE-cEYFP. Similarly, the CDS of TaOBF1-5B was cloned into pSITE-nEYFP. The plasmid combinations were used for coating the gold particles and then bombarded at a pressure of 1,100 psi into the onion epidermal peel cells by using the PDS-1000 bombardment system (Bio-Rad, Canada). Transformed onion peels were incubated at 27°C for 16 h under dark conditions and the fluorescence was observed in the confocal microscope (Leica, Germany).

For checking the interaction between putative interactors, the genes of TaOBF1-5B, TaOBF1-5D, TaHSP90, and TaSTI-2A were cloned into the pENTR/D-TOPO vector and further into pDEST-GADT7 and pDEST-GBKT7 vectors (Clonetech, United States). The plasmid combinations were transformed into the yeast AH109 strain harboring the HIS3 reporter gene. The reporter gene activity was confirmed by the viability test on a medium lacking histidine, leucine, and tryptophan (-HLW) supplemented with 0.5 mM 3AT (3-Amino-1,2,4-triazole).



TaOBF1-5B Cloning and Overexpression in Arabidopsis thaliana

For generating the TaOBF1-5B overexpression lines in Arabidopsis, the full-length CDS was amplified and cloned into the pENTR/D-TOPO vector. It was then mobilized into a pMDC32 destination vector having the CaMV35S promoter using the Gateway™ cloning technology (Directional TOPO cloning kit and LR clonase Enzyme mix II kit, Invitrogen Inc., USA). The EHA105 strain of Agrobacterium tumefaciens harboring the pMDC32-TaOBF1-5B was used for the transformation of Arabidopsis plants by the floral dip method (Zhang et al., 2006). Positive transgenic plants were selected after successive generations of selection on MS-agar medium supplemented with 50 μg/μl of hygromycin. The plants were further confirmed by PCR by using the hygromycin and gene-specific primers. Members of the T3 generation with 100% resistance to hygromycin were considered to be homozygous. The level of ectopic expression in homozygous plants was checked by RT-PCR analysis.



TaOBF1-5B Overexpression in Oryza sativa

For generating the TaOBF1-5B overexpression lines in rice, the full length CDS was cloned into pIPKb002 gateway-based vector under the control of maize ubiquitin promoter (Himmelbach et al., 2007; accession no - EU161568). This construct was then transformed into O. sativa Indica rice through Agrobacterium-mediated transformation by using a protocol described by Toki et al. (2006). Briefly, 7-day-old scutellum-derived embryogenic calli were infected with Agrobacterium EHA105 strain harboring the above-mentioned construct. These calli were washed after three days of co-cultivation and kept on the selection medium supplemented with 50 μg/L hygromycin. The secondary calli that developed after four rounds of selection were then transferred to regeneration media for the development of shoots. The regenerated shoots were then transferred to the rooting media. The regenerated plantlets were maintained at 30 ± 2°C at a photosynthetic flux density of 300 μmol m−2s−1, 75–80% of humidity, and photoperiod duration of 16/10 h light/dark phase in rice growth medium (RGM) for 1 month. Thereafter, the plants were transferred to pots containing soil in the greenhouse having the same growth conditions as mentioned above.



Heat Stress Treatment and Expression Profile of Marker Genes in TaOBF1-5B Overexpression Lines in Arabidopsis thaliana and Oryza sativa

For checking the basal thermotolerance in plants, the Arabidopsis Col-0 seeds and the overexpression line seeds were germinated on half strength MS media and allowed to grow in a culture room maintained at 22 ± 2°C at a photosynthetic flux density of 300 μmol m−2s−1, 60% of humidity and photoperiod duration of 16/10 h light/dark phase for 2 weeks. For basal heat stress, the plants were transferred to a growth chamber maintained at 42°C for 2 h and then returned to their original growth conditions for recovery. The phenotype was recorded after 5 days of recovery.

For checking the thermotolerance in rice, T2 seeds were germinated on MS medium supplemented with hygromycin. The WT seeds were germinated on only MS media. Five days after germination, the plants were transferred to a growth chamber maintained at 42°C at a photosynthetic flux density of 300 μmol m−2s−1, 60% of humidity, and a photoperiod duration of 16/10 h light/dark phase. After 5 days of heat stress, the plants were then transferred back to normal temperature and allowed to recover. The phenotype was observed after 4 days of recovery. For checking the expression of heat stress marker genes, plants were grown in the greenhouse until the heading stage and then were then subjected to alternate days of heat stress followed by recovery. The flag leaf tissue was harvested after the stress treatment and stored at −80°C until RNA isolation. For analyzing the ROS levels, 15-day-old seedlings were subjected to 42°C for 24 h followed by a single day of recovery after which both leaf and root tissues were used for NBT staining.



Histochemical ROS Detection

For vizualization the ROS levels in TaOBF1-5B Arabidopsis overexpression lines and WT, staining with nitro blue tetrazolium (NBT) was done (Meena et al., 2020; Samtani et al., 2022). The seeds were germinated on half strength MS medium and then 1- and 2-week-old plants were subjected to 42°C for 2 h, after which the overnight staining of the seedlings was done with NBT (2 mM NBT powder, 20 mM phosphate buffer). The seedlings were washed with water and subjected to chlorophyll removal by dipping them in a bleaching solution (ethanol, acetic acid, and glycerol in a ratio of 3:1:1). The seedlings were then visualized under a bright field light microscope (Leica, Germany) and pictures were taken for comparison of ROS in transgenics and the wild-type plants.

Similarly, NBT staining was done in TaOBF1-5B rice overexpression lines and the WT plants after heat stress for analyzing the ROS levels. For this, 15-day-old seedlings grown hydroponically were subjected to 42°C for 24 h and then allowed to recover for 24 h after which the staining was done overnight as described above.



Estimation of Chlorophyll Content and Fresh Weight

Two-week-old TaOBF1-5B transgenic and WT plants A. thaliana were subjected to 42°C for 2 h. For estimation of chlorophyll, 50 mg of the seedling tissue was taken in a test tube containing 2.5 ml of Dimethyl Sulfoxide and incubated overnight for chlorophyll bleaching. The absorbance of the samples was then measured at 645 nm and 663 nm in a UV-Vis spectrophotometer (Hitachi U-2810, Tokyo, Japan), and the chlorophyll content was calculated according to Arnon (1949); Agarwal and Khurana (2018). For fresh weight estimation, 2-week-old seedlings were subjected to the above-mentioned HS regime, and after 4 days of recovery, the fresh weight was measured. Three biological replicates having 50 seedlings each were taken for calculations.



RNA Isolation and Quantitative Real-Time PCR Analysis

Total RNA was extracted using the TRIzol Reagent (Ambion) according to the manufacturer's protocol. Isolated RNA was converted into cDNA using the Applied Biosystems™ High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific). Quantitative Real-Time PCR (qRT-PCR) was conducted using the SYBR Green (Applied Biosystems) in QuantStudio™ 3 Real-time PCR system (Thermo Fisher Scientific) to study the expression of selected genes (primer sequences provided in Supplementary Table 1) with three biological and three technical replicates. For internal control, GAPDH was used in the case of T. aestivum, Actin 2 in the case of A. thaliana, and Ubiquitin5 was used in the case of O. sativa. Relative gene expression was calculated according to the 2–ΔΔCt method (Livak and Schmittgen, 2001). Further, the relative expression of TaOBF1 homoeologs in different tissues was calculated according to Borah and Khurana (2018).

The real-time data presented in graphs depict the mean ± standard deviation of mean (SD). The distribution of the data was assumed to be normal and thus paired Student's t-test was used for statistical analyses of the results. The statistical significant differences were shown at p ≤ 0.05 (marked *), p ≤ 0.01 (marked **), and p ≤ 0.001 (marked ***).




RESULTS


Identification and Phylogenetic Analysis of TaOBF1-5B and TaOBF1-5D

Genome-wide identification of TabZIPs in wheat showed the expression profile of all the bZIPs under heat stress conditions (Agarwal et al., 2019). In this data, Traes_5B_FF44610EF1.3 and Traes_5D_011851EE7.1 were identified as two TabZIPs, which showed upregulation by heat stress. Using the Ensembl database, these genes were found to be homoeologs and the domain analysis of the database identified them as OBF1. The Traes_5B_FF44610EF1.3 gene was found to be located on chromosome 5B (hereafter denoted as TaOBF1-5B) with CDS of 474 bp, protein of 157 amino acids, and 5' and 3' non-coding region of 598 and 372 bp, respectively. On the other hand, Traes_5D_011851EE7.1 was also found to be located on chromosome 5D (hereafter denoted as TaOBF1-5D) with CDS of 474 bp, protein of 157 amino acids, and 5' and 3' non-coding region of 320 and 295 bp, respectively. Sequence analysis revealed that the CDS of TaOBF1-5B and TaOBF1-5D differed only by the presence of eight SNPs as the rest of the sequence was found to be identical (Supplementary Figure S1A). At the protein level, differences of only two amino acids were found in these homoeologs. TaOBF1-5B had Ala and Asp, while in TaOBF1-5D Ser and Thr were present at respective positions (Supplementary Figure S1B). By using the differences in their UTR regions, the CDS of TaOBF1-5B and TaOBF1-5D was cloned into the pENTR/D-TOPO vector and subsequently mobilized into various destination vectors (Supplementary Figure S2).

For finding the evolutionary links of TaOBF1, a phylogenetic tree was constructed using OBF and TGA sequences from different species (Supplementary Figure S1C). Interestingly, all the OBFs appeared in a separate clade, whereas all the TGAs grouped in different clades. This grouping pattern indicates their functional divergence as well. Moreover, TaOBF1-5B and TaOBF1-5D were found to be closest to OBF1 of Secale cereale (Supplementary Figure S1C).



Comparison of Expression Profile and Subcellular Localization of TaOBF1-5B and TaOBF1-5D

A wheat expression database was used to investigate the differences in the expression profile of TaOBF1-5B and TaOBF1-5D. Supplementary Figure S3 depicts the expression of TaOBF1-5B and TaOBF1-5D across various Zadok stages and in different developmental tissues. It was observed that both of them had similar expression profiles, as among different Zadok stages their expression was found in stem (Zadok stage 65) and root (Zadokstage 13 and Zadokstage 23) (Supplementary Figure S3A). Amongst the various tissues, TaOBF1-5B and TaOBF1-5D showed the highest expression in the stamen, although it was found to be higher for TaOBF1-5B (Supplementary Figure S3B). The stress responsiveness of TaOBF1 was also analyzed by the wheat expression database (Supplementary Figure S3C). Both TaOBF1-5B and TaOBF1-5D were found to be upregulated by 6 h of heat stress.

Further, the relative expression pattern of both the homoeologs of TaOBF1 was analyzed in different tissues in Indian cultivars, i.e., PBW 343 by RT-PCR (Figure 1A). Interestingly, as compared to the online expression data of the cultivar Chinese Spring, a differential expression pattern of TaOBF1 homoeologs, was observed in PBW-343. TaOBF1-5B had higher expression levels in flag leaf, awn, and lodicule tissues as compared to TaOBF-5D. Moreover, their expression was also compared in control and under heat stress conditions in flag leaf, awn, anther, ovary, and lodicule tissues (Figure 1B). TaOBF1-5D was found to be heat-induced in the flag leaf and lodicule tissues, whereas TaOBF1-5B was observed to be specifically upregulated by the heat stress in the anther tissues. Their expression was also validated at different time points of heat stress in the Indian wheat cultivar PBW-343. As shown in Supplementary Figure S4, TaOBF1-5B was induced by heat stress within 30 mins and its expression peaked at 4 h. Surprisingly, TaOBF1-5D was not found to be upregulated by heat stress. The expression TaOBF1-5B and 5D were also compared in heat-sensitive (PBW-343) and heat tolerant (K7903) wheat varieties at different temperatures (Figure 2). Higher transcript levels of TaOBF1-5B were observed with increasing temperatures in the heat-sensitive variety, i.e., PBW-343, with its highest expression at 45°C (Figure 2A). The expression of TaOBF1-5D did not show any increase with the rise in temperature in PBW-343. In the case of heat-tolerant wheat varieties, the expression of both the homoeologs of TaOBF1 were found to be down-regulated with the increase in temperature (Figure 2B). However, lesser down-regulation of TaOBF1-5B was observed as compared to TaOBF1-5D. Since a differential expression pattern was noticed for TaOBF1 homoeologs, therefore, their subcellular localization pattern was also checked by bombarding their YFP-fusion constructs in onion epidermal peel cells. Both TaOBF1-5B and TaOBF1-5D were found to localize to the nucleus and in the cytoplasm (Figure 3). No difference in their localization pattern was observed. Thus, these studies indicate that among the TaOBF1 homoeologs, TaOBF1-5B has a probable role in the heat stress response, and thus it was taken further for in-depth characterization.


[image: Figure 1]
FIGURE 1. Expression analysis of TaOBF1 homoeologs in different tissues of wheat cv. PBW343 seedlings under (A) control and (B) heat stress conditions. Relative expression was checked in different tissues by qRT-PCR. TaGAPDH was used as an internal control gene. Error bars indicate values ±SD. DAF, days after fertilization.



[image: Figure 2]
FIGURE 2. Expression analysis of TaOBF1 homoeologs under heat stress conditions in Triticum aestivum cv. (A) PBW343 (heat sensitive) (B) K7903 (heat tolerant) seedlings at various temperatures. Relative fold change was checked by qRT-PCR. TaGAPDH was used as an internal control gene. Error bars indicate values ± SD.
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FIGURE 3. Subcellular localization of selected TaOBF1 homoeologs (A) TaOBF1-5B, (B) TaOBF1-5D, and (C) localization of pSIT3CA empty vector. DAPI stain was used to highlight the nucleus along with the YFP (YFP, yellow fluorescent protein) (scale bar 50 μm).




Homo and Hetro-Dimerization Between TaOBF1-5B and TaOBF1-5D

As TaOBF1 belongs to a bZIP family, which is well known for controlling the transcription of various genes. Therefore, the transactivation potential of TaOBF1-5B was checked by a yeast one-hybrid system. As shown in Supplementary Figure S5, no growth of the transformed cells was observed on histidine lacking media thereby indicating the absence of transactivation. The leucine zipper motif of bZIPs is known to dimerize (Jakoby et al., 2002). Therefore, the homo and hetero-dimerization of both the homoeologs of TaOBF1 were checked using the yeast two-hybrid assay. To see the interaction, the growth of co-transformed colonies was analyzed on SC-HLW and SC-HLW + 0.5 mM 3AT media. Homo-dimerization was observed with both TaOBF1-5B and TaOBF1-5D (Figure 4). TaOBF1-5D showed slightly better strength of homodimerization as compared to TaOBF1-5B as observed by their growth on SC-HLW + 0.5 mM 3AT media. Apart from this, TaOBF1-5B and TaOBF1-5D were also found to hetero-dimerize as the co-transformed cells were able to grow on 3AT-containing media. The strength of hetero-dimerization was found to be more as compared to the individual homo-dimerization.


[image: Figure 4]
FIGURE 4. Homo-dimerization and hetero-dimerization of TaOBF1-5B and TaOBF1-5D. Yeast-two-hybrid (Y2H) assay was performed to check the homodimerization of TaOBF1-5B and TaOBF1-5D by co-transforming pGBKT7-5B and pGADT7-5B (labeled as TaOBF1-5B Homo) and pGBKT7-5D and pGADT7-5D (labeled as TaOBF1-5D Homo), respectively. The Y2H assay was performed to check the heterodimerization of TaOBF1-5B and TaOBF1-5D by co-transforming pGBKT7-5B and pGADT7-5D (labeled as TaOBF1-5B-5D Hetero). The growth of co-transformed yeast cells was analyzed by drop assay on SD/-Leu/-Trp (-LW) medium, SD/-Leu/-Trp/-His (-HLW) medium, and SD/-Leu/-Trp/-His (-HLW) + 0.5 mM 3-aminotriazole medium (3AT). Pair of plasmids pGBKT7-53 and pGADT7-T were used as positive control, and pGBKT7-Lam and pGADT7-T were used as the negative control.




In vivo Interaction of TaOBF1-5B With TaSTI and TaHSP90

Shimizu et al. (2005) reported that the low-temperature induced Lip19 protein interacted with OsOBF1 to work in the cold-signaling pathway. As TaOBF1-5B was found heat-responsive, therefore, we checked its interaction with TaSTI, which is a stress-induced protein known to function in heat stress. Also, previously we had reported the interaction between TaSTI and TaHSP90 (Meena et al., 2020), therefore, we also checked the interaction of TaOBF1-5B with TaHSP90 and TaHSP70 using the yeast two-hybrid method. Interestingly, TaOBF1-5B was found to interact both with TaHSP90 and with TaSTI as the co-transformed yeast cells were able to grow in an SC-HLW medium (Figure 5A). Interaction with TaSTI appeared to be stronger in comparison to TaHSP90. However, no interaction was observed with TaHSP70. These interactions were further confirmed by the BiFC assay. Interaction between TaOBF1-5B and TaSTI was found to occur in the nucleolus and the ER (Figure 5B). On the other hand, the interaction between TaOBF1-5B and TaHSP90 was seen only in the nucleus (Figure 5C).


[image: Figure 5]
FIGURE 5. Interaction of TaOBF1-5B with TaSTI and TaHSP90. (A) The yeast-two-hybrid assay was performed to check the interaction of TaOBF1-5B with TaSTI, TaHSP90, and TaHSP70 proteins. The growth of co-transformed yeast cells was analyzed on SD/-Leu/-Trp (-LW) medium and on SD/-Leu/-Trp/-His (-HLW) medium. Drop assay was performed on media lacking histidine, leucine, and tryptophan (-HLW) along with 0.5 mM 3-aminotriazole (3AT). Pair of plasmids pGBKT7-53 and pGADT7-T were used as positive control, and pGBKT7-Lam and pGADT7-T were used as the negative control. (B) BiFC assay showing the interaction of TaOBF1-5B with TaSTI-2A in the nucleolus and ER in onion epidermal cells. The localization of the BiFC signal was comparable with the ER marker localization. Red arrows indicate the interaction occurring in the ER and in the nucleolus [ER (endoplasmic reticulum); Scale bar 25 μm]. (C) BiFC assay showing the interaction of TaOBF1-5B with TaHSP-90 in the nucleus in onion epidermal cells (scale bar 25 μm).




TaOBF1-5B Enhances Basal Thermotolerance in Arabidopsis thaliana

To investigate the role of TaOBF1-5B in heat stress response, it was overexpressed in the A. thaliana plants. The overexpression lines were confirmed by using hygromycin-specific PCR, gene-specific PCR (Supplementary Figures S6A,B). The level of ectopic overexpression was detected by RT-PCR, and the overexpression lines were found to have higher expression in comparison to the WT (Supplementary Figure S6C). For checking the basal thermotolerance, Arabidopsis seedlings were subjected to heat stress of 42°C for 2 h and then allowed to recover for 8 days (Figure 6C). The overexpression lines were able to recover better as observed by lesser senescence, more fresh weight, and more chlorophyll levels in comparison to the wild-type plants (Figures 6A,D,E). Similarly, when the 1-week-old plants were subjected to heat stress in pots, they grew better than wild-type plants, as observed by their rosettes (Figure 6B). It is well reported that heat stress accelerates ROS accumulation in plants, which leads to oxidative damage (Suzuki and Mittler, 2006). Therefore, the levels of ROS accumulation were checked in both WT and over-expression lines after giving heat stress at two different stages (Figure 7). The overexpression lines had lesser ROS levels in comparison to WT as evident by the NBT staining.


[image: Figure 6]
FIGURE 6. Overexpression of TaOBF1-5B in Arabidopsis thaliana promoted better growth and more chlorophyll levels under basal heat stress conditions. (A,B) Photographs showing thermotolerance in Arabidopsis TaOBF1-5B-overexpression lines. (C) Depiction of stress regime. (D,E) Graphs representing fresh weight chlorophyll content, respectively. Asterisks indicates statistically significant difference. (Student t-test: *p ≤ 0.05; **p ≤ 0.01).



[image: Figure 7]
FIGURE 7. NBT staining of 1 week (scale bar 1 mm) and 2 weeks (scale bar 1 cm) old seedlings. Plants were given heat stress and were then stained with NBT to visualize the superoxide anion accumulation after the stress treatment.




Transcription Profiling of Stress Marker Genes in Arabidopsis
 
TaOBF1-5B Overexpression Lines

To understand the molecular basis of TaOBF1-5B mediated heat stress tolerance in A. thaliana, we checked the expression levels of different Hsfs and HSPs, which are major components of HSR. It was observed that relative expression levels of AtHsfA2, AtHsfA6, and AtHsfA3 were higher in the overexpression lines as compared to the WT under heat stress conditions (Figure 8). Moreover, an increase in the expression of AtHSP100 was also observed in overexpression lines under stress conditions in comparison to WT. However, no difference in AtHSP70 levels was observed between the overexpression and the WT plants. As the overexpression lines showed lower ROS accumulation under heat stress conditions, therefore, the expression levels of antioxidant enzymes, such as Ascorbate peroxidase 2 (APX2) and Catalase (CAT), were also analyzed. All the overexpression lines had higher levels of AtCAT as compared to WT (Figure 8). No significant difference was observed in the case of AtAPX2.


[image: Figure 8]
FIGURE 8. Expression analysis of heat stress marker genes by qRT-PCR of WT and Arabidopsis transgenics under control and heat stress. Transcript levels were normalized to WT and AtActin was used as an internal control. Error bars indicate values ± SD. Asterisks on top of the error bars represent the significance levels (Students t-test; p ≤ 0.05).





Analysis of TaOBF1-5B Rice Transgenics Showed Lesser ROS Accumulation Under Heat Stress Conditions

After observing the thermotolerance in A. thaliana, TaOBF1-5B was then overexpressed in a monocot model organism, i.e., O. sativa, for confirming its role in providing thermotolerance. Agrobacterium-mediated transformation method was used for transforming rice calli with TaOBF1-5B and the regenerated plants were selected on hygromycin-containing media (Supplementary Figure S7). The transgenic lines were confirmed by using hygromycin specific PCR, and gene-specific PCR (Supplementary Figures S8A,B). The level of ectopic overexpression was detected by RT-PCR and high expression levels were detected in the overexpression lines 2, 8, and 7 with relative transcript levels of 175, 140, and 150, respectively, as compared to 1 in WT (Supplementary Figure S8C). Thus, these three independent transgenic lines were selected for further analysis.

For checking the thermotolerance in the selected over-expression lines of rice, the 5-day-old seedlings were subjected to 42°C for 5 days and then allowed to recover. The TaOBF1-5B overexpression lines were seen to perform better than the WT (Figure 9A). The transgenic plants showed better shoot and root growth, while the growth of WT halted during heat stress. Apart from this, the level of the oxidative load was also analyzed in the transgenic plants after the heat stress. For this, 15-day-old seedlings were subjected to 42°C for 24 h followed by a single day of recovery after which both leaf and root tissues were used for NBT staining. Although no significant difference was observed among the leaf tissues, TaOBF1-5B overexpression lines showed lesser ROS accumulation in the roots as compared to the wild-type plants (Figure 9B). This indicated the potential role of TaOBF1-5B in providing thermotolerance.


[image: Figure 9]
FIGURE 9. Phenotypic analysis of rice TaOBF1-5B-overexpression lines under heat stress conditions. (A) Photographs showing thermotolerance in TaOBF1-5B rice overexpression lines. Transgenic plants showed better growth as compared to WT. (B) NBT staining of roots of WT and TaOBF1-5B transgenics. Plants subjected to heat stress followed by the recovery were stained with NBT to analyze the superoxide anion accumulation after the stress treatment (scale bar 3 mm).




Transcript Profiling of Stress Marker Genes in Rice TaOBF1-5B Overexpression Lines

To explore the mechanism behind TaOBF1-5B attributed thermotolerance in rice, we analyzed the expression levels of stress marker genes in TaOBF1-5B overexpression lines. As observed in Figure 10, higher transcript levels of OsHSP100 and OsHsfA2 were observed in the transgenic plants in comparison to WT under heat stress conditions. A slight but significant increase was observed in the case of OsHSP90 levels in transgenics, whereas no difference was observed in the levels of OsHSP17. Apart from these, the expression levels of antioxidant enzymes, such as Superoxide dismutase (OsSOD) and Catalase (OsCAT), were also analyzed. Higher expression levels of OsSOD were detected in the overexpression lines as compared to WT after exposure to heat stress conditions. No significant difference in the expression of OsCAT was observed between the transgenic and WT plants (Figure 10).


[image: Figure 10]
FIGURE 10. Expression analysis of heat stress marker genes by qRT-PCR of WT and TaOBF1-5B rice transgenics under control and heat stress. Transcript levels were normalized to WT and OsUbiquitin was used as an internal control. Error bars indicate values ± SD. Asterisks on top of the error bars represent the significance levels (Students t-test; p ≤ 0.05).





DISCUSSION

bZIP transcription factors have been well documented to work in various abiotic stresses, such as drought, salinity, and cold stress (Nijhawan et al., 2008; Sornaraj et al., 2016). However, till now there have been limited reports regarding the role of bZIPs in heat stress response in plants. Previously, Agarwal et al. (2019) identified bZIPs in T. aestivum and had reported the role of one of the TabZIP (Traes_7AL_25850F96F.1) in providing thermotolerance in A. thaliana. Using this genome-wide data, we have identified TaOBF1 as one of the most heat-responsive bZIP present in T. aestivum. Moreover, both the homoeologs of TaOBF1 (TaOBF1-5B and TaOBF1-5D) appeared to be heat-responsive in this data. Therefore, in this study, we tried to find the functional role of TaOBF1 during the heat stress response in plants.

Wheat being a hexaploid plant has three sub-genomes, which leads to the presence of homoeologs of each gene. Although it has been speculated that there may be partitioned expression patterns among the homoeologous genes, the experimental evidence is still limited (Zhang et al., 2016). To elucidate the differences between TaOBF1 homoeologous, their CDS sequence and protein sequences were analyzed. It was observed that at the gene level they differ by 8 SNPs whereas at the protein level a change in two amino acids was seen (Supplementary Figure S1). The change of Ala to Ser and Asp to Thr was found between TaOBF1-5B and TaOBF1-5D. Ser and Thr residues have been documented as the potential targets of phosphorylation in bZIPs (Smykowski et al., 2015). Therefore, it can be speculated that TaOBF1-5D might work after being phosphorylated and activated by a kinase. Both TaOBF1-5B and TaOBF1-5D showed localization in the nucleus and the cytoplasm, which indicates that they might work in these compartments (Figure 3).

The available online expression database suggested a similar expression pattern of both the homeologues of TaOBF1 under heat stress conditions. However, a significant difference in their expression pattern was noticed after running RT-PCR for the Indian cultivar PBW-343 (Figure 2A). This observed difference could be explained by the fact that the data present in the wheat expression database is from the Chinese Spring variety. Moreover, TaOBF1-5B and TaOBF1-5D showed differential expression in various tissues under control and heat stress conditions (Figure 1). This indicates their tissue preferential expression pattern, as the D homoeologs of TaOBF1 might function in flag leaf and lodicule under heat stress, whereas the B homoeologs might function in the anthers. A recent report by Meena et al. (2022) showed that the homoeologs of TaHsfA6b showed differential expression patterns in various tissues under control conditions. Apart from the comparison in tissues, their expression profiling under heat stress conditions in the seedling stage revealed TaOBF1-5B as a heat-inducible gene. TaOBF1-5D was not found to be heat inducible at the seedling stage. Moreover, in heat-tolerant cultivar its expression was found to be severely down-regulated (Figure 2B). Thus, overall, these studies hint toward the expression partitioning of TaOBF1 homoeologs in response to heat stress. This could be further supported by the observations by Liu et al. (2015) and Meena et al. (2020), wherein differences in homoeologs expression have been observed under heat stress conditions for other genes.

Since TaOBF1-5B was chosen for further analysis, its transcriptional activity was checked and it was found that TaOBF1-5B lacked the transactivation potential (Supplementary Figure S5). Previous studies have reported that OsOBF1 and TaOBF1 work by interacting with another bZIP i.e. lip19 (Shimizu et al., 2005; Kobayashi et al., 2008). So, it can be speculated that TaOBF1 might regulate its target genes via interaction with other bZIPs. Interestingly, TaOBF1-5B was found to interact with TaSTI and TaHSP90, which are known to work in heat stress response (Figure 5). This was found to be in accordance with earlier reports, which have highlighted the role of OBF1 in cold-signaling in rice and abiotic stress tolerance in wheat through its interaction with lip19 protein (Shimizu et al., 2005; Kobayashi et al., 2008).

Overexpression of TaOBF1-5B enhanced the thermal stress tolerance of A. thaliana, as the plants recovered better after heat stress as compared to the WT (Figures 6, 7). Similarly, in the case of rice, the transgenic lines showed thermotolerance and accumulated lesser superoxide ions after heat stress (Figure 9). Thus, this data suggested that TaOBF1-5B might have a role in providing basal thermal tolerance. In support of this, the expression levels of various stress marker genes, such as AtHsfA2, AtHSfA6, AtHSfA3, AtHSP100, and AtCat, were found to be higher in overexpression lines of A. thaliana (Figure 8). On the other hand, levels of OsHsfA2, OsHSP100, OsSOD, and OsHSP90 were observed to be higher in rice transgenics after exposure to heat stress (Figure 10). The role of these marker genes in attributing to thermotolerance has been reported earlier (Jacob et al., 2017; Samtani et al., 2022). Also, it is worth noticing that overexpression of TaSTI and TaHSP90 has been documented to promote thermotolerance and TaSTI overexpression lines of Arabidopsis had higher levels of AtHsfA2 and AtHsfA6 transcripts under heat stress conditions (Vishwakarma et al., 2018; Meena et al., 2020). In this study as well, expression levels of AtHsfA2 and AtHsfA6 were found to be high in overexpression lines of Arabidopsis under heat stress conditions. So, this highlights the probability of TaOBF1 working in concert with TaSTI and TaHSP90 in the HSR to promote thermotolerance.

Apart from this, we had previously shown that TaSTI interacts with TaHSP90 in the nucleus and the ER-Golgi complex (Meena et al., 2020). Since TaOBF1-5B was found to interact with both of these proteins, we speculated that three of them might work in a complex. However, the BiFC assay showed that TaSTI and TaOBF1-5B interacted in the nucleolus and the ER, whereas interaction with TaHSP90 was observed in the nucleus (Figures 5B,C). Moreover, ER retention signals have been documented in TaSTI (Meena et al., 2020). Thus, this ruled out the possibility of the three working together. Therefore, it is possible that TaOBF1-5B by interacting with TaSTI moves in the ER and might function in the protein unfolding response. Apart from this, it is well known that HSP90 binds to Hsfs and regulates their activity (Yamada and Nishimura, 2008). As TaOBF1-5B interacted with TaHSP90 in the nucleus, it could be possible that TaHSP90 might regulate its activity, though further experimental evidence is needed to confirm this.

Based on our findings, we propose a hypothetical model depicting the role of TaOBF1 in response to high temperatures (Figure 11). Upon heat stress, TaOBF1-5B on interacting with TaSTI translocates into the ER, where it might participate in protein unfolding response. Apart from this, homo-dimerization of TaOBF1-5B or hetero-dimerization with some other bZIP transcription factor leads to the transcription of heat stress-responsive genes, which help in imparting thermotolerance. Its interaction with TaHSP90 probably regulates its transcriptional activity. However, the molecular mechanisms behind TaHSP90 mediated regulation need further investigation. Also, how these three types of interactions help in providing thermotolerance is a potential area of future research. Overall, this study identifies TaOBF1-5B as a positive regulator of heat stress tolerance and provides insights into the mechanisms involved in the heat stress response pathway in crops, such as wheat.


[image: Figure 11]
FIGURE 11. Hypothetical model depicting the role of TaOBF1 in heat stress response. Upon heat stress, TaOBF1 by interacting with TaHSP90 translocates from nucleus to the ER where it participates in the protein unfolding response. Also inside the nucleus, it forms homodimers and heterodimers (by interaction with other bZIPs) and regulates the transcription of heat stress-responsive genes, which aid in providing thermotolerance. Apart from this, TaHSP90 also interacts with TaOBF1 and regulates its transcriptional activity.
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Supplementary Figure 1. Sequence and phylogenetic analysis of TaOBF1. (A) Sequence alignment of CDS of TaOBF1-5B and TaOBF1-5D. SNPs are depicted by #. (B) Protein sequence alignment of TaOBF1-5B and TaOBF1-5D.The difference in amino acids is depicted in yellow color. (C) Phylogenetic tree of TaOBF1 protein and OBF1 protein from other plant species. The unrooted tree was made using MEGA (version 7) with the neighbor joining method (1,000 replicates).

Supplementary Figure 2. Cloning of TaOBF1 homeologues in different vectors. (A) Confirmation of TaOBF1-5B cloned in pDRIVE, pENTR/D-TOPO, and pMDC-32 vectors by digestion. (B) Confirmation of TaOBF1-5D cloned in pDRIVE, pENTR/D-TOPO, and pMDC-32 vectors by digestion.

Supplementary Figure 3. Expression analysis of TaOBF1 homoeologs in different developmental stages of wheat. (A) Heatmap showing the relative expression profile of the TaOBF1-5B and TaOBF1-5D across the various zadok stages of wheat. (B) Heatmap showing the relative expression profile of the TaOBF1-5B and TaOBF1-5D across the various tissues of wheat. (C) Heatmap showing the relative expression profile of the TaOBF1-5B and TaOBF1-5D under abiotic stresses and biotic stresses. MI, mock inoculation; HS, heat stress; DS, drought stress; CS, cold stress; FGI, Fusarium graminearum inoculation; PEG, polyethylene glycol.

Supplementary Figure 4. Expression analysis of TaOBF1 homoeologs in wheat cv. PBW343 seedlings at different time points of heat stress conditions. Relative fold change was checked by qRT-PCR. TaGAPDH was used as an internal control gene. Error bars indicate values ± SD.

Supplementary Figure 5. Transcriptional activation assay of TaOBF1-5B in yeast cells. TaOBF1-5B lacked transcriptional activation, as AH109 yeast cells containing TaOBF1-5B::pGBKT7 construct were unable to grow on SC-HW media.

Supplementary Figure 6. Confirmation of TaOBF1-5B Arabidopsis overexpression transgenic lines by (A) Hygromycin resistance gene specific PCR (B) Gene-specific PCR (C) RT-PCR.

Supplementary Figure 7. Generation of rice transgenics by tissue culture. Transformation of rice calli with Agrobacterium harboring TaOBF1-5B gene.

Supplementary Figure 8. Confirmation of TaOBF1-5B overexpression rice transgenic lines by (A) Hygromycin resistance gene specific PCR (B) Gene and vector-specific PCR (C) RT-PCR.

Supplementary Table 1. List of primers used in this study.
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The WRKY transcription factors (TFs) are one of the largest families of TFs in plants and play multiple roles in plant growth and development and stress response. In this study, GmWRKY21 encoding a WRKY transcription factor was functionally characterized in Arabidopsis and soybean. The GmWRKY21 protein containing a highly conserved WRKY domain and a C2H2 zinc-finger structure is located in the nucleus and has the characteristics of transcriptional activation ability. The GmWRKY21 gene presented a constitutive expression pattern rich in the roots, leaves, and flowers of soybean with over 6-fold of relative expression levels and could be substantially induced by aluminum stress. As compared to the control, overexpression of GmWRKY21 in Arabidopsis increased the root growth of seedlings in transgenic lines under the AlCl3 concentrations of 25, 50, and 100 μM with higher proline and lower MDA accumulation. The results of quantitative real-time polymerase chain reaction (qRT-PCR) showed that the marker genes relative to aluminum stress including ALMT, ALS3, MATE, and STOP1 were induced in GmWRKY21 transgenic plants under AlCl3 treatment. The stress-related genes, such as KIN1, COR15A, COR15B, COR47, GLOS3, and RD29A, were also upregulated in GmWRKY21 transgenic Arabidopsis under aluminum stress. Similarly, stress-related genes, such as GmCOR47, GmDREB2A, GmMYB84, GmKIN1, GmGST1, and GmLEA, were upregulated in hair roots of GmWRKY21 transgenic plants. In summary, these results suggested that the GmWRKY21 transcription factor may promote the tolerance to aluminum stress mediated by the pathways regulating the expression of the acidic aluminum stress-responsive genes and abiotic stress-responsive genes.

Keywords: transcription factor, GmWRKY21, soybean, Al stress, Arabidopsis thaliana


INTRODUCTION

Aluminum (Al) mainly existing in the forms of harmless oxides and aluminosilicates is the third most abundant metal in the earth's crust next to oxygen and silicon (Kochian et al., 2004). Acidic soils are widespread with ~30% of the world's land area and about 50% of the potential of the world's potentially arable lands (Silambarasan et al., 2019). In acidic soil (pH <5), Al3+ ions are activated and dissolved into the soil solution from clay minerals, which can quickly inhibit root growth resulting in reduced crop yield (Kochian et al., 2015). Therefore, Al toxicity is the main factor restricting plant growth in acidic soil (Bojorquez-Quintal et al., 2017). The solubility of aluminum increases with the decrease in pH value (Brautigan et al., 2012). In an acidic solution, Al3+ exists as the octahedral hexahydrate [image: image] commonly known as Al3+ (Kochian et al., 2015), while the Al toxicity in acidic soil is mainly caused by Al3+(Singh et al., 2017). The most apparent feature of Al toxicity is to inhibit the root tip cell elongation and cell division. It was generally believed that the root tip is the central part of Al toxicity (Kochian, 1995). The transition zone (DTZ) of the root tip 1–2 mm between the meristematic zone and the elongation zone is the most sensitive area for aluminum poisoning (Kollmeier et al., 2000). Al3+ is electrostatically bound to the pectin of the negatively charged root tip cell wall (Kochian, 1995), which reduces the rate of cell division and extension and affects root elongation.

Previous studies showed that the higher concentration of Al3+ will cause severe toxicity to plants because it will inhibit cell elongation and cell division in the roots, which will lead to enlarged root tips, reduced root hairs, or no root hair development, thus hindering the absorption of nutrients and water (Kochian et al., 2015). Al3+ toxicity increases the formation of reactive oxygen species (ROS) in plants by leading to lipid membrane peroxidation, ion leakage, protein oxidation, callose accumulation, and cell death (Ezaki et al., 2000; Yamamoto et al., 2002; Boscolo et al., 2003).

In adaptation to Al stress, plants have evolved two resistance mechanisms: external and internal tolerance mechanisms (Liu et al., 2014; Kochian et al., 2015; Wang N. et al., 2017). Several main components exist in the external mechanism including the cell wall of Al3+ fixation, induced pH increase, organic acid (OA) anions chelate Al3+ ions, and Al3+ transmembrane outflow, while some main components are involved in the internal tolerance mechanism including plants chelate aluminum ions through organic acids and proteins in cells and transporting aluminum ions from sensitive cytoplasmic areas to non-sensitive areas, such as vacuoles (Feng, 2000; Ryan et al., 2001; Kochian et al., 2015; Silambarasan et al., 2019). Aluminum-activated malate transporter (ALMT) and multidrug and toxic compound extrusion (MATE) identified in plants are two transporter families that confer Al tolerance through the secretion of the organic acids. TaALMT1 was the first identified malate efflux gene in wheat (Sasaki et al., 2004). Another organic acid efflux transporter family MATEs as a plasma membrane efflux transporter are responsible for the Al-activated citrate release (Liu et al., 2009, 2012).

Transcription factors are proteins that regulate gene transcription to adapt to the environmental stimulus (Finatto et al., 2018). WRKY proteins have one or two conserved WRKY domains of about 60 amino acids with an invariable sequence motif WRKYGQK at the N-terminus and a zinc-finger domain-like (CX4−5CX22−23HXH or CX7CX23HXC) (Eulgem et al., 2000; Rushton et al., 2010). The WRKY TFs can be classified into three main groups (I–III) based on the number of WRKY domains and the type of their zinc-finger motifs. The WRKY TFs in group I have two WRKY domains and a C2H2-type zinc-finger structure. The TFs in group II have a single WRKY domain and contain the zinc-finger motif C2H2, which is divided into five subgroups (IIa–e). The TFs in group III hold a WRKY domain and contain a C2-HC motif (Eulgem et al., 2000; Zhang and Wang, 2005; Song et al., 2018; Xie et al., 2018).

WRKY is a superfamily of transcription factors in plants that play an essential role in many life processes, especially in biotic and abiotic stresses (Eulgem et al., 2000; Zhang and Wang, 2005; Rushton et al., 2010; Chen et al., 2012; Li et al., 2013). SPF1 was the first WRKY gene isolated from sweet potato in 1994 (Ishiguro and Nakamura, 1994), and then, the ABF1 and ABF2 genes were discovered in wild oats (Rushton et al., 1995). The genes of WRKY1, WRKY2, and WRKY3 from parsley were confirmed for the first time that WRKY protein could regulate the response of plants to pathogens (Rushton et al., 1996).

In Arabidopsis, overexpression of AtWRKY25 and AtWRKY33 increased salt tolerance in transgenic plants (Jiang and Deyholos, 2009). Overexpression of AtWRKY57, ABO3, AtWRKY70, AtWRKY46, and AtWRKY54 in Arabidopsis conferred the tolerance of transgenic plants to drought stress (Ren et al., 2010; Jiang et al., 2012; Chen et al., 2017). Overexpression of GhWRKY34 enhanced the tolerance of transgenic Arabidopsis to salt stress by selectively taking up Na+ and K+ (Zhou et al., 2015). GhWRKY1-like encodes a WRKY TF-mediated drought tolerance in Arabidopsis via modulating ABA biosynthesis (Hu et al., 2021). Besides these, AtWRKY3 and AtWRKY4 increased salt stress tolerance in transgenic Arabidopsis (Li C. et al., 2021). In rice, overexpression of OsWRKY11 controlled by the HSP101 promoter resulted in the enhancement of drought resistance, which was characterized by slower leaf wilting and a higher survival rate (Wu et al., 2009). OsWRKY30 in transgenic rice enhanced the tolerance to drought stress (Shen et al., 2012). Overexpression of OsWRKY45 and OsWRKY72 can change the drought resistance of transgenic Arabidopsis, which may be related to the induction of genes related to abscisic acid stress (Qiu and Yu, 2009; Song et al., 2010). Recent studies have shown that OsWRKY108 was an integrative regulator of P homeostasis and leaf inclination (Wang et al., 2021). The inactivated OsWRKY5 enhanced drought tolerance through abscisic acid signaling pathways (Lim et al., 2021). At 4°C, overexpression of OsWRKY76 improved the tolerance to low-temperature stress (Babitha et al., 2013). OsWRKY50 enhanced salt stress tolerance via an ABA-independent pathway (Huang et al., 2021). In wheat, TaWRKY2 overexpression improved salt and drought tolerance by reducing the expression of STZ and RD29B (Niu et al., 2012). TaWRKY146 enhanced drought tolerance by inducing stomatal closure in Arabidopsis (Ma et al., 2017). TaWRKY1 and TaWRKY33 made transgenic Arabidopsis resistant to drought and high-temperature stress (He et al., 2016). The heterologous transgenic plants of the TaWRKY19 gene had salt and drought tolerance and showed tolerance to low temperatures (Niu et al., 2012). TaWRKY74 participated in copper tolerance through regulation of TaGST1 expression and GSH content (Li G. Z. et al., 2021). Ectopic expression of TaWRKY75-A improved drought and salt resistance in transgenic Arabidopsis (Ye et al., 2021). Among the WRKY genes in soybean, overexpression of GmWRKY21 enhanced the tolerance to cold stress in Arabidopsis (Zhou et al., 2008). GmWRKY54 and GmWRKY49 enhanced the tolerance to salt and drought stress in transgenic Arabidopsis (Zhou et al., 2008; Xu et al., 2018), whereas GmWRKY16 conferred salt and drought tolerance (Ma et al., 2019). Overexpression of GmWRKY12 increased the tolerance of transgenic soybean seedlings to drought and salt stress by proline accumulation and malondialdehyde decrease. GmWRKY46 overexpression showed that it was involved in hairy root development and subsequently affected plant growth and Pi uptake (Li C. et al., 2021). It was found that the research progresses on the functions of WRKY family genes in soybean mostly focused on the abiotic stress response. However, there are few reports on the functions of WRKY family genes in acidic aluminum stress in soybean. In this study, GmWRKY21, an abiotic stress-responsive gene induced by Al stress, was investigated for its functional characterization of Al stress tolerance both in Arabidopsis and in soybean. The systems of Arabidopsis genetic transformation and soybean hairy root transformation were used to study the resistance and molecular mechanism of GmWRKY21 responding to acidic aluminum stress.



MATERIALS AND METHODS


Plant Materials and Stress Treatments

A soybean cultivar, “Huaxia 3” (HX3), bred by the Guangdong Subcenter of the National Center for Soybean Improvement in South China Agricultural University, was used to investigate the tissue expression pattern of GmWRKY21 and its responses to Al stress. Soybean seeds of HX3 were germinated in vermiculite with room temperature set at 28/26°C and the light time set as 14-h light/10-h dark under a light intensity of 100 μmol/(m2·s) (Zeng et al., 2012). For the Al dose–response experiment, seedlings were subjected to a modified 0.5 mM CaCl2 solution containing 0, 25, 50, 75, or 100 μM of AlCl3 for 24 h. During the time-course experiment, seedlings were subjected to a modified 0.5 mM CaCl2 solution with 50 μM AlCl3 for 0, 6, 9, 12, 24, 36, or 48 h.



Plasmid Construction and Transformation of GmWRKY21 in Arabidopsis

The cDNA sequences of GmWRKY21 gene were isolated using specific primers (Supplementary Table 1) and inserted into the multicloning sites of the pLB vector to form the GmWRKY21-pLB construct. Then, the full-length coding sequence of GmWRKY21 amplified from the GmWRKY21-pLB vector was inserted into the SacI and XbaI sites of a pTF101.1 vector. The non-conserved region sequence 200 bp of GmWRKY21 amplified by PCR using the specific primers was inserted into the AvrII and AscI sites, and then, the 200-bp sequence was reversely inserted into the SacI and SpeI sites of a pMU103 vector using the ClonExpressR II One Step Cloning Kit (C112, Vazyme, Nanjing, China). The GmWRKY21-pTF101 and GmWRKY21-pMU103 plasmids were then transformed into Agrobacterium strains, GV3101 and K599 competent cells by heat shock, respectively. The subsequent transformations were carried out by the methods of the Agrobacterium-mediated floral dip (Clough and Bent, 2010) and Agrobacterium rhizogenes-based transformation (Matthews and Youssef, 2016).



The Isolation and Sequence Analysis of the GmWRKY21 Gene

The sequence information of the GmWRKY21 gene was obtained from the database of the National Center for Biotechnology Information (NCBI) with the accession number NP_001237327.2 (Wang et al., 2019). The full-length sequence of GmWRKY21 was amplified by RT-PCR using specific primers (Supplementary Table 1) and Super-Fidelity DNA polymerase (Phanta Max, Vazyme Biotech Co., Ltd., Nanjing, China). The seedlings of soybean cultivar HX3 under the treatment of 50 μM AlCl3 (1 mM CaCl2, pH 4.5) were used to extract total RNA by TRIzol reagent (Invitrogen). The methods of generated cDNA, RT-PCR, and agarose gel electrophoresis were described in detail previously (Lu et al., 2015). The purified PCR product was then inserted into the multiple cloning sites of the pLB vector (Tiangen Rapid DNA Ligation Kit, Beijing, China). The positive clones in Escherichia coli were used to obtain the full cDNA sequence of GmWRKY21 identified by PCR, enzyme digestion, and sequencing (Sangon Biotech Co., Ltd., Shanghai, China) (Lu et al., 2015; Ma et al., 2018).

The nucleotide sequence of GmWRKY21 and the amino acid sequence of GmWRKY21 protein were used to search its homologous genes and proteins using the database of NCBI. The alignment of nucleotide sequences was performed with the software of DNAMAN. The structure prediction of the GmWRKY21 protein was carried out using the NCBI blast results. The phylogenetic analysis was enforced by using the software of MEGA X (Kumar et al., 2016). The alignment was adjusted manually, while the unrooted phylogenetic trees were constructed by the neighbor-joining method (Sievers et al., 2011).



Intracellular Localization of GmWRKY21 Protein

Localization of the ‘protein was carried out using the method described previously (Lu et al., 2015). The complete coding sequence of GmWRKY21 without a stop codon amplified by PCR using the specific primers was inserted into the NcoI and SpeI sites to generate a fusion construct of the GmWRKY21-pCAMBIA1302 vector under the control of CaMV 35S promoter. The plasmids of pCAMBIA1302 and GmWRKY21-pCAMBIA1302 were transformed into Agrobacterium tumefaciens strain GV3101 by the heat shock method. The young leaves of 4-week-old tobacco plants were contaminated by the recombinant Agrobacterium tumefaciens using the method described previously in detail (Kokkirala et al., 2010). The agro-infiltration leaves of tobacco plants cultured for 48h to 72 h were photographed with a confocal laser scanning microscope (Leica, Germany).



Transactivation Assay of GmWRKY21 Protein

The ORF sequence of GmWRKY21 amplified by PCR using the specific primers was inserted into the EcoRI and BamHI sites to create a fusion construct of GmWRKY21-pGBKT7 (Supplementary Table 1). The GmWRKY21-pGBKT7 and pGBKT7 plasmids were transformed into the cells of yeast strain Y2H. Transcriptional activation of GmWRKY21 protein was analyzed according to the methods described previously (Yang et al., 2010).



Expression Analysis by qRT-PCR

Total RNA was extracted from the seedlings of soybean or Arabidopsis using the Plant Total RNA Kit (GeneMark, Taiwan, China). Reversing transcription for the first-strand cDNA synthesis was performed with 2 μg of total RNA using a PrimeScriptTM RT reagent Kit (Takara, Beijing, China). The qRT-PCR analysis was performed on a CFX96TM Real-Time System (Bio-Rad, Hercules, CA, USA) with SYBR Premix Ex Taq II (Takara, Beijing, China). The inner reference gene Actin 3 was used to normalize the data. The quantitative variations of gene expression between the examined replicates were evaluated by the 2−ΔΔCt method described previously (Willems et al., 2008; Lu et al., 2015). Three independent biological repeats were performed to ensure accurate statistical analysis. The specific primers are listed in Supplementary Table 1.



Acidic Aluminum Treatment in Transgenic Arabidopsis

Two homozygous lines of T3 generation of GmWRKY21 transgenic plants were used for Al sensitivity assay by measuring relative root elongation according to the method described previously (Yokosho et al., 2016). After seed germination in the MS medium, 5-day-old seedlings of wild-type and GmWRKY21 transgenic plants were transferred to a solid agar medium supplied with 1 mM CaCl2 and 1% sucrose containing different concentrations of AlCl3 (0, 25, 50, and 100 μM; pH 4.5). To prepare 100 mM of AlCl3 stock solution, 2.414 g of AlCl3·6H2O was dissolved in 100 ml of distilled water and sterile-filtered. The root lengths were measured before and after 3 days of different treatments. The relative root elongation (RRE) was computed as the formula, that is, RRE = (root elongation with different treatments/root elongation without treatments) ×100 (Cai et al., 2020).



Hair Root Transformation in Soybean

The plasmids of the empty vector (EV), GmWRKY21-pTF101 (OE), and GmWRKY21-pMU103 (RNAi) constructs were transformed into the competent cells of Agrobacterium strains K599 by heat shock. Hairy root transformation was performed according to previous reports (Kereszt et al., 2007; Ren et al., 2019). Hypocotyls of 5-day-old soybean seedlings were injected with Agrobacterium rhizogenes K599 and kept at high humidity (>90%) with plastic lids until hairy roots at the injection sites were developed to 5–10 cm long. Then, the main roots of the original seedlings were cut, and the hairy roots were immersed in water for ~5 days before the plants with hairy roots were transferred into the solutions of 0 and 50 μM AlCl3 (0.5 mM CaCl2, pH 4.3) for 24 h.



Data Analysis

All data were presented as the mean of three biological replicates ± SEM. Student's t-test at P = 0.01 or P = 0.05 was used to identify the difference between observation values (Lu et al., 2015).




RESULTS


Cloning and Bioinformatics Analysis of GmWRKY21

Based on recent reports of QTL mapping for the aluminum tolerance of soybean (Wang et al., 2019), an aluminum stress-induced gene encoding a transcription factor of WRKY protein was obtained from the database under the gene locus GLYMA_04G218700 and the protein accession number of NP_001237327.2. The WRKY gene designed as GmWRKY21 is located on chromosome 4 of soybean. The GmWRKY21 open reading frame (ORF) was isolated from the soybean variety Huaxia 3 based on putative sequence information available from the Phytozome database. The sequence analysis showed that the GmWRKY21 gene contained three exons and two introns, which encoded a 196-amino-acid protein with an estimated molecular mass of 22.521 KDa and an isoelectric point of 6.143 (data not shown).

The protein BLAST analysis using the complete amino acid sequences indicated that the GmWRKY21 protein had a WRKY DNA-binding domain at the location of the peptide chain between 111 aa and 168 aa. The relationship analysis between GmWRKY21 and other WRKY proteins in soybean and Arabidopsis by the phylogenetic tree showed that Glyma.06g147100 was 91.3% sequence similar to its homology of the GmWRKY21 gene in soybean (Figure 1A), while AT5G64810 with the highest homology in Arabidopsis was 40.8% sequence similar to that of the GmWRKY21 gene. The results of multiple sequence alignment indicated there were three groups for all the WRKY proteins with the largest subgroup of group II. The GmWRKY21 protein was a member of group IIc containing a typical WRKY domain and a C2H2 zinc-finger motif (Eulgem et al., 2000; Figure 1B). In group IIc, some genes had higher sequence similarity to that of GmWRKY21. Among them, GmWRKY6 held the tolerance to salt and drought stress (Zhou et al., 2008). The results suggested that GmWRKY21 protein was a WRKY TF in soybean which may play certain roles in responding to abiotic stress.


[image: Figure 1]
FIGURE 1. Bioinformatics analysis of the GmWRKY21 gene. (A) Phylogenetic tree was constructed to analyze GmWRKY21 and WRKY proteins in soybean and Arabidopsis by the neighbor-joining method using the software of MEGA X. We selected 177 and 71 WRKT family genes in soybean and Arabidopsis, respectively (Supplementary Table 1). The amino acid sequences and the accession numbers of WRKY proteins from soybean and Arabidopsis were obtained from the databases of NCBI (https://www.ncbi.nlm.nih.gov/). (B) Multiple sequence alignment of genes belonged to the same branch of GmWRKY21 from the phylogenetic tree in (A). Red box highlights the WRKY domains and the zinc-finger motifs.




Characteristics of Localization and Transcriptional Activation Ability of GmWRKY21 Protein

To determine the transcriptional activity of GmWRKY21 protein, the complete GmWRKY21 ORF was inserted into the pGBKT7 vector. The results showed that the cell deposits transformed by the GmWRKY21-pGBKT7 construct turned blue on the SD/-Trp/X-α-Gal medium. However, the yeast cells transformed by the pGBKT7 vector did not turn blue (Figure 2A). These results indicated that the GmWRKY21 protein had transcriptional activity in yeast cells.


[image: Figure 2]
FIGURE 2. Transcriptional activation and subcellular localization of GmWRKY21 protein. (A) Transcriptional activation analysis of GmWRKY21 protein. (B) Subcellular localization of GmWRKY21 protein in leaf epidermal cells of tobacco. The ORF sequence of GmWRKY21 was inserted into the sites of EcoRI and BamHI of pGBKT7 vector to form the fusion carrier of GmWRKY21-pGBKT7. The fusion plasmid of GmWRKY21-pGBKT7 and pGBKT7 alone (negative control) were transformed into the cells of yeast strain Y2H. The cell deposits were colored with a chromogenic substrate of X-gal. The full coding sequence of GmWRKY21 (without TGA) was inserted into the NcoI and SpeI sites of pCAMBIA1302 vector to obtain the GmWRKY21-GFP fusion construct. The pCAMBIA1302-GFP vector was transformed as a control. Scale bar (A,B): 10 μm.


To investigate the subcellular localization of GmWRKY21 protein, the GmWRKY21-GFP (green fluorescent protein) recombinant was transformed into the cells of tobacco leaves. The results showed that the green fluorescence was observed in both cytoplasm and nucleus in the cells transformed with the pCAMBIA1302 vector, while the green fluorescence was only observed in the nucleus in the cells transformed with the GmWRKY21-pCAMBIA1302 vector (Figure 2B). The results indicated that the GmWRKY21 protein is localized in the nucleus.



Expression Patterns of GmWRKY21

The qRT-PCR was used to investigate the expression patterns of GmWRKY21. The results showed that GmWRKY21 presented a constitutive expression pattern, which was rich in soybean roots with about a 10-fold expression value, and more transcripts in leaves and flowers than those in stems or pods (Figure 3A). The GmWRKY21 gene was upregulated under the dose treatments of AlCl3 with more than 160-fold relative expression values, and the GmWRKY21 transcripts reached the maximum value under the treatment of 50 μM AlCl3 with about 350-fold relative expression value compared with that under the control treatment (Figure 3B). While under the time-course treatments of 50 μM AlCl3, the GmWRKY21 gene was promptly upregulated with over 50-fold relative expression value and reached its much higher value after the treatment of 50 μM AlCl3 for 24 h (Figure 3C). After 50 μM AlCl3 treatment for 48 h, the expression of GmWRKY21 was still at a relatively high level with over 250-fold relative expression (Figure 3C).


[image: Figure 3]
FIGURE 3. Analysis of GmWRKY21 expression patterns in different tissues and in response to Al stress. (A) qRT-PCR analysis of the GmWRKY21 transcript in different tissues of the soybean variety Huaxia 3. The total RNA was isolated from the samples of soybean roots, stems, leaves, flowers, and pods. (B) Dose-dependent GmWRKY21 expression pattern in the roots of soybean seedlings. The root samples were taken from the seedlings exposed to different treatments of AlCl3 concentrations (0, 25, 50, 75, and 100 μM) for 24 h. (C) The time-course GmWRKY21 expression pattern in the roots of soybean seedlings. The soybean seedlings were exposed to 50 μM AlCl3 for 0, 6, 9, 12, 24, 36, or 48 h. The root samples were separately harvested for qRT-PCR analysis. The expressing values are designed as the means ± SEM (n = 3). The experiments were performed with at least three independent biological replicates. Significant differences according to the one-way analysis of variance are denoted as follows: *P < 0.05 and **P < 0.01.




GmWRKY21 Transgenic Plants Confer Al Tolerance

To investigate GmWRKY21 response to Al stress, three homozygous lines (OE-2, OE-5, and OE-10) and wild type were used to observe the phenotypes under the treatments of AlCl3 in Arabidopsis. As shown in Figure 4A, no statistical difference was observed in root growth between WT and GmWRKY21 transgenic lines in the absence of AlCl3. However, in the presence of 25 and 50 μM AlCl3, the root elongation of WT was inhibited by 15 and 16% after 5 days, but the root elongation of GmWRKY21 transgenic lines was not significantly influenced. The root elongation of both WT and transgenic lines was inhibited with the increase in Al concentrations. At 100 μM AlCl3, the root elongation of WT was inhibited by 38% and that of the transgenic lines was inhibited by 12% (Figure 4B). The determination results showed that MDA was accumulated in both WT and GmWRKY21 transgenic lines with 0.2733 and 0.1643 μg/g fresh weight, respectively (Figure 4C). In contrast, proline contents in both wild-type plants and GmWRKY21 transgenic lines were 24 and 38–51 μg/g fresh weight, respectively, under the treatment of 100 μM AlCl3 (Figure 4D).
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FIGURE 4. Overexpression of GmWRKY21 conferred enhanced Al tolerance in transgenic Arabidopsis. (A) The phenotypes of GmWRKY21 transgenic lines (OE-2, 5, and 10) and wild type (WT) under different treatments of AlCl3 solutions. Five-day-old seedlings were transferred to solid agar medium supplied with 1 mM CaCl2 and 1% sucrose containing different concentrations of AlCl3 (0, 25, 50, or 100 μM; pH 4.5) for 5 days. (B) The analysis of relative root elongation for the GmWRKY21 transgenic lines and WT. (C) The determination of MDA content. (D) The determination of free proline content. All data are presented as means ± SEM. A significant difference according to the one-way analysis of variance is denoted as follows: *P < 0.05, **P < 0.01.


To assess the effect of GmWRKY21 overexpression on Al tolerance in soybean, transgenic hairy roots were produced using the A. rhizogenes-mediated transformation system (Figure 5A). Transcript analysis revealed that GmWRKY21 was upregulated in the overexpression lines at an average fold of 16 and the expression of GmWRKY21 was downregulated in the RNAi transgenic lines at an average fold of 0.5 (Figure 5B). Hematoxylin staining analysis of root tips showed that the GmWRKY21-silenced transgenic lines accumulated more Al3+ than those of the overexpression lines. The determination in root tips showed that the Al3+ contents were 88.1, 162.4, and 120.7 μg/g in the tips of OE, RNAi, and WT plants, respectively (Figure 5C). The results indicated that overexpression of GmWRKY21 improves the tolerance of the hairy roots to Al stress by reducing Al3+ accumulation in soybean roots.
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FIGURE 5. Hematoxylin staining in soybean hairy roots. (A) Hematoxylin staining in soybean hairy roots. (B) Detection of RNA level in soybean hairy roots. (C) Determination of Al3+ content in root tips. OE: the hairy roots of GmWRKY21-overexpressing transgenic soybean; RNAi: the hairy roots of GmWRKY21-RNAi transgenic soybean; Control: the hairy roots of Agrobacterium rhizogenes pathogenic strain K599 in soybean. The experiments were performed with at least three independent biological replicates. Significant differences according to the one-way analysis of variance are denoted as follows: *P < 0.05 and **P < 0.01.




Expression Patterns of Genes Responsive to Al Stress

The qRT-PCR was carried out to analyze the molecular regulation mechanism of the GmWRKY21 gene tolerant to acidic aluminum. The results showed that the expression of AtALMT1, AtALS3, AtMATE, and AtSTOP1 was all upregulated under Al stress in transgenic Arabidopsis (Figure 6). The transcripts of AtALMT1 and AtALS3 induced by Al stress were much higher than those of them under the control; however, the expression of AtMATE and AtSTOP1 was not significantly higher compared with that of the control (Figure 6). The results showed that GmWRKY21 enhances the transgenic plants tolerant to Al stress mediated by the multiple genes through the pathway responding to aluminum toxicity.
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FIGURE 6. (A–D) Expression patterns of genes responsive to Al stress. WT: wild-type Arabidopsis; OE-2, OE-10: GmWRKY21 overexpression transgenic lines. WT and transgenic Arabidopsis were grown on 0 or 100 μM AlCl3 (pH 4.3) 1/2 MS medium for about 10 days. All data are presented as means ± SEM (n = 3). Significant differences according to the one-way analysis of variance are denoted.




Expression Patterns of Stress-Responsive Genes Regulated by GmWRKY21 in Arabidopsis

To further investigate the pathways regulated by GmWRKY21 under Al stress, the expression patterns of stress-responsive genes were performed by qRT-PCR. The results showed that the stress-responsive genes, such as KIN1, COR15A, COR15B, COR47, GLOS3, and RD29A, were upregulated by the treatment of 100 μM AlCl3 (Figure 7). Among them, the transcripts of KIN1, GLOS3, COR15A, and COR15B genes were significantly higher in the OE-10 line than those of WT under Al stress. However, only the expression levels of KIN1, GLOS3, and RD29A were significantly different from those in the OE-2 lines. The results showed that the GmWRKY21 TF enhances the tolerance of transgenic Arabidopsis to acidic aluminum stress mediated by regulating the expression of the stress-responsive genes.
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FIGURE 7. Expression patterns of stress-responsive genes regulated by GmWRKY21in Arabidopsis. WT, wild-type Arabidopsis; OE-2, OE-10: GmWRKY21 overexpression transgenic lines. WT and transgenic Arabidopsis were grown on 0 or 100 μM AlCl3 (pH 4.3) 1/2 MS medium for about 10 days. All data are presented as means ± SEM (n = 3). Significant differences according to the one-way analysis of variance are denoted as follows: **P < 0.01 and *P < 0.05.




GmWRKY21 Transgenic Hairy Roots Increased Transcripts of Abiotic Stress-Related Marker Genes

Several genes such as GmCOR47 (Guo et al., 1992), GmDREB2A (Agarwal et al., 2007), GmMYB84 (Wang Y. Q. et al., 2017), GmKIN1 (Wang et al., 1995), GmGST1 (Qi et al., 2018), and GmLEA (Magwanga et al., 2018) play significant roles in abiotic stress. The expression levels of these marker genes were analyzed between EV and GmWRKY21 transgenic (OE or RNAi) hairy roots under normal and Al stress conditions by qRT-PCR analysis. There was no significant difference between the EV roots and either of the GmWRKY21 transgenic soybean hairy roots under normal growth conditions. The expression levels of GmCOR47, GmDREB2A, GmMYB84, GmKIN1, GmGST1, and GmLEA in the OE soybean hairy roots were significantly higher than those in the EV roots. Conversely, the expression levels of these stress-responsive genes in the RNAi soybean hairy roots were significantly lower than those in the EV-control soybean hairy roots (Figure 8).
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FIGURE 8. Expression patterns of the stress-responsive genes including GmCOR47, GmLEA, GmGST1, GmDREB2A, GmMYB84, and GmKIN1. EV, empty vector; OE, overexpressing GmWRKY21 soybean hair roots; RNAi: the hairy roots of GmWRKY21-RNAi transgenic soybean. The EV, OE, and RNAi soybean hair roots under normal and Al stress conditions. The hair roots were exposed to 0 and 100 μM AlCl3 (pH 4.3) for 24 h. All data are presented as means ± SEM (n = 3). Significant differences according to the one-way analysis of variance are denoted as follows: **P < 0.01 and *P < 0.05.





DISCUSSION

Since the first WRKY transcription factor gene SPF1 was found in sweet potato in 1994 (Ishiguro and Nakamura, 1994), the WRKY family genes have been broadly investigated for the diverse biological roles in plant growth and development and responses to biotic and abiotic stress (Dai et al., 2016; Kiranmai et al., 2018). However, few genes are known about the WRKYs' roles and their mechanisms responsive to Al stress in soybean. In this study, the candidate gene GmWRKY21 derived from the RIL (recombinant inbred line, F12) population of Zhonghuang 24 and Huaxia 3 (160 lines) was investigated for its functional characterization of tolerance to aluminum stress in Arabidopsis (Wang et al., 2019). The GmWRKY21 protein located in subgroup IIc contained the WRKY domain and C2H2-type zinc-finger structure with the classical characteristic of WRKY proteins from soybean and Arabidopsis (Figures 1A,B). The GmWRKY21 protein had more similarities to other WRKY proteins, such as GmWRKY6, GmWRKY25, GmWRKY45, GmWRKY53, GmWRKY8, GmWRKY54, and GmWRKY45, in soybean and AtWRKY57, AtWRKY45, AtWRKY71, AtWRKY28, AtWRKY75, and AtWRKY12 in Arabidopsis (Supplementary Figure 1). Previous reports indicated that these genes were all related to biotic and abiotic stress. For example, GmWRKY6, GmWRKY25, GmWRKY53, and GmWRKY8 all respond to salt and drought stress (Zhou et al., 2008). GmWRKY45 enhanced the adaptation to phosphate deficiency and salt tolerance in transgenic Arabidopsis (Zhou et al., 2008; Li et al., 2019; Wei et al., 2019). Overexpression of GmWRKY54 resulted in the tolerance to salt and drought stress in Arabidopsis and the resistance to drought stress through activating genes in Ca2+ signaling pathways and abscisic acid in transgenic soybean (Wei et al., 2019). In addition, the WRKY family genes also play multiple roles in regulating plant growth and development, responding to biotic and abiotic stresses. Previous reports indicated that AtWRKY57 conferred drought tolerance in Arabidopsis (Jiang et al., 2012). AtWRKY45 transcription factor activated PHT1; 1 expression in response to phosphate starvation (Wang et al., 2014). AtWRKY71 accelerated flowering in Arabidopsis in the presence of salt stress (Yu Z. Y. et al., 2018). Co-expression of AtWRKY28 and AtbHLH17 conferred resistance to abiotic stress in Arabidopsis (Babitha et al., 2013). AtWRKY75 interacted with DELLA protein to positively regulate Arabidopsis flowering (Zhang et al., 2018), while AtWRKY12 negatively regulated cadmium tolerance in Arabidopsis by directly targeting GSH1 (Han et al., 2019). Furthermore, the phylogenetic tree indicated that the GmWRKY21 protein responding to salt and drought stress had more similarities to the GmWRKY6 protein (Supplementary Figure 1). Previous reports showed that overexpression of GmWRKY21 responding to various abiotic stresses, such as salt and drought, enhanced the tolerance of low-temperature stress in transgenic Arabidopsis (Zhou et al., 2008). Therefore, the GmWRKY21 protein was identified to be a WRKY transcription factor to participate in abiotic stress and/or development in plants.

Previous studies revealed that WRKY TFs were widely investigated for key roles in acidic aluminum stress (Ding et al., 2013; Li et al., 2018, 2020). In this study, the GmWRKY21 gene was rich in soybean root and quickly upregulated under AlCl3 treatment with the differences in Al3+ concentrations and temporal differences (Figure 3). Aluminum stress increased the formation of reactive oxygen species (ROS) in plants, leading to lipid membrane peroxidation, ion leakage, and protein oxidation (Ezaki et al., 2000; Boscolo et al., 2003). Malondialdehyde (MDA) was one of the most commonly used indicators for the destruction of ROS under stress conditions (Shi et al., 2013), while proline was a multifunctional amino acid to protect plant growth by accumulating in large quantities when plants were subjected to adversity stress (Natarajan et al., 2012). In this study, overexpression of GmWRKY21 enhanced the tolerance of transgenic Arabidopsis and soybean hairy roots to acid–aluminum stress with the corresponding changes of MDA and proline (Figures 4, 6). Hematoxylin was easy to combine with the root aluminum to form a purplish red complex, and the root tip aluminum ion content can be indirectly judged by the depth of root tip color so as to obtain the sensitivity of plants to aluminum toxicity (Rincon and Gonzales, 1992). In this study, the lines of GmWRKY21 overexpression were dyed shallower by hematoxylin staining with less Al3+ content in the root tips compared to those of WT and RNAi plants (Figure 5). Recent reports indicated that other WRKY TFs also have the function of coping with acidic aluminum stress. For example, AtWRKY46 was a transcriptional suppressor of ALMT1 that regulates alumina-induced Arabidopsis malic acid secretion. The mutation of AtWRKY46 led to increased malic acid secretion and reduced aluminum accumulation in the root tip resulting in higher aluminum tolerance in Arabidopsis (Ding et al., 2013). OsWRKY22 enhanced the tolerance to aluminum stress by activating the expression of OsFRDL4 and enhancing the secretion of citric acid in rice (Li et al., 2018). AtWRKY47 made Arabidopsis aluminum tolerant by regulating cell wall modification genes (Li et al., 2020). Therefore, the GmWRKY21 gene may play an important role in the response of plants to acidic aluminum stress.

Previous studies have found that the ALMT protein family can transport malic acid in the root system to the rhizosphere conferring plants tolerant to aluminum toxicity (Sasaki et al., 2004). The MATE protein family was also involved in the aluminum rejection mechanism by transporting citric acid from the root system to the rhizosphere (Ryan et al., 2011; Kochian et al., 2015). In Arabidopsis, ALMT1, MATE, and ALS3 were upregulated by the STOP1 transcription factor (Sawaki et al., 2009). In this study, the STOP1, ALMT1, ALS3, and MATE genes were upregulated under aluminum acid stress, while the STOP1, ALMT1, and ALS3 genes were dramatically induced by GmWRKY21 in transgenic lines. However, the transcripts of the four genes in transgenic Arabidopsis under Al stress were statistically non-significant differences compared to those under the control (Figure 6). The results suggested that GmWRKY21 enhances the tolerance to Al stress in transgenic plants by the comprehensive effect of multiple genes. Previous research found that GmWRKY21 was involved in a variety of abiotic stresses, such as low-temperature, salt, and drought stress (Zhou et al., 2008). In this study, the stress-related genes of KIN1, GLOS3, and RD29A were significantly upregulated in transgenic Arabidopsis plants under the AlCl3 treatment (Figure 7; Yu et al., 2016; Chu et al., 2018; Wang et al., 2018; Ma et al., 2019). The LEA genes of COR15A and COR15B were upregulated with more transcripts in transgenic Arabidopsis plants (Figure 7), which were abundantly present in vegetative plant tissues under drought, low-temperature or salt, and other environmental stresses (Hundertmark and Hincha, 2008). Overexpression of COR15A or COR15B significantly improved the freezing resistance of Arabidopsis, while silencing these two genes at the same time reduced the freezing resistance of Arabidopsis (Artus et al., 1996; Thalhammer et al., 2014). The results indicated that GmWRKY21 enhanced the tolerance to aluminum stress in Arabidopsis by several genes mediated by certain stress-responsive pathways.

A previous study indicated that some genes such as GmCOR47, GmMYB84, GmDREB2A, GmGST1, GmKIN1, and GmLEA play certain roles in regulating plant response to abiotic stress by potential mechanism. GmGST1 helps in maintaining redox homeostasis of cells, thus enhancing plant ability to resist abiotic stress (Qi et al., 2018). GmMYB84 can improve the expression levels of GmRBOHB-1 and GmRBOHB-2 genes by binding to the MBS cis-elements in their promoter, enhancing stress tolerance in soybean (Wang N. et al., 2017). The COR47 and LEA as group 2 LEA (LEA II) proteins encode dehydrins, which are cold-inducible proteins that are supposed to sustain membrane stabilization and prevent protein aggregation (Guo et al., 1992; Yu Y. C. et al., 2018; Yu Z. Y. et al., 2018; Li P. et al., 2021). The DREB protein plays an important role in regulating abiotic stress-related genes and thereby imparting stress tolerance to the plant system (Dubouzet et al., 2003). KIN1 was induced by low temperature, ABA, osmoticum, and dehydration (Wang et al., 1995). These stress-responsive genes were significantly upregulated in the hairy root of transgenic GmWRKY21 soybean (Figure 8). This indicates that GmWRKY21 improved soybean resistance to aluminum stress by regulating the expression of several stress-responsive genes.
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As a major environmental factor, salt stress substantially retards growth and reduces the productivity of rice (Oryza sativa). Members of the DUF1644 family, “the domains of unknown function 1644 motif” are predicted to play an essential regulatory role in response to abiotic stress. However, the specific molecular mechanisms of most members of this family remain elusive. Here, we report that the OsSIDP301 (stress-induced DUF1644 protein) was induced by salt stress and abscisic acid (ABA). We found that overexpression of OsSIDP301 (OE) in plants conferred salt hypersensitivity and reduced grain size, whereas plants with OsSIDP301 RNA interference (RNAi) exhibited salt tolerance and increased grain size in rice. OsSIDP301 determines salt stress tolerance by modulating genes involved in the salt-response and ABA signaling pathways. Further studies suggest that OsSIDP301 regulates grain size by influencing cell expansion in spikelet hulls. Moreover, OsSIDP301 interacts with OsBUL1 COMPLEX1 (OsBC1), which positively regulates grain size in rice. Our findings reveal that OsSIDP301 functions as a negative regulator of salt stress and grain size, and repressing its expression represents a promising strategy for improving salt stress tolerance and yield in rice.
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INTRODUCTION

Adverse environmental conditions limiting agricultural productivity and threatening security, such as saline alkalization of soil, severely affect plant development and damage one-fifth of the irrigated land (Rasool et al., 2013; Roy et al., 2014; Zhu, 2016; Morton et al., 2019). Rice (Oryza sativa), which is one of the most important cereal crops, is sensitive to saline alkalinization (Hussain et al., 2017; Chang et al., 2019). To meet the demand for food for a rapidly growing population and to compensate for the ever-reducing availability of arable land, it is necessary to urgently develop salt-tolerant rice varieties through efficient molecular breeding technologies (Godfray et al., 2010; Qian et al., 2016). Extensive studies have demonstrated that salt stress usually causes ion toxicity (e.g., Na+ and Cl–), hyperosmotic stress, and secondary stress (e.g., oxidative damage; Zhu, 2002). Plants have evolved various strategies to cope with salt stress, such as the accumulation of antioxidants, osmolytes, phytohormones, and salt-tolerant plant growth-promoting rhizobacteria (Singh et al., 2022; Sinha et al., 2022), which are involved in an intricate signaling network (Zhao et al., 2020). First, the signals are triggered by sodium ion sensing and a cytosolic Ca2+ concentration increase, which depend on salt stress signaling sensors, namely, glycosyl inositol phosphoryl ceramides, and diverse Ca2+-dependent proteins (Jiang et al., 2019). Subsequently, the salt sensitivity signaling pathway is activated to exclude Na+ and activate downstream salt stress-responsive genes (Yang and Guo, 2018). Recent studies on rice have shown that multiple ion transporters, such as HIGH-AFFINITY K+ TRANSPORTER 1 (HKT1) (Wei et al., 2021), HKT4 (Wang et al., 2015), HKT8 (Hauser and Horie, 2010), HIGH-AFFINITY POTASSIUM (K+) TRANSPORTER 1 (OsHAK1) (Chen et al., 2015), and OsHAK21 (Shen et al., 2015), are involved in regulating the homeostasis of Na+/K+ and play a positive role in salt stress management.

Rice yield is determined by the number of effective tillers, number of grains per panicle, and grain weight. Moreover, the grain length, width, and thickness directly influence grain weight. In recent decades, numerous quantitative trait loci and genes that regulate grain size have been identified, such as GRAIN WEIGHT 2 (Song et al., 2007), BIG GRAIN 1 (Liu et al., 2015), RICE SQUAMOSA PROMOTER-BINDING-LIKE 13 (Si et al., 2016), and GRAIN SIZE and ABIOTIC STRESS TOLERANCE 1 (GSA1; Dong et al., 2020). Various studies indicated that the regulation of grain size is associated with multiple signaling factors, including phytohormones, protein kinases, and transcription factors (Zuo and Li, 2014; Li et al., 2019). Notably, brassinosteroid (BR) has been highlighted in connection with grain shape (Li et al., 2019), and mutants with dwarf2 and dwarf11 (involved in BR biosynthesis) displayed a typical BR-deficient phenotype and have small and short grains (Hong et al., 2005; Tanabe et al., 2005; Fang et al., 2016; Wu et al., 2016). The BRASSINOSTEROID UPREGULATED 1 (BU1), a putative helix–loop–helix (HLH) transcription factor, displays typical BR phenotypes and enlarged grains, and also functions as a brassinosteroid UPREGULATED-LIKE 1 (BUL1) and OsBC1 (Tanaka et al., 2009; Jang et al., 2017).

To date, although EARLY FLOWERING 4a (OsELF4a; Wang et al., 2021) and PSEUDO-RESPONSE REGULATOR 73 (OsPRR73; Wei et al., 2021) were reported to positively regulate salt tolerance and grain yield by modulating downstream genes and related proteins, and GSA1 positively regulates salt tolerance and grain size by modulating metabolic flux redirection (Dong et al., 2020), the synergistic regulatory network between abiotic stress and grain yield remains largely unknown (Dong et al., 2020).

Domains of unknown function 1644 (DUF1644) is a large group of proteins (Bateman et al., 2010). Although OsSIDP366 and OsSIDP361 have been reported to be involved in abiotic stress (Guo et al., 2016; Li et al., 2016), the coordinated regulatory network between salt tolerance and grain size remains unclear. In this study, to explore the function of OsSIDP301, which encodes a DUF1644 protein, we developed plants with gene overexpression (OE), gene silencing (RNA interference; RNAi), and gene knock-out. To better understand the role of OsSIDP301 in plant growth and development, we screened for OsSIDP301 interacting proteins, and OsBC1, a basic HLH transcription factor, was identified. In addition, gene silencing plants of OsBC1 also showed a smaller grain size in rice. Our findings revealed that OsSIDP301 was involved in synergistic regulation of salt stress tolerance and grain size, and may have a direct application value in rice.



MATERIALS AND METHODS


Plant Materials and Trait Measurements

In this study, rice (japonica variety TaiPei309, TP309) plants were cultivated with an interplant spacing of 20 cm × 20 cm in the field at Xiamen University, Fujian Province, China, under natural growing conditions. The grain length, width, thickness, and 1,000-grain weight were measured using filled grains after maturation using a Vernier caliper. TP309 was used as the background for the genetic transformation and control of physiological experiments.



Generation of Transgenic Lines

OsSIDP301 was amplified from TP309 and cloned into the pCXUN-Flag (Chen et al., 2009) vector to generate the overexpression line pUbi: OsSIDP301 (OsSIDP301OE). Knockdown and knockout plants were generated using RNAi technology and clustered regularly interspaced short palindromic repeats (CRISPR/Cas9) technology. OsSIDP301 gene-specific RNA sequences and guide sequences were cloned into the pH7GWIWGII vector (OsSIDP301RNAi) and pH-Ubi-cas9 vector (OsSIDP301cas9). For the pOsSIDP301: glucuronidase (GUS) vector, a DNA fragment containing the OsSIDP301 promoter was inserted into the pCXGUS-P vector (Chen et al., 2009). These constructs were introduced into TP309 via Agrobacterium-mediated transformation. The primers used are listed in Supplementary Table 1.



β-Glucuronidase Staining Analysis

To localize the transcripts of OsSIDP301 in TP309 tissue, a 988-bp sequence upstream of the start codon was cloned into the pCXGUS-P vector, and the construct proOsSIDP301:GUS was introduced into TP309 by Agrobacterium tumefaciens with the EHA105-mediated transformation method. The activity of GUS in transgenic plants was detected using a histochemistry assay, as previously described (Jefferson, 1987). The panicles and spikelets of different developmental stages were soaked in a staining solution (50 mM phosphate buffer saline at pH = 7.2, 2 mM potassium ferricyanide, 2 mM potassium ferrocyanide, 0.2% Triton-X-100, and 1 mg/ml X-Gluc) at 37 °C in an incubator with constant temperature. The materials were washed in 70% ethanol after 24 h and images were taken using a stereoscope.



Subcellular Localization of OsSIDP301

To investigate the subcellular localization of the OsSIDP301 protein, the coding sequence of OsSIDP301 was fused with a green fluorescent protein (GFP) cloned into the plasmid of pXDG (Chen et al., 2009) by using ligation-independent cloning technology. Then the constructs of pXDG-OsSIDP301, membrane localization maker (Scamp-mCherry), and nuclear localization maker (NLS-RFP) were co-expressed in tobacco leaves or rice protoplast. The GFP fluorescence signal was observed with a laser scanning confocal microscope (Zeiss LSM, Germany).



Stress Treatments

For phenotype analysis after germination growth, rice seeds of the WT and transgenic lines were sterilized with 70% ethanol for 1 min and then soaked in sodium hypochlorite solution [containing 0.8% (W/V) effective chlorine] for 20 min. After washing with sterile distilled water, the seeds were first germinated on standard 1/2 MS or selection solid medium (1/2 MS + hygromycin) and then transferred to 1/2 MS medium with or without NaCl (100 mM and 150 mM) or abscisic acid (ABA) (3 and 5 μM). After 1 week of growth in the incubator with a photoperiod of 12 h light (30 °C)/12 h dark (25 °C), the shoot length, root length, fresh weight, and dry weight were measured. Two-week-old seedlings grown on 1/2 MS medium were treated with liquid NaCl (150 mM) for 5 days and then recovered in 1/2 MS solution. Survival rates were counted after 7–30 days, and the criterion for death was the absence of the green shoots.



Physiology Parameter Characterization

The total chlorophyll content was detected following a previously described method (Zhou et al., 2018). Briefly, the leaf samples (100 mg) of 3-week-old seedlings were soaked and sealed in 4 ml of 95% (W/V) ethanol and then placed in an incubator at 37 °C in the dark for 2 weeks. The soaking liquid was centrifuged at 8,000 g, and the supernatant absorbance (A) was read at 665, 649, and 470 nm, respectively.

The malondialdehyde (MDA) content was measured following a previously described method (Du et al., 2018a). Briefly, the leaf samples (20 mg) of 3-week-old seedlings were homogenized in 5 ml of 10% (W/V) trichloroacetic acid and centrifuged at 2,000 g for 10 min at 4 °C. The supernatant was reacted with an equal volume 0.67% (W/V) thiobarbituric acid and then boiled for 15 min and centrifuged at 5,000 g. The A of the supernatant was read at 450, 532, and 600 nm, respectively.

The proline concentration was measured following a previously described method (Du et al., 2018b). Leaf samples (100–200 mg) of 3-week-old seedlings were soaked in 5 ml of 3% (W/V) sulfosalicylic acid in 10-ml tubes and boiled for 30 min, and then a reaction mixture was prepared using the supernatant, 2.5% (W/V) ninhydrin reagent, and glacial acetic acid in equal volume and boiled for 30 min. The reaction mixture was added to a double toluene solution of glacial acetic acid and reacted for 24 h. The A of the supernatant was read at 520 nm.

The Na+ content was measured using the previously described method (Fang et al., 2018). Briefly, the leaves were oven-dried at 65 °C for 10 days, 100 mg samples were extracted in 20 ml of 1 M HCl at 25 °C, and the supernatant was filtered and diluted. Finally, Na+ was quantified using flame atomic absorption spectrophotometry (FP6410).

The activity of antioxidant enzyme catalase (CAT) was determined based on the rate of decomposition of H2O2 as described protocols with the reagent test kit of Nanjing jiancheng (A007-1-1). The leaves (100 mg) were homogenized in 50 mM phosphate buffer sodium (pH = 7.8), centrifuged (1,000 g, 20 min, 4 °C), and then the supernatant was used for the analysis of CAT activity.

The diaminobenzidine (DAB) staining assays were performed as described previously (You et al., 2018).



RNA Isolation and Quantitative Real-Time PCR

Total RNA was extracted using an RNA extraction kit (Promega, Shanghai, China). Subsequently, RNA (2–4 μg) was reverse-transcribed into complementary DNA with a reverse transcription kit (Promega). Quantitative real-time PCR (RT-qPCR) was performed using gene-specific primers (Supplementary Table 1) and a detection system on a ROCHE LightCycler 96 instrument (Switzerland). Samples from the wild-type or unstressed wild-type tissue were selected as controls, the gene for OsACTINI was detected in parallel and used as an internal reference, and the data were analyzed using the comparative Ct method. Each experiment was performed in triplicates. The primers used are listed in Supplementary Table 1.



RNA-Seq

For Illumina sequencing, 2.5–3 cm panicle and 20-day-old leaves of TP309 were collected with three biological replicates and RNA was isolated for library preparation using Illumina sequencing by Novogene Bioinformatics Technology Co., Ltd., Beijing, China. RNA-seq reads were aligned to rice cultivar NP reference genome and gene information.1



Yeast Two-Hybrid Library

A Y187 yeast cDNA library of young seedlings was constructed using the pGADT7 vector (TaKaRa Bio, Dalian, China). The coding sequence of OsSIDP301 was introduced into the pGBKT7 vector and transformed into Y2H-Gold yeast cells to screen the cDNA library. Library screening was performed using the mating method, according to TaKaRa Bio. Putative interaction proteins were characterized by sequencing the positive colonies. The coding region of the putative gene was cloned into PGADT7 and co-transformed with PGBKT7-OsSIDP301 to confirm the interaction in the Y2H-Gold strain. The positive control (PGBKT7-53 + PGADT7-T) was used as previously described by using the Y2H system. Primers used are listed in Supplementary Table 1.



Bimolecular Fluorescence Complementation Analysis

OsSIDP301 was cloned into the PacI/AscI restriction sites of the 2YN [pSAT6-n(1–174)EYFP-C1] and 2YC (pSAT6-cEYFP-C1-B vector) to generate constructs for the bimolecular fluorescence complementation (BiFC), respectively (Citovsky et al., 2006). For transient expression, A. tumefaciens strain Gv3101 carrying the combined constructs (OsSIDP301YC + OsSIDP301YN) was co-expressed with the P19 strains into leaves of 1-month-old Nicotiana benthamiana. The YFP fluorescence signal was examined using a Zeiss laser scanning confocal microscope at 48–72 h after infiltration. Primers used are listed in Supplementary Table 1.



Statistical Analysis

Each experiment contained three biological replicates. All data analyses were performed using GraphPad Prism version 7.0.0 for Windows (GraphPad Software, San Diego, CA, United States2). Statistical analysis was performed using IBM SPSS Statistics for Windows (version 25.0; IBM Corp., Armonk, NY, United States), and means were compared by computing unpaired Student’s t-tests. Pairwise multiple parameter comparisons were made using Duncan’s multiple range test to obtain the significance groups (Duncan, 1955).




RESULTS


Expression Analysis and Subcellular Localization of OsSIDP301

To investigate the expression pattern of OsSIDP301, real-time quantitative PCR (RT-qPCR) assay was performed. OsSIDP301 was expressed in all tissues of rice, including sheath, leaf lamina joints, and panicle (Figure 1A). To further explore the expression pattern of OsSIDP301 in more detail, transgenic plants harboring the β-glucuronidase (GUS) reporter were generated under the control of the OsSIDP301 promoter, and GUS staining showed that OsSIDP301 was highly expressed in stamen, pistil, and grain (Figures 1B–H). To analyze the protein subcellar localization of OsSIDP301, the GFP-OsSIDP301 fused protein was constructed and introduced into the N. benthamiana leaves and rice protoplasts. Confocal results showed that GFP signals can be co-localized with membrane localization signal (SCAMP1-mCherry) and nuclear localization signal (NLS-RFP) (Figures 1I,J). Therefore, OsSIDP301 was localized in both the cell membrane and nucleus.
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FIGURE 1. Expression profiling and subcellular localization. (A) Transcript levels of OsSIDP301 in various tissues. OsACTIN1 was used normalized and data are shown as mean ± SD (n = 3). Promoter–GUS activity of OsSIDP301 in young panicle (B,F,G), pollen (D), stigma (C), seed maturation stage, (E) and germination stage (H), bar = 1 mm (B,C,E–H), bar = 10 μm (D). Subcellular localization of OsSIDP301-GFP in N. benthamiana leaves (I), bar = 50 μm and rice protoplast (J), bar = 20 μm.




OsSIDP301 Knockdown Confers Salt Tolerance in Rice

DUF1644 members have been reported to play important roles in abiotic stress. For example, OsSIDP366 and OsSIDP361 are involved in salt and drought stress (Guo et al., 2016; Li et al., 2016). To determine whether OsSIDP301 responds to abiotic stress, OsSIDP301 was first detected in leaves treated with NaCl or ABA. OsSIDP301 expression was induced by salt stress and ABA treatment (Figures 2A,B). Subsequently, RNAi technology was used to generate OsSIDP301 knockdown transgenic lines (referred to as OsSIDP301RNAi), and OsSIDP301 was driven by a maize (Zea mays) ubiquitin promoter to obtain its overexpression lines (referred to as OsSIDP301OE), both in the TP309 background. Two lines of each transgenic plant were selected for the study and their expressions were confirmed by RT-qPCR (Figure 2C).
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FIGURE 2. Phenotype of OsSIDP301 transgenic plants with NaCl treatment. Transcript levels of OsSIDP301 were induced by 100 mM NaCl (A) and 100 μM ABA (B) in 3-week-old seedlings. (C) Relative expression levels of OsSIDP301 between WT, OsSIDP301OE, and OsSIDP301RNAi plants. (D) Phenotype of OsSIDP301 transgenic plants with NaCl treatment at germination stage, bar = 2 cm. Comparisons of germination rate between WT, OsSIDP301OE, and OsSIDP301RNAi plants under normal condition (E) and with NaCl treatment for 7 days (F,G). (H) Phenotype of OsSIDP301 transgenic plants with NaCl treatment at the seedling stage, bar = 2 cm. Comparisons of shoot length (I), root length (J), fresh weight (K), and dry weight (L) between WT, OsSIDP301OE, and OsSIDP301RNAi plants with or without NaCl treatment for 7 days. Data are shown as mean ± SD (n = 8), different letters suggest significant difference at P < 0.05.


Thereafter, salt-stress response analysis was performed during different growth periods. For the germination stage (Figure 2D), the seeds were germinated in 1/2 MS medium with or without NaCl for 7 days. There was no difference between the WT and OsSIDP301 transgenic plants grown in 1/2 MS medium (Figure 2E). When treated with NaCl, although there was no obvious difference between the WT and OsSIDP301RNAi plants, it was significantly decreased in the OsSIDP301OE plants compared with the WT plants (Figures 2F,G). For the seedling stage (Figure 2H), the seeds of all plants were germinated in 1/2 MS medium and then transferred to the medium with or without NaCl for continuous 7 days of treatment. There was no substantial difference between the WT and OsSIDP301 plants grown in 1/2 MS medium. However, OsSIDP301RNAi lines showed higher salt tolerance, with shoot length (+4.29%, +4.96%), root length (+14.27%, +18.26%), fresh weight (+7.48%, +9.2%), and dry weight (+7.79%, +16.23%) remarkably higher than that of the WT with NaCl treatment (Figures 2I–L). In contrast, OsSIDP301OE plants were more sensitive than WT plants, with shoot length (–3.54%, –0.67%), root length (–2.01%, –8.96%), fresh weight (–1.29%, –0.57%), and dry weight (–6.29%, –15.98%) dramatically reduced compared to WT plants (Figures 2I–L). In addition, 20-day-old WT and OsSIDP301 plants were treated with 150 mM NaCl solution for 5 days and then re-watered for 20 days. As expected, compared with WT, the survival rate of OsSIDP301OE lines was significantly decreased but was elevated in OsSIDP301RNAi (Figures 3A,B). These results indicate that OsSIDP301 may act as a negative regulator of salt stress in rice.
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FIGURE 3. Physiological changes in OsSIDP301 transgenic plants. (A) Phenotype of OsSIDP301 transgenic plants that were treated with 150 mM NaCl solution for 5 days and then recovered for 20 days, bar = 3 cm. (B) Survival rate of the panel (A). (C) The chlorophyll content of 3-week-old plant leaves with or without 150 mM NaCl treatment. (D) The MDA content of 3-week-old plant leaves with or without 150 mM NaCl treatment. (E) The proline content of 3-week-old plant leaves with or without 150 mM NaCl treatment. (F) The CAT activity of 3-week-old plant leaves with or without 150 mM NaCl treatment. (G) The DAB staining of 3-week-old plant leaves with or without 150 mM NaCl treatment, bar = 1 mm. Data are shown as mean ± SD (n = 3), different letters suggested significant differences at P < 0.05.


To further verify the salt tolerance phenotype, mutants were generated using the CRISPR/Cas9 genome-editing system. Two mutants of OsSIDP301, designated as OsSIDP301cas9-2 and OsSIDP301cas9-3, were chosen for further characterization (Figure 4A). The results showed that OsSIDP301cas9 plants displayed a similar tendency to OsSIDP301RNAi lines when treated with NaCl. The 20-day-old OsSIDP301cas9 mutants were treated with 150 mM NaCl for 5 days and then re-watered for 7 days. Consequently, the survival rate of OsSIDP301cas9 lines was significantly increased compared with WT (Figures 4B–E). In addition, 3-day-old seedlings of the WT and OsSIDP301cas9 lines were grown with or without NaCl treatment for 7 days, respectively (Figure 4F). OsSIDP301cas9 lines showed higher salt tolerance than the corresponding WT, with an increase in shoot length, root length, and fresh weight (Figures 4G–I). In addition, there was also no significant difference at the germination stage between OsSIDP301cas9 and WT plants with or without NaCl treatment (Supplementary Figures 1A–C).
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FIGURE 4. Mutants of OsSIDP301 were conferred salt tolerance. (A) Mutation types of OsSIDP301 mutants. (B–E) Phenotype and survival rate of mutants were treated with containing 150 mM NaCl solution for 5 days and then recovered for 7 days, bar = 4 cm. (F) Phenotypes of mutants with NaCl treatment at the seedling stage, bar = 2 cm. Comparisons of shoot length (G), root length (H), fresh weight (I) between WT and mutants with or without NaCl treatment for 7 days. Data are shown as mean ± SD (n = 8), different letters suggested significant difference at P < 0.05.




Knockdown of OsSIDP301 Reduces the ROS Levels in Rice Under Salt Stress

To further verify the effect of OsSIDP301, physiological parameters (including the total chlorophyll content, malondialdehyde [MDA], proline content, and CAT activity) were measured. The total chlorophyll content, which represents the presence of chlorosis, was less downregulated in OsSIDP301RNAi lines than that of WT, whereas it was severely decreased in OsSIDP301OE lines compared with WT under saline conditions (Figure 3C). MDA, which induces lipid peroxidation and represents cell oxidative damage, was markedly higher in OsSIDP301OE lines but lower in OsSIDP301RNAi lines than in the WT plants under salt stress (Figure 3D). In addition, proline and CAT, which play an essential role in protecting cells against oxidative stress caused by ROS, were increased in OsSIDP301RNAi lines and decreased in OsSIDP301OE lines compared to that of WT plants with salt treatment (Figures 3E,F). Moreover, 3,3′-diaminobenzidine (DAB) staining assay was used to determine the H2O2 content, which reflects the ROS levels. In comparison with WT leaves, OsSIDP301OE leaves showed stronger staining, whereas only weak staining was observed in OsSIDP301RNAi lines (Figure 3G). Taken together, these results suggested that OsSIDP301 is crucial for maintaining cellular redox homeostasis.



Knockdown of OsSIDP301 Reduces the Na+ Content in Rice Under Salt Stress

To examine whether the reduced growth and biomass of OsSIDP301OE plants were also caused by osmotic stress, 3-day-old seedlings were planted with 0, 120, or 150 mM mannitol. Interestingly, there were no significant differences in OsSIDP301 compared to the WT (Supplementary Figures 1D,E), indicating that ion toxicity rather than osmotic stress was the reason why OsSIDP301OE plants exhibited reduced tolerance to salt stress. Subsequently, the Na+ content of the leaves of 4-week-old seedlings was measured in seedlings grown with and without NaCl treatment (Figures 5A,B). The results showed that Na+ content was significantly higher in the OsSIDP301OE plants than in the WT plants, whereas it decreased in the OsSIDP301RNAi plants with NaCl treatment. These data suggest that the enhanced salt tolerance in the OsSIDP301RNAi lines may be due to reduced Na+ accumulation.
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FIGURE 5. The expression levels of salt stress and ABA-related genes. The Na+ content (A) and K+/Na+ ratio (B) of 3-week-old plant leave with or without 150 mM NaCl treatment. (C–H) The expression level analysis of ion transporter OsHKT1;1, OsHAK21, OsHAK22, and salt-response genes OsNCED1, OsP5CS, and OsABI5 with or without 150 mM NaCl treatment by using 2-week-old seedlings. (I–K) The expression level analysis of ABA signaling regulators OsPP108, OsPP2C09, and OsABIL2 with 100 μM ABA treatment by using 2-week-old seedlings. Data are shown as mean ± SD (n = 3), different letters suggested significant differences at P < 0.05.


Additionally, we detected the expressions of salt ion transporters OsHKT1;1 (Wang et al., 2015), OsHAK21 (Shen et al., 2015), OsHAK22 (He et al., 2019), and salt-response genes, including Δ′-PYRROLINE-5-CARBOXYLATE SYNTHETASE (P5CS; Zhang et al., 1995) and 9-CIS-EPOXYCAROTENOID DIOXYGENASE 1 (OsNCED1; Liu, 2017), which have been reported to positively regulate salt stress. ABA INSENSITIVE 5 (ABI5) has been reported to negatively modulate salt stress (Zou et al., 2008). Our results showed that the expression levels of OsHKT1;1, OsHAK21, OsHAK22, OsP5CS, and OsNCED1 were decreased, while OsABI5 transcript was increased in OsSIDP301OE plants (Figures 5C–H). However, an opposite trend was observed in OsSIDP301RNAi plants. Taken together, these results demonstrate that OsSIDP301 may enhance salt sensitivity by influencing the Na+ content and salt-response genes in rice.



Transcriptome Analysis of OsSIDP301OE and OsSIDP301RNAi Plants

To elucidate the molecular mechanism of OsSIDP301, transcriptome deep sequencing (RNA-seq) was performed in the leaves of salt-stressed 3-week-old plants. With the threshold of significantly differentially expressed genes (DEGs) set at log2 (fold change) > 1 or log2 (fold change) < –1 and adjusted to P < 0.05, 4,002 DEGs (1,796 upregulated and 2,206 downregulated) were identified in OsSIDP301RNAi compared with WT, and 2,951 DEGs (1,321 upregulated and 1,630 downregulated) in OsSIDP301OE compared with WT under salt stress (Supplementary Figures 2A,B). We also identified that 255 DEGs were downregulated in OsSIDP301OE and upregulated in OsSIDP301RNAi plants, and 236 DEGs were upregulated in OsSIDP301OE and downregulated in OsSIDP301RNAi plants (Figure 6A). Gene Ontology (GO) enrichment analysis on these 491 DEGs revealed that genes were related to stress responses, and the GO term with the DEGs included “response to stress (heat, oxidative, antibiotic, etc.),” “protein folding,” “metabolic process,” and “catabolic process” (Figure 6B). Then, the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed that these DEGs were enriched in the “biosynthesis and metabolism” pathway that may be conducive to salt tolerance (Figure 6C). These salt-related DEGs encode diverse proteins, such as transcription factors (e.g., Os05g0322900, Os02g0649300), receptor-like kinases (e.g., Os02g0822900, Os11g0168600), antioxidant enzymes (e.g., Os01g0963000, Os02g0115700), and ion transporters (e.g., Os04g0445000, Os01g0930400) (Figure 6D).
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FIGURE 6. Transcriptome analysis of OsSIDP301 transgenic plants. (A) Venn diagrams for the upregulated in OsSIDP301RNAi and downregulated in OsSIDP301OE DEGs, and downregulated in OsSIDP301RNAi and upregulated in OsSIDP301OE DEGs with NaCl treatment. (B) Gene Ontology (GO) enrichment analysis of the (A) DEGs. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the (A) DEGs. (D) Heatmaps showing the partially representative salt-related gene expression patterns between WT and transgenic plants under salt stress.


As shown in Supplementary Figure 2, several representative genes from RNA-seq data were selected for confirmation using RT-qPCR. For example, K+-efflux channels stelar K+ outward rectifier was significantly upregulated in OsSIDP301OE and downregulated in OsSIDP301RNAi plants, but sodium transporter OsHKT3, Na+–K+ co-transport OsHKT9, and potassium transporters OsHAK5 and OsHAK17 were considerably upregulated in OsSIDP301RNAi plants, whereas the opposite results were observed in OsSIDP301OE plants. The salt-related positive regulators, such as RECEPTOR-LIKE CYTOPLASMIC KINASE 311, WRKY TRANSCRIPTION FACTOR 45, and C2 DOMAIN-CONTAINING PROTEIN were significantly upregulated in OsSIDP301RNAi plants. However, the salt-related negative regulators, such as HOMEOBOX-LEUCINE ZIPPER PROTEIN HOX24, HEAT STRESS TRANSCRIPTION FACTOR B2b, PLASMA MEMBRANE PROTEIN 1, and MEDIATOR 37_1 were significantly upregulated in OsSIDP301OE plants. These results were consistent with RNA-seq data and the role of OsSIDP301 in salt-tolerance signaling, revealing that OsSIDP301 acts as a negative regulator of salt stress.



OsSIDP301 Positively Regulates Abscisic Acid Signaling

As the expression of OsSIDP301 was induced by ABA treatment, we hypothesized that OsSIDP301 is associated with ABA signaling. To confirm this, the ABA sensitivity of OsSIDP301 transgenic plants was first examined at the germination stage at different ABA concentrations (Figure 7A). The germination rate of OsSIDP301OE lines was significantly lower than that of WT at 3 and 5 μM ABA treatments, whereas OsSIDP301RNAi lines showed opposite results (Figures 7B–D). There were no significant differences between the transgenic and WT plants under normal conditions. For the seedling stage (Figure 7E), with different concentrations (3 and 5 μM) of ABA treatment for 7 days, the OsSIDP301OE lines exhibited a severe decrease in shoot length (–15.1%, –11.9%), root length (–70.5%, –54.9%), fresh weight (–27.03%, –7.8%), and dry weight (–28.4%, –21.7%) compared with WT. In contrast, OsSIDP301RNAi lines showed an obvious increase in shoot length (+0.9%, +2.8%), root length (+4.4%, +37.4%), fresh weight (+9.28%, +2.06%), and dry weight (+2.2%, +5.7%) after ABA treatment (Figures 7F–I).
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FIGURE 7. Phenotype of OsSIDP301 transgenic plants with ABA treatment. (A) Phenotype of OsSIDP301 transgenic plants with ABA treatment at germination stage, bar = 2 cm. Comparisons germination rate between WT, OsSIDP301OE, and OsSIDP301RNAi plants with (C,D) or without ABA treatment (B). (E) Phenotype of OsSIDP301 transgenic plants with ABA treatment at the seedling stage, bar = 2 cm. Comparisons of shoot length (F), root length (G), fresh weight (H), and dry weight (I) between WT, OsSIDP301OE, and OsSIDP301RNAi plants with or without ABA treatment for 7 days. Data are shown as mean ± SD (n = 8), different letters suggested significant differences at P < 0.05.


In addition, we examined the expression of ABA signaling-related genes, including PROTEIN PHOSPHATASE 2C 09 (OsPP2C09) (Miao et al., 2020), PROTEIN PHOSPHATASE 108 (OsPP108) (Singh et al., 2015), and OsABI-LIKE2 (OsABIL2) (Li et al., 2015), which negatively regulate ABA signaling. Their expression levels were upregulated in OsSIDP301RNAi, whereas slightly downregulated in OsSIDP301OE lines compared to WT plants treated with 100 μM ABA (Figures 5I–K). Taken together, these results suggest that OsSIDP301 plays a positive role in the ABA signaling pathway and participates in the ABA-mediated complex abiotic stress signal transduction pathway.



OsSIDP301 Negatively Regulates Grain Size

Since GUS staining showed that OsSIDP301 was highly expressed in grains, it would be worthwhile to investigate whether OsSIDP301 can function in grain development. As expected, the homozygous OsSIDP301RNAi lines markedly increased in grain length (+1.13%, +3.8%), grain width (+2.8%, +5%), and 1,000-grain weight (+2.4%, +3.7%) (Figures 8A–D,F and Supplementary Figures 3A–E). Moreover, the number of secondary branches in the OsSIDP301RNAi plants’ panicle increased compared to the WT (Supplementary Figures 3K,N). However, the homozygous OsSIDP301OE lines showed opposite phenotypes. OsSIDP301OE plants displayed decreased grain length (–2.96%, –4.5%), grain width (–3.1%, –5%), and 1,000-grain weight (–6%, –11.7%) (Figures 8A–D,F and Supplementary Figures 3A–E). Additionally, panicle length and the number of secondary branches in OsSIDP301OE lines were significantly decreased than those in the WT plants (Supplementary Figures 3K–N). Furthermore, our results showed that the mutants displayed a significant increase in grain length (+3.8%, +3.9%), grain width (+2.5%, +2.2%), and 1,000-grain weight (+3.3%, +7.4%) compared to the WT (Figures 8C,D,F), but no obvious changes in grain thickness and panicle length were observed (Figure 8E and Supplementary Figures 3F–N). Together, these results indicate that OsSIDP301 negatively regulates grain size and weight.
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FIGURE 8. OsSIDP301 regulates grain length and grain width. Morphology of grain length (A) and grain width (B) in WT, OsSIDP301OE, OsSIDP301RNAi lines, and mutants, bar = 1 cm. Comparisons of grain length (C), grain width (D), grain thickness (E), and 1,000-grain weight (F) between WT, OsSIDP301OE, OsSIDP301RNAi, and mutants (n = 100). (G) Scanning electron micrographs of the local outer surfaces of glumes in WT, OsSIDP301OE, OsSIDP301RNAi, and mutants, bar = 40 μm. Comparisons cell length (H) and cell width (I) between WT, OsSIDP301OE, OsSIDP301RNAi, and mutants on the surfaces of glumes. (J) Relative expression levels of cell cycle-related and cell expansion-related genes from RNA-seq analysis in WT and transgenic lines. Data are shown as mean ± SD (n = 3), Student’s t-test was used, *P < 0.05, **P < 0.01.




OsSIDP301 Regulates Grain Size by Promoting Cell Expansion

Cell proliferation and expansion are major factors that influence grain development. As the grain length of OsSIDP301cas9 mutants and OsSIDP301RNAi plants increased, scanning electron microscopy (SEM) and paraffin section assays were used to observe the cells in spikelet hulls (Figure 8G and Supplementary Figures 4A,B). Compared with those of the WT, the epidermal cells of the glume were smaller in OsSIDP301OE lines and enlarged in OsSIDP301RNAi lines (Supplementary Figure 4B). Moreover, SEM results showed that the cell length of the glume was significantly increased in OsSIDP301RNAi and OsSIDP301cas9 lines compared to the WT, but no significant difference in cell width was observed between OsSIDP301cas9 mutants and WT (Figures 8H,I). However, the cell length and width of the glume were significantly decreased in OsSIDP301OE lines than those in WT. These results suggest that OsSIDP301 negatively regulates grain size by influencing cell expansion. To explore the possible molecular pathway of OsSIDP301 in the regulation of seed development, RNA-seq was performed in the young panicle of WT and OsSIDP301 lines. A total of 514 differentially expressed genes (DEGs) were identified (Supplementary Figure 4C). GO enrichment and KEGG analysis showed that these DEGs were involved in biosynthesis and metabolism pathways (Supplementary Figures 4D,E). Among them, cell-expansion related genes, including ALPHA-EXPANSIN 4 (EXPA4) (Choi et al., 2003), PHOSPHATE-INDUCED PROTEIN 1 (Aya et al., 2014), and the cell-cycle related gene CELLULOSE SYNTHASE-LIKE (Yoshikawa et al., 2013), were significantly upregulated in OsSIDP301RNAi lines compared to that in WT and OsSIDP301OE plants (Figure 8J), indicating that the increased cell size in OsSIDP301RNAi may result from the upregulated expression of genes that promote cell expansion. Taken together, these results indicate that OsSIDP301 negatively regulates grain size by altering glume cell expansion.



OsSIDP301 Interacts With OsBC1

A yeast two-hybrid assay (Y2H) was used to screen for OsSIDP301-interacting proteins, with the OsSIDP301 protein used as a bait. OsBC1, which encodes a basic helix–loop–helix transcription activator and has been reported to positively regulate grain size (Jang et al., 2017), was identified as one of the interactive proteins (Figure 9A). Overexpression of BC1 increases the grain size by promoting the expression of cell expansion-related genes, including ALPHA-EXPANSIN 1 (EXPA1), ALPHA-EXPANSIN 2 (EXPA2), ALPHA-EXPANSIN 3 (EXPA3), and EXPA4 (Tanaka et al., 2009; Jang et al., 2017). In addition, we observed that OsSIDP301 could interact with itself, suggesting that OsSIDP301 might exert its function by forming dimers (Figure 9A). Subsequently, we cloned three types of truncations of full-length OsSIDP301 based on the DUF1644 domain, including OsSIDP301N, OsSIDP301DUF, and OsSIDP301C, as shown in Figure 9B. The Y2H results showed that all truncations of OsSIDP301 could interact with OsBC1 and OsSIDP301, respectively (Figures 9C,D). BiFC assays were performed to further confirm the interaction between OsSIDP301 and OsBC1 in vivo. OsSIDP301 and OsBC1 were fused to the N-terminal (nYFP) and C-terminal (cYFP) of YFP, respectively. Confocal microscopy showed strong YFP fluorescence in the nucleus of N. benthamiana cells with OsBC1-cYFP and OsSIDP301-nYFP, OsSIDP301-cYFP and OsBC1-nYFP, or OsSIDP301-cYFP and OsSIDP301-nYFP, but not in the negative controls (Figure 9E). Taken together, these results indicate that OsSIDP301 could interact with OsBC1 and form homo-dimers in rice.
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FIGURE 9. OsSIDP301 interacts with OsBC1. Yeast two-hybrid assay demonstrated the OsSIDP301 interacts with OsBC1 (C) and itself (D) by the full length (A), N terminal, the DUF1644 domain, and the C terminal of OsSIDP301, respectively. (B) The protein truncation sites of OsSIDP301. (E) BiFC assay demonstrated the OsSIDP301 interacts with OsBC1 in vivo, the YFP fluorescence signals located in nuclear of N. benthamiana leaves, bar = 20 μm.





DISCUSSION

Several studies have reported that the DUF640 family is involved in grain development in rice (Li et al., 2012; Yan et al., 2013); the DUF966 family has been shown to respond to abiotic stress in rice (Luo et al., 2014); and the DUF1644 family is responsible for abiotic stress in rice and affects crop yield in maize (Guo et al., 2016; Li et al., 2016; Chen et al., 2022). The DUF1644 family is a plant-specific protein, and there are nine DUF1644 homologous genes in rice, while the functions of only two members have been identified and that of the others are still unclear. In this study, we provide evidence that the DUF1644 protein OsSIDP301 negatively regulates grain size and salt tolerance in rice.


OsSIDP301 Negatively Regulates Salt Tolerance

The major staple crops for eating are glycophytes, which are unable to complete their life cycle when salt concentrations in soil exceed 200 mM compared to halophytes (Munns and Tester, 2008; Flowers et al., 2015). Therefore, improving abiotic tolerance is essential for global food security and productivity. OsSIDP361 and OsSIDP366, which encode the DUF1644 proteins with a conserved DUF1644 domain and zinc finger domain, respectively, have been reported to be associated with abiotic stress (Guo et al., 2016; Li et al., 2016). In this study, the overexpression of OsSIDP301 was observed in response to salt stress (Figure 2A). Moreover, salt stress simulation at the germination and seedling stages showed that OsSIDP301 might have a negative effect on salt tolerance (Figures 2, 3, 4). These results suggested that OsSIDP301 plays an important role in abiotic stress tolerance. Previous studies have shown that salt stress induces the accumulation of MDA, proline, ROS, and Na+, as well as high activities of superoxide dismutase, peroxidase, and CAT, leading to disruption of cellular homeostasis and threatening plant development (Zhang et al., 2013; Kaur and Asthir, 2015; Liang et al., 2018). In this study, proline content was decreased in OsSIDP301OE lines, whereas MDA content was increased with NaCl treatment; DAB staining also suggested that H2O2 content in OsSIDP301OE lines was higher than that of the WT, which was consistent with inhibited CAT activity (Figure 3); and OsSIDP301OE plants had a higher level of Na+ content when compared with WT under NaCl treatment (Figure 5A). The HKT, HAK, and AKT family members and salt-response genes have been reported to be related to the K+/Na+ balance in cells. For example, OsHKT1;1 (HKT4) encodes a high-affinity potassium transporter that plays an essential role in controlling Na+ content and inhibiting Na+ toxicity in leaves, leading to enhanced salt tolerance in rice (Wang et al., 2015); OsHAK21 encodes a potassium transporter and its mutants exhibit hypersensitivity to salt stress (He et al., 2019); and OsABI5 encodes a bZIP transcription factor that negatively regulates salt tolerance via an ABA-dependent pathway (Zou et al., 2008). In this study, the expressions of OsHKT1;1, OsHAK21, OsHAK22, OsABI5, and OsNCED1 were consistent with salt tolerance of OsSIDP301 with NaCl treatment (Figures 5C–G). P5Cs has been reported to participate in proline biosynthesis (Zhang et al., 1995), and the overexpression of P5Cs in OsSIDP301RNAi plants (Figure 5H) was consistent with higher proline content compared to WT (Figure 3E). In addition, RNA-seq data and RT-qPCR results confirmed that many positive factors were upregulated in OsSIDP301RNAi plants (Figure 6 and Supplementary Figure 2), suggesting that OsSIDP301 is involved in salt tolerance by regulating salt-related gene expression. Put together, these findings reveal that OsSIDP301 negatively regulates salt tolerance by changing physiological parameters and participating in abiotic stress signaling pathways in rice.



OsSIDP301 Responds to Abscisic Acid Signaling

Abiotic stress-resistance systems are complex networks that include signal transduction, phytohormones, and functional gene regulation. ABA has been widely reported to respond to abiotic stress (Zhu, 2002). In this study, an obvious hypersensitive phenotype to ABA treatment was exhibited in OsSIDP301OE plants at the seed germination and seedling growth stages (Figure 7), which was contrary to previous results on the relationship between ABA and stress resistance. However, Oshox22 (Zhang et al., 2012), bZIP TRANSCRIPTION FACTOR 05 (Tong et al., 2021), OsABI5 (Zou et al., 2008), and SlbZIP38 (Pan et al., 2017) have been found to negatively regulate salt or drought stress, but positively regulate ABA responses. In addition, WRKY GENE 20 (Luo et al., 2013) and OsbZIP71 (Liu et al., 2014) have been reported to positively regulate abiotic stress, but negatively regulate ABA responses. In this study, the overexpression of negative regulators in ABA signaling were observed in OsSIDP301RNAi lines with ABA treatment, including OsPP2C09 (Miao et al., 2020), OsPP108 (Singh et al., 2015), and OsABIL2 (Li et al., 2015). These results demonstrated that OsSIDP301 is involved in the salt stress response through an ABA-dependent pathway.



OsSIDP301 Is Associated With Yield-Related Traits in Rice

Grain size (grain length and width)/weight is an important agronomic trait for crop production (Xing and Zhang, 2010). In rice, grain shape is related to cell expansion or proliferation. SMALL GRAIN 11, a new allele of DWARF2, positively regulates grain size and weight by promoting cell expansion in rice (Fang et al., 2016); MEI2-LIKE PROTEIN 4 negatively regulates grain length and weight by controlling cell expansion in rice (Lyu et al., 2020); and GRAIN WIDTH 6 enhances grain size and weight by promoting cell expansion (Shi et al., 2020). In this study, intense GUS staining and grain shape were observed in the seeds of transgenic plants, which showed that OsSIDP301 plays an important role in grain development. Moreover, SEM and paraffin section results suggested that the smaller grain shape in OsSIDP301OE lines might be caused by decreasing cell expansion (Figure 8 and Supplementary Figures 4A,B). BR has been reported to be associated with regulating grain shape (Li et al., 2019). DWARF 61 encodes a BR receptor that positively regulates grain size by regulating downstream genes, and the overexpression of BU1 showed typical BR phenotypes and larger grain size (Tanaka et al., 2009); BC1 increased grain size by upregulating cell expansion-related genes, including EXPA1, EXPA2, EXPA3, and EXPA4 (Tanaka et al., 2009; Jang et al., 2017). In this study, OsSIDP301 was found to interact with OsBC1, and overexpression of EXPA4 was observed in OsSIDP301RNAi lines (Figures 9, 8J). These results suggest that OsSIDP301 negatively regulates grain size by controlling cell expansion.

In conclusion, our findings indicate that OsSIDP301 plays a negative role in salt tolerance by regulating salt-related genes and negatively regulating grain size and weight by promoting cell expansion in spikelet hulls. Moreover, OsSIDP301 interacts with OsBC1, which also plays an important role in regulating grain size (Figure 10). Taken together, the knockdown of OsSIDP301 can enhance grain size/weight and salt tolerance in rice. These findings of the functional characteristics of OsSIDP301 complement the mechanism of yield and resistance synergy, which could provide a new target for cultivating high-yield and stress-resistant varieties in rice.


[image: image]

FIGURE 10. The proposed working model of OsSIDP301 regulates salt tolerance and grain size. The dotted lines indicated indirect regulation, the two-way arrows indicate interaction of protein, and the solid lines indicate direct regulation.
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Supplementary Figure 2 | (A, B) Volcano plots comparing the transcriptomes between OsSIDP301RNAi and OsSIDP301OE with the WT. The green and red dots represent downregulated DEGs with log2(FC) < -1 and upregulated DEGs with log2(FC) > 1, respectively. The blue dots represent no significant difference in transcriptomes. (C–V) Relative expression levels of DEGs from RNA-seq by RT-qPCR analysis. Data were shown as mean ± SD (n = 3).

Supplementary Figure 3 | Increased OsSIDP301 expression caused smaller grains and shorter panicles. (A) Morphology of grain length and grain width in WT, OsSIDP301OE, and OsSIDP301RNAi lines. Comparisons of grain length (B), grain width (C), grain thickness (D), and 1,000-grain weight (E) between WT, OsSIDP301OE and OsSIDP301RNAi lines (n = 100). (F) Morphology of grain length and grain width in WT and mutants. Comparisons of grain length (G), grain width (H), grain thickness (I), and 1,000-grain weight (J) between WT and mutants. (K) Morphology of panicle length in WT, OsSIDP301OE, OsSIDP301RNAi lines, and mutants, bar = 3 cm. Comparisons of panicle length (M), primary branches (L), and secondary branches (N) between WT, OsSIDP301OE, OsSIDP301RNAi lines, and mutants (n = 4). Data were shown as mean ± SD, Student’s t-test was used, *P < 0.05, **P < 0.01.

Supplementary Figure 4 | Cytological analysis of spikelet before fertilization and transcriptome analysis between WT and OsSIDP301 plants in panicle. (A) Longitudinal sections of spikelet before fertilization, bar = 1 mm. (B) The local longitudinal sections of spikelet regions that were indicated by a red rectangle on panel (A) were enlarged 20-fold, the local cell length was indicated by the red line, bar = 250 μm. (C) Venn diagrams of the DEGs between WT and OsSIDP301 plants in panicle. (D) GO enrichment analysis of all the (C) DEGs. (E) KEGG enrichment of all the (C) DEGs.

Supplementary Table 1 | Primers in this study.

Supplementary Table 2 | Differentially Expressed Genes (DEGs) between WT, OsSIDP301OE, and OsSIDP301RNAi from RNA-seq analysis, and using leaves as the material with 150 mM NaCl treatment for 3 days.

Supplementary Table 3 | Differentially Expressed Genes (DEGs) between WT, OsSIDP301OE, and OsSIDP301RNAi from RNA-seq analysis, and using young panicle as the material.
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Potato is a temperate crop consumed globally as a staple food. High temperature negatively impacts the tuberization process, eventually affecting crop yield. DNA methylation plays an important role in various developmental and physiological processes in plants. It is a conserved epigenetic mark determined by the dynamic concurrent action of cytosine-5 DNA methyltransferases (C5-MTases) and demethylases (DeMets). However, C5-MTases and DeMets remain unidentified in potato, and their expression patterns are unknown under high temperatures. Here, we performed genome-wide analysis and identified 10 C5-MTases and 8 DeMets in potatoes. Analysis of their conserved motifs, gene structures, and phylogenetic analysis grouped C5-MTases into four subfamilies (StMET, StCMT3, StDRM, and StDNMT2) and DeMets into three subfamilies (StROS, StDML, and StDME). Promoter analysis showed the presence of multiple cis-regulatory elements involved in plant development, hormone, and stress response. Furthermore, expression dynamics of C5-MTases and DeMets were determined in the different tissues (leaf, flower, and stolon) of heat-sensitive (HS) and heat-tolerant (HT) genotypes under high temperature. qPCR results revealed that high temperature resulted in pronounced upregulation of CMT and DRM genes in the HT genotype. Likewise, demethylases showed strong upregulation in HT genotype as compared to HS genotype. Several positive (StSP6A and StBEL5) and negative (StSP5G, StSUT4, and StRAP1) regulators are involved in the potato tuberization. Expression analysis of these genes revealed that high temperature induces the expression of positive regulators in the leaf and stolon samples of HT genotype, possibly through active DNA demethylation and RNA-directed DNA methylation (RdDM) pathway components. Our findings lay a framework for understanding how epigenetic pathways synergistically or antagonistically regulate the tuberization process under high-temperature stress in potatoes. Uncovering such mechanisms will contribute to potato breeding for developing thermotolerant potato varieties.
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Introduction

Global climate change is a serious threat to sustainable crop production. The global mean surface air temperature is expected to rise from 0.5°C to 4.5°C by the end of the twenty-first century (Change, 2013), which is predicted to result in a 17–24% loss in crop productivity (Zhou et al., 2019). The temperate crops are more vulnerable to global temperature rise, negatively affecting their development and final harvest (Lesk et al., 2016).

Potato is a temperate staple food crop with global production of 370.43 million tons (FAOSTAT, 2021). It is one of the richest sources of carbohydrates, fibers, vitamins, and antioxidants (Beals, 2019), feeding the global nutritional requirements (Birch et al., 2012). Potato is vegetatively propagated through tubers, which develop from underground stems known as stolons (Zierer et al., 2021). The stages of tuberization involve different phases, viz. stolon induction, elongation/branching, termination of stolon longitudinal growth, tuber induction by sub-apical stolon swelling, tuber growth, and bulking (Vreugdenhil and Struik, 1989).

Tuberization is a complex biological phenomenon affected by several environmental cues (Dutt et al., 2017). Short days, cool temperature, and low nitrogen supply favors tuberization, whereas long days, high temperature, and high nitrogen supply oppose the tuberization process (Gao et al., 2014). The optimal temperature requirement for tuberization is 15–20°C (Rykaczewska, 2015). High temperatures and long days impede the tuberization process (Dutt et al., 2017). The process of tuberization under high temperature involves altered assimilate partitioning and change in the source to sink balance (Hastilestari et al., 2018). Even a slight increase in temperature (e.g., 30°C Day/20°C night) can impact the process of tuberization, affecting crop yield severely (Hancock et al., 2014; Kim et al., 2017). Additionally, phytohormones are involved in the tuberization process. The high GA levels impair tuber development, whereas ABA, cytokinin, and sucrose promote tuberization (Chatterjee et al., 2007). The tuberization signaling network involves several key players, including promoters (StSP6A, StBEL5, StPOTH1, and StCDF) and inhibitors (StSUT4, StSP5G, and StRAP1) of tuberization (Dutt et al., 2017).

DNA methylation is a conserved epigenetic mark that regulates gene expression, transposable elements, and stress-mediated responses, eventually contributing to genomic stability (Zhang et al., 2018). DNA methylation in eukaryotes is determined by the concurrent activity of methyltransferases and demethylases (Zhang et al., 2018). In plants, DNA methylation occurs at cytosine residues in three sequence contexts: CpG, CpHpG, and CpHpH (H depicts A, C, T; Law and Jacobsen, 2010). DNA methylation is broadly categorized into de novo and maintenance methylation (Zhang et al., 2018). The basic function of any C5-MTase is to recognize specific nucleotide sequences and mark the transfer of methyl group from co-factor S-adenosyl-L methionine (SAM) to 5'-cytosine residue on the pyrimidine ring (Cheng et al., 1993). This function is attributed to the N-terminal regulatory and C-terminal catalytic domain (Pavlopoulou and Kossida, 2007). Plant cytosine DNA methylases (C5-MTase) are much more diverse and less explored than mammalian C5-MTase. Till now, four major types of C5-MTases have been identified including METHYLTRANSFERASE (MET), CHROMO METHYLTRANSFERASE (CMT), DOMAINS REARRANGED METHYLASE (DRM), and DNA METHYLASE HOMOLOG 2 (DNMT2; Cao et al., 2003). DNA demethylation occurs either passively by loss of maintenance methylation enzymes during consecutive DNA replication or actively by the action of a special set of DNA glycosylases (HhH-GPD); DNA glycosylases/lyases that excise 5-meC and operate through the base excision pathway (Roldán-Arjona et al., 2019). Also, two additional conserved domains named RNA recognition motif (RRM) and methylated CpG discriminating CXXC domain are found (Iyer et al., 2011). Thus, active DNA demethylation requires a set of DNA demethylases to initiate the process (Gallego-Bartolomé et al., 2018; Liu et al., 2021).

The concurrent action of methyltransferase and demethylases regulate several developmental features such as plant size, leaf size and shape, flowering time, and fruit ripening (Finnegan et al., 1996). Also, methyltransferases and demethylases are involved in regulating stress-responsive genes in plants (Zhu et al., 2020). For instance, the role of DNA methylation has been suggested in drought and salinity stress responses while studying the contrasting rice genotypes (Garg et al., 2015). Likewise, the role of DNA methylation in conferring plant immunity in A. thaliana has also been demonstrated (Dowen et al., 2012).

In the present study, DNA methyltransferase and demethylases were characterized in potato (Solanum tuberosum) for the first time. Also, their expression patterns were determined in several tissues such as the leaf, flower, and stolon in the heat-sensitive (HS) and heat-tolerant (HT) potato genotypes under high temperature. Furthermore, the expression of tuberization genes and heat shock factors (HSFs) were studied in these genotypes to delineate how epigenetic components are linked with tuberization under high temperature.



Materials and methods


Collection of candidate genes

Protein sequences were downloaded from the potato genome database (Spud DB; Hirsch et al., 2014) by using Pfam ID (PF00145, PF15628, PF00730, and PF15629) to identify the C5-MTases and demethylases. The resultant protein sequences were also verified by downloading the hidden Markov model (HMM) file from the HMMER search and identified through the ENSEMBL database (Potter et al., 2018). The identified potato C5-MTase and demethylase protein sequences were then classified based on the presence of conserved domain using available online software SMART (Schultz et al., 2000) and NCBI_CDD (Marchler-Bauer et al., 2015). Domain Graph 2.0 (DOG 2.0) was used to construct the figures of conserved domains of each class of proteins (Ren et al., 2009). The ExPASy server (http://www.expasy.org/) (Artimo et al., 2012) was used to predict the relative molecular weight (MW) and isoelectric point (PI) of potato C5-MTase and demethylase.



Analysis of conserved motif and gene structure

The conserved motifs of C5-MTase and demethylases were analyzed using MEME suite vs 5.05 (Bailey et al., 2009), and a total of 15 conserved motifs were identified which was further constructed using TBtool (Chen et al., 2018). Gene Structure Display Server (GSDS 2.0) was used to draw the gene structure of potato C5-MTase and demethylase (Hu et al., 2015).



Identification of promoter cis-regulatory elements

The sequence retrieval tab of the potato genome database (Spud DB) was used to extract 2 kb sequences that lie upstream of the Transcription Start Site (TSS) of genomic sequences of C5-MTases and demethylases. The online software PlantCare (Lescot et al., 2002) was used to list out the conserved elements of promoter sequences.



Analysis of multiple sequence alignment and phylogenetic tree

Full-length amino acid sequences of C5-MTase (Arabidopsis thaliana, Solanum lycopersicum, Solanum tuberosum, Glycine max, Zea mays, and Oryza sativa) and DNA demethylase (Arabidopsis thaliana, Solanum lycopersicum, Solanum tuberosum, Cucumis sativa, and Glycine max) were subjected to multiple sequence alignments by using muscle program of MEGA X (10.05) software (Kumar et al., 2018). The aligned protein sequences were used to construct a phylogenetic tree, using the Neighbor-Joining (NJ) program for 1,000 bootstrap replicates with Poisson correction (Yang, 2007).



Prediction of subcellular localization

The subcellular localization of candidate genes was determined by using the protein sequences in the web tool CELLO v.2.5 (Yu et al., 2014). The localization of genes was further used to map them.



Experimental set-up

Heat-sensitive (Kufri Chandramukhi, CP2141/A-2708) and -tolerant (Kufri Kiran, CP4803/A-2708) potato tubers were obtained from the Central Potato Research Institute (CPRI), Shimla, India. Well-sprouted tubers were grown in 0.2 L and 12 cm pots containing soil mixture (soil: vermicompost:sand, 2:1:1). Six replicates per genotype were raised in a Percival growth chamber under 16 h light and 8 h darkness conditions with day and night temperatures of 22 and 18°C, respectively. The light intensity of the growth chamber was 300 μmol/s/m2. The plants were watered and rotated daily to avoid water deficit and minimize positional effects. After 50 days, half of the plants were subjected to 14 days high-temperature stress (32°C day and 27°C night). The leaves, flowers, and stolon tissues were harvested from both the control and heat treatments around 10 AM (4 h of light onset). The harvested tissues, viz. leaf, flower, and stolon of similar size/age, were collected in aluminum zippers, frozen immediately in liquid nitrogen, and stored at −80°C.



RNA isolation, cDNA synthesis, and quantitative real-time PCR (qPCR)

About 100 mg of the frozen tissue was finely ground with a mortar and pestle (Yu et al., 2007). RNA was isolated with Spectrum Plant Total RNA Kit (Sigma Aldrich, USA) by following the manufacturer's protocol. The isolated RNA was treated with 1 U/μl of DNase I (ThermoFisher Scientific Baltics, UAB, Lithuania). Further, 1 μg of RNA was used to synthesize cDNA using the Verso cDNA synthesis kit (ThermoFisher Scientific Baltics, UAB, Lithuania). qPCR primers were designed from the CDS sequence using the ApE software (Davis and Jorgensen, 2022) (Supplementary Table S1). The quantitative real-time PCR was carried out using the Dynamo Colorflash SYBR Green (ThermoFisher Scientific Baltics, UAB, Lithuania) in an Applied Biosystem step-plus real-time PCR system. Three biological and three technical replicates were used to perform qPCR analysis. The expression of the housekeeping gene tubulin was found to be stable across tissues, treatments, and genotypes. Hence, tubulin was used as an internal control to measure target gene expression using the 2–ΔΔCt method (Schmittgen and Livak, 2008).



Statistical analysis

The gene expression data obtained by qPCR were expressed as mean ± standard error (SE) for three biological and technical replicates. Statistical analysis was carried out by using the SPSS 16.0 software (SPSS Science, UK). The significant difference between control and heat-treated plants was analyzed based on two-tailed Student's t-test. The significant difference between control and heat-treated samples at p < 0.05, p < 0.01, and p < 0.001 are denoted by one, two, and three asterisks.




Results


Gene identification, structure analysis, and chromosome localization of C5-MTase and demethylase genes

In our present study, we identified 10 C5-MTase (StMET1-4A, StMET2-11A, StCMT3-1A, StCMT3-8A, StCMT3-12A, StDNMT2-8A, StDNMT2-8B, StDRM1-2A, StDRM2-4A, and StDRM3-10A) and 8 DNA demethylase genes (StDeMet1, StDeMet2, StDeMet3, StDeMet4, StDeMet5, StDeMet6, StDeMet7, and StDeMet8). The CDS and protein length of methyltransferase genes varied from 363 bp (StDNMT2-8B) to 4,674 bp (StMET2-11A) and 120 amino acids (aa) (StDNMT2-8B) to 1,557 aa (StMET2-11A), respectively. Similarly, gene transcript length and polypeptide length of demethylase genes ranges from 906 bp (StDeMet8) to 5,556 bp (StDeMet1) and 301aa (StDeMet8) to 1,851 aa (StDeMet1), respectively (Figure 1). The predicted molecular weight and pI value range from 174.27 to 13.7 kDa and 4.63 to 9.51 in C5-MTase; and 207.46 to 33.51 kDa and 6.24 to 9.46 in DeMets (Table 1). The chromosome localization of the candidate proteins has also been incorporated (Table 1). Interestingly, the classification of C5-MTase is based on the linear arrangement of distinct and conserved domains across members of a different enzyme family (Pavlopoulou and Kossida, 2007). Pfam analysis revealed that all C5-MTases (PF00145) have conserved DNA_Methylase (DNA_M) domain. However, different C5-MTase are characterized due to the presence of distinctive domains at their N-terminal: (i) CMT family possesses CHROMO (Chromatin organization modifier) and one BAH (Bromo Adjacent Homology) in contrast to (ii) MET which has two BAH and an RFD domains (iii) DRM family has unique UBA domain (Ubiquitin-associated), whereas (iv) DNMT has shorter protein length as compared to other C5-MTase owing to lack of N-terminal regulatory domain (Figure 2). Additionally, DeMets have conserved HhH-GPD (PF00730), Perm-CXXC (PF15629), and RRM_DME (PF15628). The distribution of conserved motifs in the StC5-MTase and StDeMets proteins were predicted using the MEME online suite. A total of 15 conserved motifs were explored in StC5-MTase and StDeMets proteins. Motifs 9, 11, and 12 were highly conserved in the MET subfamily. Motifs 5, 13, and 15 were major motifs in DRM, while Motif 8 was unique to CMT3 subfamilies. The motif distribution in StDeMets proteins showed that Motifs 1, 3, 4, 5, 6, 7, 8, 9, 11, and 13 were highly conserved in StDeMet 1- 5 proteins, while DeMet 2 and 3 have additional unique Motif 14 (Figure 2). The structure of StC5-MTase and StDeMets of potato is identical to Arabidopsis thaliana and is presumed to catalyze similar functions as that of Arabidopsis thaliana in potato.


[image: Figure 1]
FIGURE 1
 Gene structures of StC5-MTase (A) and StDeMets (B) in S. tuberosum. Phylogenetic tree analysis of C5-MTase (C) and DeMet proteins (D) with 1,000 bootstrap replicates. The lines in gene structure represent introns and filled red and light green boxes represent CDS and UTR, respectively. The lengths of CDS and introns can be determined using the scale bar on the bottom.



TABLE 1 Basic information of C5-MTase and DNA demethylase genes in Solanum tuberosum.
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FIGURE 2
 Schematic structures of conserved domains present in StC5-MTase (A) and StDeMet (B) proteins. The conserved motifs present in C5-MTase (C) and DNA demethylase (D) genes in Solanum tuberosum. (i) The conserved domains in the CMT family possess CHROMO (Chromatin organization modifier) and one BAH (Bromo Adjacent Homology); (ii) MET has two BAH and an RFD domains; (iii) DRM family has a unique UBA domain (Ubiquitin-associated); whereas (iv) DNMT has shorter protein length due to lack of N-terminal regulatory domain. StDeMet family possesses DNA glycosylase (ENDO_3C), RNA Recognition Motif (RRM), and methylated CpG discriminating (CXXC). The color boxes in the motif represent the position of different motifs and box sizes show the length (aa) of motifs.




Phylogenetic analysis

To exemplify the evolutionary relationship among C5-MTase subfamilies in plants, we used 55 protein sequences from four dicots (Arabidopsis thaliana, Solanum lycopersicum, Solanum tuberosum, and Glycine max) and two monocots (Zea mays and Oryza sativa) to construct a phylogenetic tree (Supplementary Table S2). C5-MTase is grouped into four subfamilies: DRM, CMT, MET, and DNMT having 21, 15, 13, and six members, respectively (Figure 1). Subsequently, the largest and smallest group in the tree were DRM and DNMT subfamily. Further, the subfamilies could also be divided into monocot and dicot distinct subgroups, based upon the significant differences in protein sequences. Interestingly, in almost all clades, tomato C5-MTase was closer to potato C5-MTase protein, suggesting that they are the members of the same taxonomic family, Solanaceae, and predicted to share functional similarity.

As for DNA Demethylases, 24 protein sequences from four dicots (Arabidopsis thaliana, Solanum lycopersicum, Solanum tuberosum and Cucumis sativa, and Glycine max) were extracted to construct a phylogenetic tree (Supplementary Table S3) arranged in ascending order in accordance to the number of members: DME, DML, and ROS. However, we analyzed DeMets from dicots as DME evolved monophyletically in dicots, such results are consistent with the previous report (Yu et al., 2021). We also observed DML group constituting four out of eight StDeMets genes as compared to ROS and DME.



Analysis of regulatory elements in the promoter region

Cis-regulatory elements are the core components governing biological processes. A sum of 30 major elements was represented that were predicted in the 2 kb upstream of the TSS in the promoter region. They were further categorized into light, development, hormone, and stress-responsive cis elements (Figure 3). C5-MTase genes showed several stress-responsive cis elements, such as CAAT and TATA box, which were predominant across the subfamilies/members (MET, CMT3, DRM, and DNMT2). Among all the subfamilies, CMT3 had the largest number of stress-involved elements. We found nine hormone-responsive elements such as ABRE and ERE that were abundant in all members. However, AuxRR-core is present exclusively in StDNMT2-8A. Elements involved in plant development were also screened, and five major elements including A box, CCGTCC, CAT box, ACA motif, and Circadian were identified. A box and CCGTCC were present only in StCMT3-12A, while circadian control element and ACA motif were found exclusively in DNMT2 and MET subfamilies. Further, eight CRE elements of the light-responsive module were also identified, out of which G box and Box 4 were found in all the naturally grouped subfamilies.


[image: Figure 3]
FIGURE 3
 Cis-acting regulatory elements in the promoters of (A) StC5-MTase and (B) StDeMets. Cis-regulatory elements are classified into four categories (light, development, hormones and stress responses). The numbers in the heat map depict the abundance of cis-regulatory elements in the promoter region.


Similarly, cis-regulatory elements were also analyzed in the potato DNA methyltransferase proteins. ARE, CAAT, and TATA control elements were present in all the eight DeMet genes. Surprisingly, the abscisic hormone element ABRE was not found in StDeMet6 and StDeMet7, while TCA elements involved in salicylic acid response were present in StDeMet6 and StDeMet7. Furthermore, light module Box4 was present in all members. Altogether, our results suggest that C5-MTase and demethylase genes are involved in plant growth, development, and various abiotic stress responses.



Sub-cellular localization of potato C5-MTase and DeMets

The in silico subcellular localization revealed that all DeMets were localized in the nucleus; however, StDeMet7 was additionally found in mitochondria. The C5-MTases were localized in the nucleus (StMET1-4A, StMET2-11A, StCMT3-8A, StCMT3-12A, StDRM1-2A, StDRM2-4A, and StDRM3-10A) and cytoplasm (StCMT3-1A, StDNMT2-8A, and StDNMT2-8B). Apart from being in the nucleus, a couple of DRM members (StDRM1-2A and StDRM2-4A) were also localized in the cytoplasm (Figure 4).


[image: Figure 4]
FIGURE 4
 Subcellular localization of StC5-MTase and StDeMet proteins in potato predicted using the CELLO program. Partially adapted from Gahlaut et al. (2020).




Expression patterns of C5-MTase and DeMet genes

The expression dynamics of C5-MTase and DeMet genes were studied in different tissues, viz. leaf, flower, and stolon in the heat-sensitive (HS) and heat-tolerant (HT) potato genotypes under high temperature (Figures 5, 6). The expression of StMET1-4A and StMET2-11A showed a significant decline both in leaf and floral tissues in heat-sensitive genotype as compared to heat tolerant. However, stolon tissue shows upregulation and downregulation of StMET1-4A and StMET2-11A, respectively, in heat-sensitive cultivar. StDNMT-8A and StDNMT-8B expression level is predominantly detected in stolon tissues of HS. Moreover, heat induced the expression of StDNMT-8B in the flower of HT. The expression profile of the CMT subfamily is significantly higher in HT as compared to HS across three tissues (leaf, flower, and stolon) except StCMT3-1A. StDRM1-2A is downregulated in HT and HS in all samples. Interestingly, the expression level of StDRM2-4A increased in leaves, flowers, and stolon in heat-tolerant genotype. Overall, C5-MTase genes respond differently in different tissues of two genotypes, wherein CMT and DRM subfamilies showed pronounced heat-induced upregulation in the tolerant genotype.


[image: Figure 5]
Figure 5.
 (A–J) Relative expression levels of potato C5-MTase genes in different tissues in heat sensitive (HS) and tolerant (HT) genotypes under high-temperature stress. Three biological samples were measured with three technical replicates. The fold change in RNA levels was calculated as the 2–ΔΔCt value relative to the mean values obtained in the leaf, flower and stolon samples (set at a value of 1.0). Standard errors of the means are shown with one, two and three asterisks indicating significant differences (p < 0.05, p < 0.01, p < 0.001, respectively) using a student's t-test.
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Figure 6.
 (A–H) Relative expression levels of potato DeMet genes in different tissues in heat sensitive (HS) and tolerant (HT) genotypes under high temperature stress. Three biological samples were measured with three technical replicates. The fold change in RNA levels was calculated as the 2–ΔΔCt value relative to the mean values obtained in the leaf, flower and stolon samples (set at a value of 1.0). Standard errors of the means are shown with one, two and three asterisks indicating significant differences (p < 0.05, p < 0.01, p < 0.001, respectively) using a student's t-test.


DeMets are involved in DNA demethylation, and we observed a varied expression pattern across different tissues and genotypes. Heat resulted in the downregulation of StDeMet1 in flower; however, the stolon tissue showed upregulation in the HS genotype. In contrast, StDeMet1 showed upregulation in flower. In general, StDeMet2 expression was downregulated in all the tissues of both the genotypes under heat stress, except the stolon of HT where it showed upregulation. Importantly, the expression of StDeMet3, StDeMet5, StDeMet6, and StDeMet7 was induced under heat in the leaf and stolon tissues of the HT genotype. The expression of StDeMet4, StDeMet5, and StDeMet6 were downregulated in the flower of HS. In the case of StDeMet8, HS leaf showed upregulation, while flower showed downregulation; however, the stolon tissue showed upregulation in both the genotypes.



Expression patterns of tuberization and HSFs genes

Several genes play an important role in tuber formation in potato, wherein the concurrent action of positive (e.g., StSP6A and StBEL5) and negative regulators (e.g., StSUT4, StSP5G, and StRAP1) determine the tuber yield. Also, Heat Shock Factors (HSFs) are well-known to impart thermotolerance in plants. Thus, we analyzed the expression of tuberization and HSF genes in the leaf and stolon tissues (Figure 7).
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FIGURE 7
 Relative expression levels of potato tuberization genes and HSFs in leaf (A,B) and stolon (C,D) tissues in heat-sensitive (HS) and -tolerant (HT) genotypes under high-temperature stress. Three biological samples were measured with three technical replicates. The fold change in RNA levels was calculated as the 2–ΔΔCt value relative to the mean values obtained in the leaf and stolon samples (set at a value of 1.0). Standard errors of the means are shown with one, two, and three asterisks indicating significant differences (p < 0.05, p < 0.01, p < 0.001, respectively) using a Student's t-test.


Heat resulted in the downregulation of StSUT4 expression in the leaf tissues of the HT genotype, whereas StSP5G showed significant upregulation in stolon tissues of the HS genotype. StSP6A is a master regulator of tuberization that is affected by high-temperature stress. Heat resulted in the significant suppression of StSP6A in leaves of HS genotype compared to HT genotype (Figure 7). However, unexpectedly intrinsic basal transcript level was maintained in stolon tissues of HS and HT genotypes. StBEL5 expression was downregulated by high temperature in the leaf tissue of the HS genotype, while it was stable across leaf and stolon tissues of the HT genotype. StRAP1 showed enhanced expression in leaves while it remained unaltered in stolons of HS genotype. Furthermore, the expression of HSFs was quantified. We found that StHSFA5 and StHSFA8 were strongly upregulated in the HT genotype both in leaves and stolons tissues under heat stress, suggesting its role in thermotolerance.




Discussion

Potato is a temperate crop that is challenged by several environmental cues such as high temperature. High-temperature exposure alters the partitioning of assimilates and accumulation of biomass in plant organs, which results in stem elongation, an increase in leaf number, and a decline in tuber yield (Wolf et al., 1991; Lafta and Lorenzen, 1995). A complex gene regulatory network comprising FT orthologs SELF PRUNING 6A (StSP6A) and SELF PRUNING 5G (StSP5G), CONSTANS-LIKE 1 (StCOL1), BEL1-like homeodomain (StBEL5), and an AP2-like gene (StRAP1) plays an important role in potato tuberization (Navarro et al., 2011; Hancock et al., 2014). For example, SP6A is a master regulator that interacts with its FD partner (StFDL) and scaffold protein St14-3-3 to form Tuber Activating Complex (TAC) to induce stolon–tuber induction (Hannapel and Banerjee, 2017). Recent developments have established that the StSP6A transcript is suppressed under elevated temperature, possibly through another FT homolog, StSP5G, which functions to repress tuberization through the accumulation of StCO. Similarly the antagonistic role of FT homologs in controlling flowering time in sugar beet has been reported (Pin et al., 2010). Furthermore, high temperature causes SP6A repression by a micro-RNA named SUPPRESSING OF SP6A (SES; Lehretz et al., 2019). Also, recently it has been shown that SP6A is suppressed transcriptionally and post-transcriptionally under high-temperature stress (Park et al., 2022). Epigenetic components are also involved in potato tuberization, wherein Polycomb Repressive Complex (PRC)-mediated histone modifications repress several target genes by H3K27 trimethylation (Kumar et al., 2021). The role of DNA methylation in photoperiod-mediated tuberization has also been recently reported (Ai et al., 2021). However, DNA methylation and demethylation enzymes remain uncharacterized in potatoes and their role in potato tuberization under high temperature is unexplored. The concurrent action of DNA methyltransferase and demethylase carries out DNA methylation and demethylation respectively (Lang et al., 2017).

In the present study, we identified several C5-MTases and DeMets in potatoes and studied their expression dynamics in the different tissues of the two contrasting genotypes, viz. Kufri Chandramukhi (heat sensitive) and Kufri Kiran (heat tolerant) under high temperature stress. We found 10 C5-MTase and 8 DeMets in potato, and several C5-MTase and DeMets were also reported in other allotetraploid soybean and peanut (Song et al., 2013; Wang et al., 2016), which is comparatively higher than the diploid species (Kong et al., 2020). This suggests that polyploidization events potentially contribute to the enhancement of plant epigenetic factors. Furthermore, based on their domain structure and phylogenetic analysis, C5-MTases were divided into four different subfamilies, viz. METs, CMTs, DRMs, and DNMTs. The members within the same subfamily shared similar domain architecture and exon-intron boundary, but it differed between sub-families. Our results are consistent with the previous reports on Solanum lycopersicum (Cao et al., 2014). The principal maintenance of symmetric CG methylation is operated by METs, an ortholog of mammalian DNMT1 (Zhang et al., 2018). Contrastingly, METs in plants cannot distinguish hemimethylated CG dinucleotides from non-methylated CG, unlike DNMT1, as it lacks a cysteine-rich CXXC domain (Song et al., 2011). BAH domain of METs facilitates protein-protein interactions, which result in inhibition of gene expression and establish an interconnection among cytosine methylation, replication, and transcription (Callebaut et al., 1999). CMTs are involved in maintaining CHG methylation in centromeric and transposable regions (Gehring and Henikoff, 2008). The chromodomain of CMTs is responsible for protein association with heterochromatin (Gehring and Henikoff, 2008). The protein structure of maize revealed the association of chromo and BAH domain with H3K9me2 and shed light on the functional activity of CMTs (Stroud et al., 2014). The maintenance of “non-symmetrical” CHH methylation is catalyzed by DRMs that operates through the RNA-directed DNA methylation pathway (RdDM). The N-terminal UBA domain provides a connecting link between DNA methylation and ubiquitin-mediated protein degradation. This domain also promotes the degradation of DRMs at specific points in the cell cycle (Cao et al., 2000).

DeMets in potato also has conserved domains that are responsible for functional identity and activity (Zhang et al., 2018). The functional demethylases contain HhH-GPD (Endo_3c) domain that is responsible for cleaving glycosidic bonds and generating AP sites (Gehring and Henikoff, 2008). Sometimes, two additional conserved domains named RNA recognition motif (RRM) and methylated CpG discriminating CXXC domain are also found (Iyer et al., 2011). The evolutionary studies revealed that DeMets expression varied across species of different genotypes (Yang et al., 2019).

The sub-cellular localization of any protein is important for determining its function in plants. Therefore, we performed in-silico subcellular prediction to identify the location of C5-MTases and DeMets. C5-MTases were localized either in the nucleus or in the cytoplasm. These results are consistent with the previous studies on Solanum lycopersicum, which reported the localization of C5-MTase in the nucleus and cytoplasm (Cao et al., 2014). The presence of C5-MTase in both these organelles indicates its possible involvement in stress management machinery (Gahlaut et al., 2020). The exclusive nuclear localization of DeMets suggests its potential role in replication and transcriptional regulation (Wang et al., 2016).

Cis-regulatory elements play an important role in the regulation of biological processes and molecular function under developmental transitions and stress episodes (Yamaguchi-Shinozaki and Shinozaki, 2005). The promoter analysis of potato C5-MTase and DeMets revealed that cis-regulatory elements are classified into four categories such as light response, development, hormones, and stress responses. The presence of CAAT box in the promoter region plays an essential role in leaf development by modulating jasmonate pathways in proliferating tissues as reported in Nicotiana benthamiana (NbCMT3–2; Lin et al., 2015). The predominance of TATA box elements in the promoter region confers stress responsiveness, whereas TATA-less genes are related to cell growth or housekeeping activity (Bae et al., 2015). The abundance of ABRE and ERE in all the members demonstrates the active role of C5-MTase and DeMets in abscisic acid and ethylene responsiveness (Kaur and Asthir, 2017). Also, stress-specific regulatory elements such as ARE and MBS were found in the C5-MTase of the tea plant (Zhu et al., 2020). Overall, these findings highlight the role of potato's C5-MTase and DeMets in plant development and stress responses (Gahlaut et al., 2020).

The relationship between DNA methylation and heat stress is less explored. DNA methylation level in different tissues regulates plant growth and development via controlling the transcript levels of developmentally important genes (Zhang et al., 2018). We investigated the expression pattern of C5-MTase and DeMets in two contrasting genotypes across different tissues and observed differential DNA methylation. Our results are similar to studies on rice and rapeseed (Karan et al., 2012; Gao et al., 2014). The decline in expression of StMET1-4A and StMET2-11A in leaf and floral tissues in heat-sensitive genotype possibly led to reduced CG methylation.

Similarly, Arabidopsis met1 mutant with reduced MET level showed delayed flowering and juvenile-to-adult transition (Kankel et al., 2003). Such delayed flowering was due to hypomethylation of transposable element (TE) upstream of the FLOWERING WAGENINGEN (FWA) gene (Kankel et al., 2003). This shows how MET regulates the morphological characteristics and flowering time of plants (Finnegan and Kovac, 2000). We also found that CMT and DRM subfamilies showed pronounced heat-induced upregulation in the tolerant genotype. These findings indicate the role of CMT and DRM in the suppression of TEs (Ramakrishnan et al., 2021). High-temperature stress causes genomic instability and impairs plant health by activating TEs such as ONSEN (Chang et al., 2020). Several plant developmental abnormalities have been observed in the DNA methylation-free C5-MTase mutants of Arabidopsis, suggesting their role in controlling gene expression and developmental processes in plants (He et al., 2022). However, the reduced expression of CMT and DRM subfamilies in heat-sensitive genotypes across different tissues might be an alternative strategy to recover from heat stress by causing activation of SUPPRESSOR OF DRM1 DRM2 CMT3 (SDC), thus leading to loss of non-CG methylation (Popova et al., 2013). Differential methylation landscapes between genotypes can potentially contribute to stress adaptation (Eriksson et al., 2020).

Heat-induced DNA demethylase gene expression was observed in both genotypes. The expression of the demethylase gene family was more pronounced in HT genotype as compared to the HS genotype. Our results showed that DeMets-like StDeMet2,StDeMet3, StDeMet4, StDeMet5, StDeMet6, and StDeMet7, were significantly expressed in stolons of HT genotype. Such results are consistent with the increased expression of ROS and DML like demethylase gene family in Arabidopsis (Hsieh et al., 2009), suggesting its involvement in combating abiotic stress events. Consistently, active DNA demethylation is also associated with the upregulation of stress-responsive genes (Verhoeven et al., 2010).

DNA methylation and demethylation events are correlated with the gene expression patterns, thus regulating plant development and stress responses (Choi and Sano, 2007). Also, the genetic control of potato tuberization is well-studied. We observed that the expression of positive regulators of tuberization (StSP6A and StBEL5) was found to be stable in the leaves and stolon tissues in the HT genotype as compared to the HS genotype under high-temperature stress (Figure 8). The stability of the StSP6A transcript under high temperature in HT genotype might be due to the reduced expression of upstream negative regulators (StSUT4, StSP5G, and StRAP1). Heat induced the expression of StSUT4 in the leaves and stolons of the HS genotype, which might have led to the activation of the StCOL1-StSP5G regulatory module. Such studies are consistent with the recent finding that elevated temperature caused higher StCOL1 accumulation and suppressed potato tuberization (Park et al., 2022). Our expression analysis revealed the higher expression of StSP5G transcript under high temperature in the HS genotype. However, such enhanced expression of StSP5G did not alter the basal transcription of StSP6A in stolons of HS genotype. The expression levels of StSP5G and StSP6A are usually difficult to interpret in vegetative tissues like stolons and tubers (Hancock et al., 2014). In addition, different regulatory pathways operate for photoperiod and temperature-dependent tuberization, suggesting that a complex regulatory network is involved in the regulation of potato tuberization (Park et al., 2022).


[image: Figure 8]
FIGURE 8
 The schematic model depicting the role of C5-MTase and DeMets gene with potato tuberization genes under high temperature in heat-tolerant (HT) and heat-sensitive (HS) genotype: Tuberization is regulated by positive (StSP6A and StBEL5) and negative regulators (StSUT4, StSP5G, and StRAP1). Under high temperature, the positive regulators were relatively stable in the HT genotype as compared to the HS genotype. The stability might be attributed by reduced expression of upstream negative regulators, increased DNA demethylation (StDeMet2, StDeMet3, StDeMet4, StDeMet5, StDeMet6, StDeMet7, and StDeMet8) and active RdDM (DRM and CMT subfamilies) pathway in leaves and stolon samples of HT genotype. On the contrary, the HS genotype has heat-induced upregulation of negative regulators, thereby affecting the process of tuberization. Stronger upregulation of HSFs (StHSFA5 and StHSFA8) was observed in leaves and stolon tissues of HT genotype as compared to HS genotype maintaining the health status of the tolerant cultivar.


Additionally, we observed a spike in StRAP1 expression (<50-fold) in leaves of HS genotype, which acts to suppress a phloem mobile transcript (StBEL5), thereby delaying tuber induction (Banerjee et al., 2006). Other than genetic factors, the role of DNA methylation machinery components was sought in potato tuberization under high temperature. The increased expression of positive regulators of tuberization in HT genotype might be due to increased DNA demethylation and the active RdDM pathway in the stolons. Furthermore, we observed stronger upregulation of StHSFA5 and StHSFA8 (<3 and <5-fold, respectively) in leaves and (<50- and <30-fold) in stolons of the tolerant genotype as compared to the HS genotype. This may contribute to the better heat stress resilience of the HT genotype (Tang et al., 2016; Ramakrishnan et al., 2022). Altogether, a complex interplay of genetic and epigenetic factors controls potato tuberization under high-temperature conditions.



Conclusion

Over the last few decades, the mechanisms underlying plant responses to abiotic stresses have been studied in most of the model plants such as Arabidopsis, rice, and tomato. However, only a few studies are available on other important crops such as potato. More detailed studies are needed to shed light on the signaling networks and downstream target genes controlling potato response to heat stress. Importantly, understanding the interplay of genetic and epigenetic factors in plant stress response will provide new avenues for crop improvement. In this work, we report the characterization of DNA methyltransferase and demethylase gene families in the potato. The expression of C5-MTases and DeMets were studied in the different tissues of heat-tolerant and heat-sensitive genotypes followed by the expression analysis of tuberization genes. We found enhanced expression of DeMets and RdDM genes in HT genotype as compared to HS genotype. These results suggest that increased activity of DeMets might have contributed to transcriptional activation of tuberization genes wherein RdDM stabilized genomic integrity of HT genotype. Overall, this work will open new research directions on the role of DNA methylation machinery in potato tuberization under high temperature, which is important in the context of global temperature rise.
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Systematic genome-wide analysis of Sorghum bicolor revealed the identification of a total of 48 homologous genes comprising 21 proline-rich proteins (PRPs) and 27 hybrid proline-rich proteins (HyPRPs). Comprehensive scrutiny of these gene homologs was conducted for gene structure, phylogenetic investigations, chromosome mapping, and subcellular localization of proteins. Promoter analysis uncovered the regions rich with phosphorous- (BIHD), ammonium-, sulfur-responsive (SURE), and iron starvation-responsive (IRO2) along with biotic, abiotic, and development-specific cis-elements. Further, PRPs exhibit more methylation and acetylation sites in comparison with HyPRPs. miRNAs have been predicted which might play a role in cleavage and translation inhibition. Several of the SbPRP genes were stimulated in a tissue-specific manner under drought, salt, heat, and cold stresses. Additionally, exposure of plants to abscisic acid (ABA) and zinc (Zn) also triggered PRP genes in a tissue-dependent way. Among them, SbPRP17 has been found upregulated markedly in all tissues irrespective of the stress imposed. The expressions of SbHyPRPs, especially SbHyPRP2, SbHyPRP6, and SbHyPRP17 were activated under all stresses in all three tissues. On the other hand, SbHyPRP8 (root only) and SbHyPRP12 (all three tissues) were highly responsive to cold stress and ABA while SbHyPRP26 was induced by drought and Zn in the stem. Taken together, this study indicates the critical roles that SbPRPs and SbHyPRPs play during diverse abiotic stress conditions and notably the plausible roles that these genes play upon exposure to zinc, the crucial micronutrient in plants.
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proline-rich proteins, hybrid proline-rich proteins, gene expressions, abiotic stresses, Sorghum bicolor


Introduction

Plants are constantly exposed to both biotic and abiotic stresses because of which a lion’s share of the final productivity is lost globally. Plants can cope with them by deploying several complex physiological and molecular mechanisms depending upon the type, severity, and duration of stress. But unraveling the underlying mechanisms is crucial for us to design crops with superior tolerance to stresses. Extreme environmental conditions cause membrane damage, denaturation of proteins, and accumulation of excessive reactive oxygen species (ROS) that eventually dismantle the cellular fabric (Bokszczanin, 2013; Wang et al., 2019). To combat these stress-induced damages, plants accumulate osmotic agents, antioxidants, and also antioxidative enzymatic machinery (Bohnert et al., 2006; Bokszczanin, 2013). Plant cell wall proteins consist of both structural [arabinogalactan proteins, (AGPs) and extensins or hydroxyproline-rich O-glycoproteins (HRGPs)] and enzymatic proteins. They play key roles in cell wall formation, cell differentiation, development, and oxidative cross-linking mediated by extension peroxidases (McNeil et al., 1984; Jose-Estanyol and Puigdomenech, 1993; Showalter, 1993; Sommer-Knudsen et al., 1998). Proline rich-proteins (PRPs) and hybrid proline-rich proteins (HyPRPs) contain proline and hydroxyproline and are a part of the HRGPs super family proteins, widely distributed in plants and implicated in biotic and abiotic stress tolerance. PRPs contain at least two consecutive proline residues organized in the peptides and the domains contain 70% of proline residues (Zhang et al., 2021). Based on the presence or absence of N-terminal signal peptides and also differences in the domains, PRPs are divided into (1) PRPs that have two domains with signal peptides and highly rich repeat regions of proline at the N-terminus (Dvorakova et al., 2007), (2) PRPs that have three domains with N-terminal signal peptide, repeat regions of proline, aside cysteine-rich regions in the C-terminal end, and (3) PRPs that are devoid of any signal peptide, but with similar PPVYK repeat sequences at the C-terminus (Jose-Estanyol and Puigdomenech, 1994, 2000). The presence of signal peptides in these proteins infers that they are secreted-type of proteins in plants (Keller, 1993; Showalter, 1993; Cassab, 1998). The signal peptides permit their sorting into the rough endoplasmic reticulum and other cellular organelles. Newman and Cooper (2011) identified 31 distinct proline-rich tandem repeat protein classes targeted for secretion using a systems-level computational approach. Further, PRPs have been classified as an 8-cysteine motif or 8CM proteins, with 90–100 amino acids but the proteins are not integrated within the membrane. The 8-cysteine residues appear indispensable for the three-dimensional structure of these proteins. The 8-cysteine residues have a versatile structure in plant proteins domain and lipid transfer proteins (Jose-Estanyol et al., 2004; Dvorakova et al., 2012). In general, proline-rich repeats precede the 8CM, and such proteins are named as HyPRPs, but the N-terminus features like that of PRPs (Jose-Estanyol and Puigdomenech, 1994, 2000). HyPRPs differ from that of PRPs in the amino acid motif size and composition of proline repeats (Jose-Estanyol et al., 2004; Dvorakova et al., 2007). HyPRPs are subdivided into two groups based on cysteine residue positions in the peptidic sequence (Jose-Estanyol and Puigdomenech, 1994). Proline-rich domains of SbrHyPRP from Solanum brevidens contains repeated motifs PPHVKPPSTPK and PTPPIVSPP extended with TPKYP and TPKPPS motifs at N- or C-termini, respectively (Fischer et al., 2002). PRPs having tandem repeats of a hexapeptide PPPVHL were first characterized by corn endosperm (Esen et al., 1982). Function, localization, and differential expression of three PRPs from Glycine max (PRP1, PRP2, and PRP3) were studied (Hong et al., 1990; Wyatt et al., 1992). PRPs and PRP-like proteins have been found to play a crucial role during plant growth, germination of seeds (Bouton et al., 2005; Chen et al., 2014), and elongation of root hairs in Arabidopsis (Boron et al., 2014). Blocking OsPRP3 by RNAi leads to defects in floral organogenesis in Oryza sativa implying its role during plant development (Gothandam et al., 2010). Further, PRPs modulate both biotic and abiotic stresses such as chilling, drought, and salinity stresses (Zhan et al., 2012; Kavi Kishor et al., 2015). Pathogen-derived molecules usually trigger systemic acquired resistance (SAR) in plants, which can be abolished in a wide spectrum of pathogens. Many experiments have shown that HyPRPs are closely related to biotic stress resistance (Yu et al., 2013; Cecchini et al., 2015, 2021). HyPRPs with plastid pools modulates systemic immunity either positively or negatively against Pseudomonas syringae (Banday et al., 2022). It appears that HyPRPs are obligatory for both SAR and induced-systemic resistance (ISR), and SAR signal movement or action (Gao et al., 2015; Cecchini et al., 2019, 2021; Kachroo and Kachroo, 2020). Therefore, HyPRPs have distinct roles to play in plant immunity. Also, when useful bacteria attack the roots of plants, ISR occurs, which leads to the transport of mobile signals from the tissues or organs that are immunized (Cecchini et al., 2015, 2019; Carella, 2020; Kachroo and Kachroo, 2020). Signal molecules such as azelaic acid (AZA) work as mobile signals for SAR, and such signals alongside free radicals are imperative in imparting SAR (Jung et al., 2009; Wang et al., 2014; Kachroo and Kachroo, 2020). The experiments infer that HyPRPs may have a critical role to play in biotic stress tolerance. In Arabidopsis, FUSED OUTER CUTICULAR LEDGE1 (FOCL1) encodes a guard cell-expressed, secreted PRP protein. Interestingly, focl1 mutants display enhanced drought tolerance compared to wild-type plants (Hunt et al., 2017). HyPRPs are poorly glycosylated cell wall glycoproteins and also play critical roles during plant ontogeny and abiotic stress tolerance like PRPs (Holk et al., 2002; Blanco-Portales et al., 2004; Kavi Kishor et al., 2015; Gujjar et al., 2019).

Information on the number of PRPs in diverse taxa is scanty. Showalter et al. (2016) discovered 49 PtPRPs in Populus trichocarpa and Malus domestica, 9 MdPRP genes have been identified (Zhang et al., 2021). Surprisingly, no HyPRPs have been found in algae, mosses, and ferns, but Pinus taeda contains 21 PtHyPRPs (Dvorakova et al., 2007). While in dicots such as Arabidopsis thaliana 28 AtHyPRPs have been found, 16 StHyPRPs were recorded in Solanum tuberosum (Dvorakova et al., 2012), 19 complete or nearly complete from S. lycopersicon (SlHyPRPs) (Kapoor et al., 2019) and 14 from Medicago truncatula (MtHyPRPs) have been recorded from the publicly available sequence data (Dvorakova et al., 2012). In Glycine max, 35 GmHyPRP-encoding genes were identified by Neto et al. (2013). In monocots, like Oryza sativa genome, conflicting reports exist. Studies by Dvorakova et al. (2007); Boutrot et al. (2008), and Kapoor et al. (2019) showed 21, 31, and 45 OsHyPRP genes, respectively, in rice whereas, in Zea mays, 52 members of ZmHyPRPs have been detected (Dvorakova et al., 2007). Such a large variation could be because of different methods that researchers have employed for identification.

Sorghum [Sorghum bicolor (L.) Moench] is an important C4 cereal crop and the fifth largest grown in arid and semi-arid regions, globally utilized for both food and fodder (FAOSTAT1). In the semi-arid tropics of Asia and Africa, it serves as a staple food, animal feed, fodder, and notably a promising multipurpose feedstock crop for bioethanol production (Silva et al., 2022). It is moderately tolerant to both drought and heat and requires very low inputs. Traits that impart alkalinity, salt, water deficit, waterlogging, and high-temperature stresses make this crop attractive for research purposes in comparison to other cereal crops (Hadebe et al., 2017; Huang, 2018). Fujino et al. (2014) have detected 21 HyPRPs in Oryza sativa, 12 in Hordeum vulgare, 10 in Brachypodium, 20 in Zea mays, and 28 in S. bicolor using a BLAST search of qLTG3-1 as the query. Though 28 HyPRPs have been reported in sorghum, their subcellular localizations, cis-element characterization, and their tissue-specific expressions and implications under abiotic stress conditions have not been undertaken. So, the number of PRPs and HyPRPs, their tissue-specific expressions under cold, high temperature, salt, drought stress conditions, and their response to ABA have not yet been elucidated. Similarly, little is known if these genes play a molecular function in response to soil nutrients especially sulfur (S), zinc (Zn), and iron (Fe). In the present study, we have presented results on the genome-wide analysis of sorghum for both PRP and HyPRP homolog genes, their characterization, and tissue-specific expressions under abiotic stress conditions besides their response to ABA and Zn.



Materials and methods


Plant material

Seeds of S. bicolor variety BTx623 (an inbred line) were obtained from ICRISAT, Patancheru, Hyderabad. This line is moderately tolerant to water deficit conditions and its genome sequencing information is publicly available. Seeds were sown in the pots filled with 5 kg of garden soil, and seedlings were grown for 40-days under glasshouse conditions (28/20°C day/night temperatures). Seedlings were subjected to drought stress by imposing a 200 mM mannitol solution, and salt stress was induced by saturating the seedlings with 200 mM NaCl solution for 4 h. Seedlings were subjected to cold stress by keeping them at 4°C and high-temperature stress by exposing them to 40°C for 4 h. Seedlings were also treated with 100 μM ABA and 25 mM zinc chloride solution (based on literature search) for 4 h separately. After completion of treatment, roots, stems, and leaves were collected along with respective controls (without treatment) and frozen immediately in liquid nitrogen and stored at –80°C refrigerator for isolation of RNA and gene expression analysis by qRT-PCR. Biological triplicates and technical duplicates were maintained for gene expression analysis for each treatment.



In silico identification of proline-rich proteins and hybrid proline-rich proteins genes in sorghum

Proline-rich proteins and HyPRP gene sequences of Oryza, and Arabidopsis were retrieved from Plant GDB2 and Gramene database3 (Tello-Ruiz et al., 2021). These gene sequences were blasted against S. bicolor genome in Gramene database to find out their homologs. Genscan4 (Burge and Karlin, 1998) was used to retrieve genes and their respective protein sequences. Based on the homology, the identified putative protein sequences were subjected to motif search5 to check the reliability and for identifying the conserved domains (Letunic et al., 2004).



In silico prediction of potential cis-regulatory elements

To predict the putative cis-acting elements of PRP and HyPRP promoter regions, the 2,000 bp genomic sequences upstream of the start codon were extracted and PLANTCARE (Lescot et al., 2002) software was used to identify putative cis-acting elements responsible for plant development and biotic and abiotic stress tolerance.



Chromosomal localization, and gene structure analysis of sorghum SbPRPs and SbHyPRPs

The identified SbPRP and SbHyPRP genes were mapped to their respective chromosomes based on the information provided in the Gramene Genome Database. Gene Structure Display Server6 software was used for obtaining the gene structures of SbPRPs and SbHyPRPs – exons, introns, and untranslated sequence regions (UTRs) by aligning their gene and coding sequences (Guo et al., 2007).



Synteny of proline-rich proteins and hybrid proline-rich proteins genes across Sorghum, Oryza, and Arabidopsis

TBtools (Chen et al., 2020) was used for identifying the synteny of PRP and HyPRP genes across S. bicolor (Sb), O. sativa (Os), and A. thaliana (At).



Phylogenetic analysis and non-synonymous and synonymous substitution ratios of proline-rich proteins and hybrid proline-rich proteins

The Maximum Likelihood phylogenetic tree was constructed using MEGA 6.2 software (Tamura et al., 2013) by employing the Poisson correction, partial deletion, and bootstrap value (1,000 replicates) parameters to know the evolutionary relationships. The PAL2NAL7 (Suyama et al., 2006) software was used to calculate the substitution rates for non-synonymous and synonymous sites of each of the identified paralogs (sorghum) and orthologous gene pairs (between Sorghum/Oryza, and Sorghum/Arabidopsis) from phylogeny.



Protein analysis of SbPRPs and SbHyPRPs

Molecular weight (MW), isoelectric point (pI), and GRAVY (grand average of hydropathy) of PRPs and HyPRPs were identified by using ProtParam Expasy tools8 (Gasteiger et al., 2005), while phosphorylation sites were predicted by employing NetPhos3.1 software of Expasy tools (Blom et al., 2004). The putative transmembrane helices within these genes were identified using TMHMM software (Moller et al., 2001). The sub-cellular localization of PRPs and HyPRPS was identified by the WOLFPSORT program9 (Horton et al., 2007). MEME software (Bailey and Gribskov, 1998) was employed to analyze new sequence patterns and their significance (Bailey et al., 2006). The software helped to identify the nature of motifs by setting different default parameters, number of motifs from 1 to 10 with a motif width of 5–50, and the number of motif sites from 5 to 10.



Prediction of 3D structures and verification of their stability

The 3D structures for the highly expressed 12 proteins encoded by SbPRP (SbPRP3, SbPRP6, SbPRP10, SbPRP12, SbPRP17, and SbPRP19) and SbHyPRP genes (SbHyPRP2, SbHyPRP5, SbHyPRP6, SbHyPRP13, SbHyPRP17, and SbHyPRP26) were predicted using SWISS-MODEL server (Biasini et al., 2014). The predicted 3D structures of proteins for the highly expressed genes were evaluated for stability using PROCHECK and protein structure verification server (PSVS)10. The stability of the proteins was analyzed by Ramachandran plots through the calculation of phi (F) and psi (ψ) torsion angles.



Analysis of acetylation, methylation sites, and miRNA target sites

The acetylation of the internal lysines was predicted by using PAIL11 (Li et al., 2006), the PRmePRed12 (Kumar et al., 2017) was used to predict the methylation sites. The putative miRNAs in targeting the SbPRP and SbHyPRP genes were identified using the psRNATarget server (Dai and Zhao, 2011) by default parameters.



Prediction of simple sequence repeats

The simple sequence repeats (SSRs), the gene-specific molecular markers of PRPs and HyPRPs were identified within the transcripts by employing MISA-web13 (Beier et al., 2017).



Digital expressions of SbPRP and HyPRP genes in diverse tissues and developmental stages under cold and drought stresses

Digital expression profiling of SbPRP and SbHyPRP genes was analyzed using Genevestigator14. S. bicolor mRNA-seq data available for all the 21 SbPRP and 27 SbHyPRP genes for stress conditions like cold and drought, three tissues, and five developmental stages were collected and used for analysis. Gene expression profiles were developed using hierarchical clustering and heat maps were generated for anatomy, development, and perturbations separately.



qRT-PCR gene expression analysis of SbPRP and SbHyPRPs under diverse abiotic stress conditions

The transcriptional profiling of PRPs and HyPRPs was further investigated using qRT-PCR. Total RNA from root, stem, and leaf tissues under various stresses was extracted by using a nucleo-spin plant RNA isolation kit (MACHEREY-NAGEL) according to the manufacturer’s instructions. A total of 3 μg of total RNA was transcribed into cDNA by using first-strand synthesis kit (Thermo Scientific, Waltham, MA, USA). The SYBR Green Master Mix (2×) (Takara, Kasatsu, Shiga, Japan) was used according to the manufacturer’s recommendations. The qRT-PCR analysis was conducted by using ABI 7500 real-time PCR system (Applied Biosystems, Waltham, MA, USA) and Takara SYBR Green Master Mix (2 ×) with the following thermal cycles: 1 cycle at 95oC for 10 min, followed by 40 cycles alternatively at 95°C for 15 s and 60°C for 1 min. The amplicon dissociation curves were recorded with a fluorescence lamp after the 40th cycle by heating from 58 to 95oC within 20 min. Three biological replicates and two technical replicates were taken for the study. The gene expression data were normalized with Acyl Carrier Protein 2 (SbACP2) and Elongation Factor P (SbEF-P) genes of sorghum (Reddy et al., 2016). The PRP and HyPRP gene-specific primers used for qRT-PCR and reference genes are listed in Supplementary Table 1. The relative gene expressions were calculated by employing REST software (Pfaffl et al., 2002).




Results


Genome-wide characterization, chromosomal localization, and gene structure analysis of sorghum PRPs and HyPRP genes

The workflow of genome-wide screening and characterization of SbPRPs and SbHyPRPs is shown in Figure 1. Genome-wide analysis of sorghum resulted in the identification of a total of 48 homologous genes encompassing 21 SbPRPs and 27 SbHyPRPs. After checking their reliability by conserved domain search using the MOTIF search tool for convenience, the predicted PRPs, HyPRPs have been named as SbPRP1 to SbPRP21, and SbHyPRP1 to SbHyPRP27, respectively. Out of 21 SbPRP genes, 7 genes were localized on chromosome 1, followed by 3 and 6 (3 genes each). Chromosomes 4, 5, and 10 have 2 genes each, and chromosomes 7 and 8 have 1 gene each in S. bicolor (Table 1 and Figure 2A). Chromosome 1 also displays 9 HyPRP genes in S. bicolor out of 27 SbHyPRPs, followed by chromosomes 4 and 6 with 4 each, chromosome 3 with 3, chromosome 8 with 2, chromosome 5, 7, 10, 11, 12 with 1 gene each (Table 2 and Figure 2B). Chromosomes 2 and 9 totally lack the distribution of these genes. Thus, chromosome 1 has been found as the hot spot with 7 SbPRP and 8 SbHyPRP genes. The gene structure analysis provides possible mechanisms of structural evolution of SbPRP and SbHyPRP genes in sorghum and hence an attempt was made to compare the exon–intron structures of all the identified genes. Out of 21 SbPRP genes, 4 have no introns, 2 exons were found in 4 genes, 3 exons in 3 genes, 4 in 3, 6 in 1, 7 in 1, 8 in 1, 10 in 1, and 12 in 3 (Table 1 and Figure 3A). The SbPRP11, 13, and 18 have the highest number of exons, i.e., 12, while the least number of exons (one) was noticed in SbPRP8, 16, 19, and 20. Of the 27 SbHyPRPs, 16 genes have been found without any introns, but comprise only one exon, 2 exons in 7 genes, 3 in 3, and 4 exons in one gene. The majority of the SbHyPRPs were intron less in comparison with SbPRPs (Table 2 and Figure 3B).
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FIGURE 1
Methods, softwares, and pipelines used for genome-wide screening and characterization of SbPRPs and SbHyPRPs.



TABLE 1    List of identified PRPs exhibiting chromosomal location, sub group, length, DNA binding domains (DBD), molecular weight, (MW), iso-electric point (pI), GRAVY, no. of exons, localization, and instability and aliphatic indexes.
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FIGURE 2
Location and duplications of SbPRP and SbHyPRP. (A) Location and duplication of SbPRPs on chromosomes. (B) Location and duplication of SbHyPRPs on chromosomes.



TABLE 2    List of identified HyPRPs exhibiting chromosomal location, length of aa, DNA binding domains (DBD), molecular weight (MW), iso-electric point (pI), GRAVY, no. of exons, localization, and instability and aliphatic indexes.
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FIGURE 3
Gene characterization of SbPRP and SbHyPRP genes. (A) Distribution of exons, introns, upstream, and downstream regions in SbPRPs, (B) distribution of exons, introns, upstream, and downstream regions in SbHyPRPs.




In silico prediction of potential cis-regulatory elements

Promoter analysis predicted that SbPRP and SbHyPRP genes have potential cis-regulatory elements such as Dc3 Promoter Binding Factor (DPBF, participate in seed specific and/or ABA-inducible expression), MYC, MYB, etiolation, G-box, I-box, ANAERO, associated with abiotic stress, hormone-specific (ABRE, and ERE), T/GBOX for jasmonic acid, biotic stress-responsive WBox, development-specific (pollen, endosperm, and meristem specific) and guard cell-specific elements. Phosphorous (BIHD)-, ammonium-, sulfur-responsive (SURE), and iron (IRO2) starvation-responsive elements have also been predicted. They were rich with EECCRCAH1 elements, the binding site of MYB transcription factor; rbcS general consensus sequence; XYLAT, the core xylem gene set; Telo-box elements for activation of expression in root primordia (Supplementary Tables 2, 3).



Phylogenetic and gene duplication analysis of SbPRP, SbHyPRPs, and gene synteny in sorghum, rice, and Arabidopsis

The phylogenetic analysis of SbPRPs has been clustered into two clades, based on homology and conserved motifs. Clade I is subdivided into 7, whereas clade II is grouped into 4. A total of five paralogous pairs were observed in the SbPRP family, of which two tandem (SbPRP1/2 and SbPRP4/6 on chromosome 1) and the remaining segmental duplications (Figures 2A, 4A). A phylogenetic tree was constructed to see the evolutionary relationship of SbPRPs with Oryza and Arabidopsis ancestors for monocot and dicots. All of them exhibited lesser evolutionary relationships, but species-specific clusters were noticed. SbPRPs showed five orthologous relationships, of which four are with Oryza and only one with Arabidopsis (Sorbi_3001G266100/AT5G9170) (Supplementary Figure 1). The phylogenetic tree of SbHyPRPs clustered into two clades, based on their conserved motifs and subcellular localizations. Clade I is divided into two groups, whereas clade II is clustered into eight groups. A total of nine paralogs were predicted, of which four tandem (SbHyPRP11/12 on chromosome 3; SbHyPRP18/19 on 6; SbHyPRP23/24 on chromosome 9; SbHyPRP26/27 on chromosome 10) and five segmental duplications (Figures 2B, 4B). The SbHyPRPS have been predicted to have 10 orthologous relationships with Oryza, and only one with Arabidopsis (Sorbi_3010G204700/AT2G10940) (Supplementary Figure 2). Comprehensive phylogenetic trees were constructed by including Oryza, Arabidopsis, Zea, Medicago, Lycopersicum, Solanum, Medicago, Hordeum, Beta vulgaris, and Setaria for PRP and HyPRPs. They display species and family specificities. While SbPRPs showed 12 orthologous relationships with Zea, SbHyPRPS depicted 3 with Zea (Supplementary Figures 3, 4). Darwinian selection in paralogous and orthologous duplications was uncovered by calculating the non-synonymous substitution (dN) to synonymous (dS) ratios. Among the five paralogs of SbPRPs, only one event (SbPRP9/SbPRP18) showed the dN/dS ratio below 1, implying purifying selection, while the remaining four followed a positive/Darwinian selection (Supplementary Table 4). Out of the 5 PRP orthologous events, three events (SORBI_3006G211701/Os06G0104800; SORBI_3010G054600/Os06G0168700; SORBI_3001G266100/At5G59170) exhibited the dN/dS ratio less than 1, while the remaining two showed Darwinian/positive selection (Supplementary Table 5). Of the nine paralogous events of SbHyPRPs, only two (SbHyPRP14/SbHyPRP15, SbHyPRP18/SbHyPRP19) exhibited purifying selection (Supplementary Table 6). Out of six orthologs of SbHyPRPs, only one event (SORBI_3001G304201/Os10G40420) followed purifying selection and the remaining positive selection (Supplementary Table 7). Syntenic genes for sorghum PRP and HyPRPs were mapped to Oryza and Arabidopsis. For SbPRP genes, chromosome 1 displays seven genes, followed by chromosomes 3 and 6 with three genes, chromosomes 4, 5, and 10 with two genes, and chromosomes 7 and 8 with one gene each, respectively (Figure 5A). For SbHyPRP, S. bicolor chromosome 1 displays nine genes, followed by chromosomes 4 and 6 with 4, chromosome 3 with 3, chromosome 8 with 2, and chromosomes 5, 7, 10, 11, and 12 with one gene each, respectively (Figure 5B).
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FIGURE 4
Phylogenetic analysis of SbPRP and SbHyPRP genes. (A) Phylogenetic tree of PRPs in Sorghum.Sub-groups are distinguished by different colors based on their chromosome locations, (B) phylogenetic tree of HyPRPs in Sorghum. Sub-groups are distinguished by different colors based on their chromosome locations.
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FIGURE 5
Synteny analysis of SbPRP and SbHyPRP genes. (A) Synteny analysis of PRP in Sorghum bicolor, Oryza sativa,and Arabidopsis thaliana. (B) Synteny analysis of HyPRP in Sorghum bicolor, Oryza sativa,and Arabidopsis thaliana. The map was built with TB tools software. Sb, Sorghum bicolor; Os, Oryza sativa; PRP, Proline-rich proteins; HyPRP, Hybrid proline-rich proteins.




In silico characterization of SbPRP and SbHyPRP proteins

It has been predicted that SbPRP genes encoding peptides span from 69 (SbPRP9) to 2477 (SbPRP10) amino acids with the pI value varying from 4.59 (SbPRP9) to 11.11 (SbPRP8). The molecular weights range from 15027.87 (SbPRP-16) to 278911.49 (SbPRP10) Da. The pI values ranges between 5.99 (SbHyPRP17) and 9.66 (SbHyPRP8 and 22), and the molecular weights extend from 12255.61 (SbHyPRP15) to 70134.60 Da (SbHyPRP11). The analyses reveal that majority of them are basic in nature with few exceptions. All the predicted SbPRPs are unstable, (if instability index > 40, considered stable in nature) and the instability index ranges between 40.73 (SbPRP10) and 87.66 (SbPRP20). In the case of SbHyPRPs, 81.48% of proteins were unstable and the remaining were stable (Table 1). The instability index varies from 35.37 (SbHyPRP1) to –87.66 (SbHyPRP26) (Table 2). SbPRPs are hydrophilic proteins (86%) with lower aliphatic indices. When compared, the majority of the SbHyPRPs (66.66%) are found to be hydrophobic in nature, with a high aliphatic index. Out of 21 SbPRPs, only 38.09% contain transmembrane helices, while 33.33% of SbHyPRPs consist of the same (Tables 1, 2). Six (28.57%) of the SbPRPs target chloroplasts, four extracellular, one plastid, two the cytoplasm, three the nucleus, two the vacuole, and the remaining three target different localizations (Table 1). Out of 27 SbHyPRPs, 11 have been distributed in the chloroplast, 10 extracellular, one in mitochondria, two in the nucleus, one in the cytoplasm, and two extracellular or vacuolar (Table 2). Based on the analysis, it has been predicted that chloroplast and extracellular are the major target sites for their localization. Most of the SbPRPs have been predicted in the cytoplasm, indicating that they are secretary proteins. SbPRPs have been predicted to have a signal peptide at the N-terminus and a hydrophobic cysteine-rich region at the C-terminus. These results indicate that PRP proteins are secreted to the extracellular matrix through the signal peptide. The majority of the SbPRP proteins phosphorylate at serine and threonine sites and very few of them at tyrosine residues, threonine being the predominant one. Protein kinase C (PKC) and unspecified (unsp) are the most dominant types present in higher amounts in all the SbPRP proteins. Next to CKII, PKA P38MAPK, CDK5, PKG, and GSK3 are the most common kinases associated with phosphorylation (Supplementary Table 8). Whereas, in the case of SbHyPRPs, serine is the governing phosphorylation site followed by threonine and tyrosine. TPKC, unsp, PKA, CKII, cdc2, P38MAPK, CDK5, PKG, and GSK3 are the common kinases for SbHyPRP protein phosphorylations (Supplementary Table 9).



Conserved motif analysis

The MEME web server was used to analyze the motif distribution of SbPRPs and SbHyPRPs. In SbPRPs, the predicted motif 1 appears as the biggest and motif 10, the smallest. The SbPRP family does not exhibit a common motif distribution pattern. Motif 1 is the common motif found at N-terminus in fewer proteins. The motifs 2, 3, 4, and 5 are the structural conserved motifs, present in the middle of the proteins (Supplementary Figures 5, 6). In SbHyPRPs, motif 6 is the largest with 43 amino acids in length, and motifs 7 and 8 with 11 amino acids, are the smallest. Motif 4 is the common conserved motif present at N-terminus, while motif 3 is at C-terminus. Motif 8 exhibited repeated distribution in SbHyPRP 11, 26, and 27 (Supplementary Figures 7, 8). These conserved motifs reflect features for PRP and HyPRP proteins as shown by Wang et al. (2006) and hence provide confirmatory identification of proteins from the sorghum genome.



Homology modeling and validation of proline-rich proteins and hybrid proline-rich proteins

Protein models help to understand structure-function relationships (Rasheed et al., 2020). So, the 3D structures of SbPRP and SbHyPRP proteins were predicted with the best PDB templates (Supplementary Figure 9). The template PDB id, template description, chain, model of the oligomer, and their structure validations are represented in Supplementary Table 10. 3D structures of one SbPRP (SbPRP12) and six SbHyPRP (SbHyPRP2, SbHyPRP5, SbHyPRP6, SbHyPRP13, SbHYPRP17, and SbHYPRP26) proteins displayed significant sequence similarity percent ranging from 31.1% (SbPRP12) to 55.26% (SbHyPRP6). 3D structures of five SbPRP proteins (SbPRP3, SbPRP6, SbPRP10, SbPRP17, and SbPRP19) did not show any significant (<30%) sequence similarity (Supplementary Table 10). All the generated Ramachandran plots for structure validation are represented in Supplementary Figure 10.



miRNA target site prediction and analysis of acetylation and methylation sites

Plant regulatory small RNAs (sRNAs) include microRNAs (miRNAs) and small interfering RNAs (siRNAs) like phasiRNAs which regulate gene expressions, thus, modulating plant growth as well as stress tolerance (Haak et al., 2017). The psRNA Target Server predicts the miRNAs and their target sites in SbPRP and SbHyPRP genes. The 21 SbPRPS predicted in the present study appear to be the targets for 34 different miRNAs. The sbi-miR437 and sbi-miR5568 have been predicted to target the SbPRP family. The miRNAs participate in cleavage and translation inhibition events. The SbPRP13, 18, and 20 appear as the major targets for different miRNAs (Supplementary Table 11). Interestingly, 29 different miRNAs target 25 SbHyPRPs and moderate the activity. The SbHyPRP2, 3, 14, 16, 18, and 24 are the major gene targets for the majority of the miRNAs (Supplementary Table 12). SbPRP9 and SbPRP21 showed a high number of acetylations (Supplementary Table 13). When compared with SbPRPs, SbHyPRPs displayed a diminished number of acetylation and methylation sites. SbHyPRP 11 and 16 have been predicted to have myriad acetylation, and methylation sites (Supplementary Table 14). Prediction of miRNAs, methylation and acetylation sites indicate that SbPRP and SbHyPRP genes might be regulated epigenetically.



Prediction of simple sequence repeats

Out of a total of 36 SSRs, 18 were predicted in PRPs and HyPRPS. They were present on chromosomes 1, 3, 4, 5, 6, 7, and 10. Chromosome 1 has been found as the hot spot with three PRPs and five HyPRPs. While the majority of them carried single SSRs, PRP8, 10, HyPRP1, 4, and 6, have 2, and PRP6 and 8 have 3 SSRs. Tri-nucleotide repeats have been predicted as the major repeats (25), followed by hexamer (7) and tetra-nucleotide repeats (4) (Supplementary Table 15).



Digital expressions of SbPRP and SbHyPRP genes in diverse tissues, stages, and stress conditions

Using digital data, the expression of 21 SbPRP genes was analyzed in the root, shoot, and leaf tissues exposed to cold and drought stress conditions. Overall, high expression levels of SbPRPs were noticed in the leaf compared to root and shoot tissues. Out of 21 SbPRPs, SbPRP16, SbPRP17, SbPRP19, SbPRP1, and SbPRP3 displayed high expressions in shoot tissues (Figure 6A). Among diverse developmental stages such as maturity, dough, milking, flowering, and seedling, the seedling stage showed superior expressions followed by the flowering stage. SbPRP19, SbPRP16, SbPRP17, SbPRP1, SbPRP13, SbPRP13, and SbPRP20 showed high expression levels in seedlings treated with cold and drought stresses in comparison with other developmental stages (Figure 6B). SbPRP18 displayed higher expression levels, followed by 16, and 19 under both the stresses (Figure 6C). SbHyPRP5, SbHyPRP20, SbHyPRP13, and SbHyPRP21 showed elevated expressions in the leaf. Expressions of SbHyPRP12, SbHyPRP17, and SbHyPRP11 were strikingly high in roots (Figure 7A). SbHyPRP12 and SbHyPRP26 were markedly upregulated during maturity, dough, milking, and flowering stages in comparison with other genes. The majority of the SbHyPRP genes are also expressed during the seedling stage (Figure 7B). The heat map of SbHyPRPs showed both up- and down-regulation up to 2.5-folds under cold and drought stresses (Figure 7C). SbHyPRP17, SbHyPRP2, SbHyPRP18, and SbHyPRP20 showed upregulation in comparison with other genes under stress conditions. SbHyPRP2, SbHyPRP8, and SbHyPRP17 displayed high expressions under drought compared to cold stress conditions (Figure 7C).
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FIGURE 6
Digital expression profile of SbPRP genes in different organs, developmental stages under cold and drought stresses. (A) SbPRP in anatomical tissues, (B) SbPRP genes in developmental stages, (C) SbPRP gene expressions under cold and drought stress conditions.
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FIGURE 7
Digital expression profile of SbHyPRP genes in different organs, developmental stages under cold and drought stresses. (A) SbHyPRPin anatomical tissues, (B) SbHyPRP in developmental stages, (C) SbHyPRP gene expressions under cold and drought stresses.




Expression analysis of SbPRP genes in different tissues, varying stress conditions, and Zn treatment

Expression analysis of SbPRP and SbHyPRP genes were carried out in root, stem, and leaf to address their role in diverse organs. There is no single gene that has exhibited uniform levels of expression in all the three tissues. Under control conditions (without any stress), only SbPRP2 (1.303-folds) and SbPRP4 (0.824-folds) were constitutively expressed in roots, while SbPRP11 (1.820-folds) and SbPRP18 (1.473-folds) in the stem, and SbPRP3 (0.985) in leaf tissues (Figure 8A and Supplementary Table 16). Drought has considerably stimulated the expression of SbPRP17 in leaf (4.73-folds), stem (4.08-folds), and root (3.94-folds), but only in the roots of SbPRP12 (3.61-folds). Salt stress induced the activity of SbPRP17 by 4.25-, 3.53-, and 4.44-folds in leaf, stem, and root tissues, respectively, and also only in the roots of SbPRP19 (4.34-folds). Heat stress has upregulated SbPRP3 (3.31-folds), SbPRP6 (3.34-folds) and SbPRP17 (4.94-folds), and PRP19 (4.00-folds) in the leaf, SbPRP8 (4.58-folds) and SbPRP17 (3.744-folds) in the stem, SbPRP6, SbPRP12 and SbPRP17 by 4.05-, 3.84-, and 3.65-folds respectively in the root (Figure 8B and Supplementary Table 16). Cold stress has stimulated SbPRP4, SbPRP5, SbPRP6, SbPRP7, SbPRP9, SbPRP10, SbPRP13, SbPRP15, SbPRP17, SbPRP20, and SbPRP21 in the leaf between 3.08 to 4.99-folds. The fold-wise increase in the stem of SbPRP3, SbPRP6, SbPRP12, SbPRP13, SbPRP17, and SbPRP19 ranged from 3.01 to 5.20-folds. In the case of roots, the elevated transcript levels were 4.53, 5.38, 4.82, 3.03, 4.82, 3.24, and 4.59-folds in SbPRP3, SbPRP6, SbPRP12, SbPRP13, SbPRP15, SbPRP17, and SbPRP19, respectively. While ABA stimulated SbPRP6 and SbPRP17 by 3.85-, 3.65- (SbPRP6), 4.94-, and 4.20-folds (SbPRP17) in the leaf and root, it activated SbPRP3, SbPRP12, and SbPRP17 in the stems by 4.00, 3.04, and 4.00-folds, respectively (Figure 8B and Supplementary Table 16). Zn has jacked up only SbPRP17 by 3.58-folds in the leaf, SbPRP3 and SbPRP17 in the stems by 3.51- and 3.37-, and in the roots by 4.81- and 3.52-folds respectively. From the results obtained, it is inferred that SbPRP17 is critical for stress tolerance since it is expressed under various abiotic stress conditions in all three tissues, followed by SbPRP3, SbPRP6, and SbPRP12 (Figure 8B, Supplementary Figure 11, and Supplementary Table 16).
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FIGURE 8
qRT-PCR expression profiling of SbPRPs. (A) Native expression analysis in root, stem, and leaf, (B) relative expression analysis in root, stem, and leaf under drought, salt, heat, cold, ABA, and Zn stresses. R, root; S, stem; L, leaf.




Transcript profiling of SbHyPRP genes in different tissues, diverse abiotic stresses, and Zn treatment

Unlike SbPRPs, SbHyPRPs displayed uniform constitutive expressions in all the tissues. In roots, SbHyPRP12 was enhanced by 1.75-, SbHyPRP10 by 1.60-, and SbHyPRP21 by 1.54-folds when compared to the expression levels of the housekeeping gene actin. In the case of the stem, SbHyPRP3 was upregulated by 2.77-, SbHyPRP20 by 2.03-, SbHyPRP16 by 1.95, and SbHyPRP13 by 1.91-folds. While in leaf tissues, gene expressions increased by 1.77- in SbHyPRP14, 1.35- in SbHyPRP11, and 1.32-folds in SbHyPRP18 devoid of any stress (Figure 9A and Supplementary Table 17). Significant upregulation of the SbHyPRP2 and SbHyPRP17 genes was noticed in comparison with control tissues regardless of the tissue and type of stress imposed. Drought stress has increased the expressions of SbHyPRP2 by 5.16-, 9.67-, and 8.17-folds in the leaf, stem, and root, respectively. SbHyPRP17 registered an upregulation of 26.66-, 17.01-, and 15.35-folds in leaf, stem, and root, respectively, under drought. The highest expression of 44.15-folds was recorded in SbHyPRP20 in the stem tissues under water-deficit conditions. Expressions varied between 3.45-, and 24.00-folds in SbHyPRP5, SbHyPRP6, SbHyPRP10, SbHyPRP13, SbHyPRP16, SbHyPRP27 genes under drought stress (Figure 9B and Supplementary Table 17). Under salt stress, the highest expression of 21.79-folds was noticed in the root tissues of SbHyPRP17, followed by leaf tissues (19.10-folds). SbHyPRP2 was upregulated by 15.60-folds in the leaf under saline conditions. Activities were also high under salt stress in SbHyPRP6, SbHyPRP7, SbHyPRP10, SbHyPRP14, and SbHyPRP26. SbHyPRP17 displayed a dramatic increase in the activity (30.82-folds) under heat stress in the leaves, followed by SbHyPRP2 in the leaf (23.44-folds). SbHyPRP2 and SbHyPRP17 also recorded markedly high activities in the stem and root tissues (15.3-, 12.58-, 8.54-, 13.40-folds respectively). Cold temperature induced the transcript levels of SbHyPRP2, SbHyPRP6, SbHyPRP9, SbHyPRP12, SbHyPRP17, SbHyPRP26, and SbHyPRP27 in the leaves in the range of 3.34- (SbHyPRP26) to 19.96-folds (SbHyPRP12). Again in the stem, the expression level was high in SbHyPRP12 (11.35-folds). SbHyPRP2 and SbHyPRP13 exhibited 10.13- and 17.83-folds enhanced transcript levels in the roots under cold stress (Figure 9B and Supplementary Table 17). Significant upregulation in the activity of SbHyPRP17 was noticed in the leaf, stem, and root tissues (30.87-, 16.10-, and 18.46-folds), and the activities ranged between 3.13- and 9.57-folds in other genes when exposed to the phytohormone ABA. Zn treatment boosted the activities of SbHyPRP26 (25.39-folds) and SbHyPRP17 (11.96-folds) in the leaves. While SbHyPRP2 displayed the maximum activity (16.83-folds) in the stem, the roots of SbHyPRP17 showed 11.47-fold higher activities compared to the controls (Figure 9B, Supplementary Figure 12, and Supplementary Table 17).
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FIGURE 9
qRT-PCR expression profiling of SbHyPRPs. (A) Native expression analysis in root, stem, and leaf, (B) relative expression analysis in root, stem, and leaf under drought, salt, heat, cold, ABA, and Zn stresses. R, root; S, stem; L, leaf.





Discussion


Characterization of SbPRP and SbHyPRP gene homologs

The accessibility of the whole sorghum genome sequence (Paterson et al., 2009) has provided an excellent opportunity for genome annotation, comparative genomic analysis, and understanding of the structural and functional variations among the diverse gene families. Publicly available genome sequence data have helped us in identifying different gene families in sorghum (Kumari et al., 2018; Maheshwari et al., 2019; Nagaraju et al., 2020, 2021). PRPs and HyPRPs play crucial roles in abiotic stress and growth functions as well (Zhang and Schläppi, 2007; Priyanka et al., 2010; Huang et al., 2011; Berendsen et al., 2012; Li et al., 2016; Efthimiadou et al., 2020). Recently, OsHyPRP06/R3L1 has been found to modulate root system development besides salt tolerance via apoplastic ROS homeostasis in rice (Zhao et al., 2021). Great variability exists in the number of PRPs and HyPRPs in different taxa (Dvorakova et al., 2007; Neto et al., 2013; Fujino et al., 2014; Showalter et al., 2016; Kapoor et al., 2019; Zhang et al., 2021), which could be due to differences in the genera or the method employed. Genome-wide analyses of sorghum resulted in the identification of 21 SbPRPs and 27 SbHyPRPs in the present study. Detection of both SbPRPs and SbHyPRPs in the present study in S. bicolor indicates their conservation in evolution.



Prediction of exons and introns

The exon-intron structure in the genomic sequences furnishes an insight into evolutionary relationships among the genes or organisms and perhaps needs intensified investigations (Koralewski and Krutovsky, 2011). Our predicted results on intron-exon structure organization both in SbPRPs and SbHyPRPs conform to the results obtained from other species (Fujino et al., 2014; Kapoor et al., 2019; Zhang et al., 2021). Several SbPRP and SbHyPRP genes have been found with no or few introns. It has been shown in yeast, A. thaliana, and mice that genes with rapidly changing expression levels in response to environmental stresses contain lower intron densities (Jeffares et al., 2008). Introns delay the regulatory responses, hence genes that need rapid adjustment for survival against the changing environment are intron poor (Jeffares et al., 2008; Lan et al., 2013). It appears, therefore, that there is an intron loss during the evolution of a few eukaryotic lineages. Besides structural diversity, the complexity of the eukaryotic genes might contribute to the evolution of gene families. Our results show that the SbPRP and SbHyPRP genes have been distributed randomly on different chromosomes.



Predicted cis-regulatory elements

In the present study, cis-elements such as DPBF, MYC, MYB, G-box, ABRE, and ERE have been identified in sorghum besides phosphorous, ammonium, sulfur, and iron starvation-responsive elements. SbPRPs have been found rich in phosphorous, iron, ammonium, and sulfur-responsive elements, while SbHyPRPs in sulfur-responsive elements, indicating the diverse roles they play in nutrient homeostasis. These elements might target transcription factors like SPB, zinc finger, WRKY, WD-40, NAC, MYB, HSFs, GRAS, ARFs, and bHLH families and play a vital role in abiotic stress tolerance (Katiyar et al., 2015). MYB and ABRE elements might play a role in the ABA-dependent signaling pathway in response to drought, salt, and cold stresses. Promoter analysis also revealed the presence of elements that participate in sugar signaling, nuclear factor binding, and biotic stress-responsive cis-elements such as WBOXNTERF3, WBOXATNPR1, and CGTCA that respond to wounds, pathogens, and salicylic acid (Hwang et al., 1998; Schumann et al., 2017). In cotton, the GhHyPRP4 promoter is cold-inducible (Huang et al., 2011). Kapoor et al. (2019) reported a good correlation between inducible expression in OsHyPRP16 in response to the pathogen Magnaporthe oryzae, hormones ABA, methyl jasmonate, salicylic acid, and abiotic stresses like cold, and salt in the promoter sequences of rice.



Phylogenetic analysis

Phylogenetic trees infer that PRPs are highly conserved in different taxa. Analysis of the phylogenetic trees reveals that homologous gene pairs have high sequence identities with other taxa compared, thus displaying their evolutionary relationships. The clustering of the PRP and HyPRPs of sorghum, rice, maize, and disconnection from Arabidopsis indicates their evolutionary divergence during monocotyledon lineage-specific evolution. Expansion of gene families occurs through segmental, and tandem duplications besides transposition events (Kong et al., 2007). In the present study, a total of eight paralogs were observed including two regional and six segmental duplication events in SbPRPs, while three regional and five segmental duplications in SbHyPRPs, indicating that segmental and tandem duplications are responsible for gene family expansion. Gene order conservation of PRP and HyPRP has been identified by circos maps. High conservation of PRP and HyPRP genes has been noticed between Sorghum and Oryza when compared to Sorghum and Arabidopsis, indicating that rice and sorghum are closely related.



Subcellular localization of protein predictions

Predictions related to the subcellular localization of the proteins in the extracellular matrix, identification of signal peptides, and also cysteine-rich regions indicate that all these proteins might not be secretory type as has also been pointed out by Banday et al. (2022). PRPs and HyPRPs are located on the cell wall and plasma membrane and regulate the synthesis of cell walls aside from responding to abiotic stresses (Jose-Estanyol et al., 2004; Kavi Kishor et al., 2015; Mellacheruvu et al., 2016; Gujjar et al., 2018; Li et al., 2019; Zhang et al., 2021). In citrus, CsPRP4 protein was localized in the plasma membrane (Ma et al., 2013), and in Juglans sigillata, JsPRP1 in the epidermal cells (Liu et al., 2018). While HyPRP protein from Arabidopsis has been identified on the cell wall (Zhang and Schläppi, 2007), GhHyPRP3 from cotton has been noticed on the plasma membrane (Qin et al., 2013). In apple, PRP proteins have been detected in the cell membrane, nucleus, and chloroplast (Zhang et al., 2021). AZELAIC ACID INDUCED 1 (AZI1) is a HyPRP, a member of the HyPRP superfamily (Dvorakova et al., 2007), and a signal-anchored protein that has a proline-rich region (PRR) for targeting the protein to plastids (Cecchini et al., 2015, 2021). HyPRPs possess transmembrane domains besides a PRR and a lipid transfer domain. A feedback regulatory loop exists between glycerol-3-phosphate (G3P) and lipid transfer protein Defective in Induced Resistance (DIR1) in plants and AZI1 mediates azelaic-acid-induced systemic immunity (Yu et al., 2013). But, the subcellular locations of HyPRPs and their precise functions during development and biotic and abiotic stress tolerance have mostly not yet been identified. HyPRPs may be localized to the plastid outer membranes, thylakoid membranes, membranes of the endoplasmic reticulum, plasma membrane, or plasmodesmata (Banday et al., 2022). Few of the HyPRPs have a set of proteins that target the outer membrane of the plastid with the aid of PRRs. HyPRPs modulate systemic immunity against Pseudomonas syringae and also help in the colonization of P. simiae WCS417 in the roots. Taken together, it appears that HyPRPs may facilitate signal molecule transport and help in plant immunity, growth, and development besides abiotic stress tolerance. Similar to the studies carried out by He et al. (2002); Fujino et al. (2014), and Kapoor et al. (2019), our findings suggest that SbPRP and SbHyPRP proteins are localized in different subcellular locations.



Homology modeling

The highly expressed SbPRP and SbHyPRP protein structures were predicted and structurally validated for accuracy using Ramachandran plots. Similar studies were reported previously by Kumar et al. (2018). Understanding the prediction of protein structures can facilitate the understanding of their function (Jumper et al., 2021).



Methylation sites, identification of micro RNAs

SbPRPs and SbHyPRPs showed methylation as well as acetylation sites. Elements of epigenetic regulation such as histone variants, chromatin remodeling, non-coding RNAs, and DNA methylations are highly conserved among plant systems and represent an important component of the omnifarious biological process (Goldberg et al., 2007; Allis and Jenuwein, 2016; Ueda and Seki, 2020). It is known that epigenetic regulation including acetylation and methylation coordinates abiotic stress responses (Kim et al., 2015; Asensi-Fabado et al., 2017; Luo et al., 2017; Ueda and Seki, 2020). Methylations and acetylations found in sorghum might regulate the genes post-transcriptionally which are implicated in abiotic stresses.

Micro RNAs (miRNAs) are small, non-coding, regulatory elements, which play overriding roles in gene regulation by disturbing the transcripts of genes and mediating the plant adaptation to the changing environmental conditions (Bartel, 2004). In the present study, miRNAs that target SbPRPs and SbHyPRPs have been predicted. We assume that these miRNAs regulate these genes. miRNAs are critical not only for stress responses but also for plant development (Sunkar et al., 2007; Rubio-Somoza et al., 2009). In the present investigation, miR437 and miR5568 have been identified as dominant miRNAs, specific for monocots and absent from eudicots (Sunkar et al., 2007). The conservation and divergence of miRNAs may help to understand miRNA evolution and identify the species-specific miRNAs and the roles that they play in gene regulation. SICKLE (SIC), a proline-rich protein has been found vital in A. thaliana for development and abiotic stress tolerance. It is also involved in microRNA biogenesis (Zhan et al., 2012). Loss-of-function sic-1 mutant Arabidopsis displayed higher levels of introns, sickle-like margin, delayed flowering, hypersensitivity to chilling, and salt stresses. The SIC protein has been observed to colocalize with the miRNA biogenesis component hyponastic leaves 1 (HYL1). These observations have led Zhan et al. (2012) to conclude that SIC is necessary for the biogenesis of some miRNAs and spliced introns. DNA and chromatin modifications modulate the expression of stress-responsive genes. Such modifications are also heritable inferring their role in the evolutionary mechanisms associated with abiotic stress tolerance (Singroha et al., 2022).



Predicted simple sequence repeats

Simple sequence repeats are used generally to study genetic relatedness or variation among the species. SSRs get mutated quickly; hence, differentiation of closely related species is possible. So far, several QTLs associated with diverse traits were identified in many crops. The predicted SSRs associated with PRPs and HyPRPs could be informative and used to evaluate the genetic diversity and relationships among diverse sorghum lines. Such markers may also be useful to the breeders who are aiming to generate abiotic stress tolerant sorghum lines.



Digital expressions of SbPRP and SbHyPRP genes at diverse organs and developmental stages and transcript profiling of SbPRP and SbHyPRP genes under abiotic stresses, abscisic acid, and zinc

Digital expression data indicated that the expressions of PRP and HyPRP genes were higher in leaf tissues during the seedling stage of plant development. The results indicate the importance of SbPRP19, SbPRP16, SbPRP17, SbPRP1, SbPRP13, SbPRP13, and SbPRP20 genes during seedling when compared to other stages. Such genes need to be functionally validated to find out the seedling specific roles they play especially under water-deficit conditions. Increased expressions of both SbHyPRP12 and SbHyPRP26 during maturity, dough, milking, and flowering stages infer the crucial role they might play during these stages. High expressions of SbHyPRP2, SbHyPRP8, and SbHyPRP17 under water-deficit conditions compared to cold stress surmise that functional validation of these genes needs to be carried out.

Insolubilization of PRPs leads to the formation of protein–protein or protein–carbohydrate linkages within cell walls and assists in the stability of extracellular matrix in plants (Bernhardt and Tierney, 2000; Akiyama and Pillai, 2003). PRPs respond to the changing environments and thus abet in coping with stress situations (Kavi Kishor et al., 2015; Zhang et al., 2021). Literature on the transcript expressions of PRPs is scanty. Munoz et al. (1998) in Cicer arietinum and Xu et al. (2007) in Gossypium hirsutum have shown tissue-specific expression of PRP genes. GmPRP1 mRNAs have been found in elongating and mature regions of the seedling hypocotyl cells in Glycine max, GmPRP2 in phloem cells, and GmPRP3 in the endodermoid layer of cells in the hypocotyl elongating region (Wyatt et al., 1992). In the case of Arabidopsis, AtPRP1 and AtPRP3 gene expressions were noticed in roots, and AtPRP2 and AtPRP4 in aerial organs (Fowler et al., 1999; Bernhardt and Tierney, 2000). SbPRP genes were activated under different abiotic stress conditions aside from ABA and Zn treatments in a tissue-specific manner in sorghum. This reveals that these genes are spatially regulated during plant development in a specific tissue or cell type as has been shown by others (Munoz et al., 1998; Xu et al., 2007; Zhang et al., 2021). Out of 21 SbPRPs, SbPRP17 appeared to have ubiquitous expressions in all tissues though the magnitude differed, suggesting that SbPRPs function in many physiological processes during stress. It is known that PRP genes are up- and down-regulated, involved in plant growth and environmental challenges. In support of this statement, Gothandam et al. (2010) overexpressed rice OsPRP3 and showed that transgenics acquire cold tolerance, but knockdown mutants display defects in flower morphogenesis. In Arabidopsis, PRP is critical for development, and abiotic stress tolerance is associated with microRNA biogenesis (Zhan et al., 2012). When Gossypium hirsutum GhPRP5 gene was overexpressed in Arabidopsis, transgenics exhibited diminished growth in comparison with wild-type plants. On the other hand, GhPRP5 knock-down mutants in cotton improved fiber development with longer fiber length (Xu et al., 2013). Thus, PRPs have been proved to be associated with positive or negative regulation of plant growth. In the present study, it has been noticed that SbPRPs respond to drought, salt, heat, cold, ABA, and Zn inferring that SbPRPs play critical roles, but the responses differ among various environmental stimuli and Zn treatment. Such a phenomenon was noticed in Brassica napus, and BnPRP responds to low and high temperatures, and drought, but not injury (Goodwin et al., 1996). In Glycine max, GmPRP was triggered by salicylic acid, an endogenous circadian rhythm and diverse abiotic stress conditions (He et al., 2002). Contrary to the above, OsPRP was down-regulated during submergence in Oryza sativa (Akiyama and Pillai, 2003). In the case of Arabidopsis, out of 18 PRP genes, nematode infection upregulated the expression of PRP4, PRP11, and PRP16 and P. syringae infection induced PRP9 and PRP10 (Showalter et al., 2010). Overexpression of Juglans sigillata JsPRP1 resulted in drought tolerance, CdCl2 stress, Colletotrichum gloeosporiodes infection (Liu et al., 2018). In apple also, many MdPRP genes were expressed in all tissues except MdPRP4, MdPRP5, MdPRP7, and MdPRP8 (Zhang et al., 2021). Interestingly, Zn also stimulated SbPRP3 and SbPRP17 genes in all three tissues, but their implication in zinc nutrition or starvation await functional assays to demonstrate the precise role of ABA and Zn in PRP functioning. Overall, these findings indicate that PRPs are differentially regulated under diverse abiotic stress conditions and might play decisive roles in modulating growth in addition to stress responses.

HyPRPs are a large family of cell wall protein with a variable N-terminal domain and a conserved C-terminal domain which is related to non-specific lipid transfer proteins. Initially, they have been regarded as only cell wall proteins, but slowly their multifunctional nature is being unraveled. HyPRPs take an active part in abscission, cell elongation, cell wall synthesis, growth, development, and biotic and abiotic stress tolerance (Wu et al., 1993; Zhang and Schläppi, 2007; Dvorakova et al., 2012; Sundaresan et al., 2018). Compared to SbPRP genes, multiple SbHyPRP genes have been found upregulated upon exposure to different abiotic stress conditions. Several HyPRP genes have been cloned and overexpressed and the transgenics displayed freezing or low-temperature stress tolerance inferring their positive regulatory role in stress response (Zhang and Schläppi, 2007; Huang et al., 2011; Peng et al., 2015). Overexpression of other HyPRP genes such as CcHyPRP (Cajanus cajan), GhHyPRP3 (Gossypium hirsutum), and MfHyPRP (Medicago falcata) increased the levels of tolerance to multiple abiotic stresses like salt, and cold temperature (Priyanka et al., 2010; Qin et al., 2013; Tan et al., 2013). Pitzschke et al. (2014) identified and characterized AZI1, a lipid transfer protein (LTP)-related HyPRP, a target of mitogen-activated protein kinase 3 (MPK3). While null mutants of azi1 are salt susceptible, overexpressing lines exhibit tolerance. Thus, MPK3 appears as a positive regulator of AZI1 and a key interactant. HyPRP from Arabidopsis has been found to play a key role in SAR when infected with Pseudomonas syringae (Jung et al., 2009). Neto et al. (2013) identified soybean HyPRP family members and their responses to Asian soybean rust disease. EARLI1 is an Arabidopsis HyPRP, protects plants against cold stress, and improves germination under low temperatures and salt stress conditions (Zhang and Schläppi, 2007). Experiments performed by Li et al. (2012) using recombinant EARLI1 protein indicate that its application to Botrytis cinerea, Fusarium oxysporum inhibits the growth and cell viability. These results point out that HyPRPs are positively associated with biotic stress tolerance. Conversely, Yeom et al. (2012) identified the HyPRP1 gene in Capsicum annuum and Nicotiana benthamiana which is constitutively expressed in different organs. But the gene was down-regulated when inoculated with pathogens. Overexpression of the gene resulted in accelerated death along with the down-regulation of ROS-scavenging genes. Gene silencing suppressed pathogen-induced cell death but increased disease resistance. It appears therefore that HyPRP acts as a positive regulator of cell death and a negative regulator of basal defense against pathogens. A DOUBLE HYBRID PROLINE-RICH PROTEIN 1 (AtDHyPRP1) detected in Arabidopsis contains two tandem proline-rich domain-eight cysteine motifs (PRD-8CMs) and is a novel HyPRP and induced by salicylic acid, methyl jasmonate, virulent and non-virulent strains of the pathogen P. synringae. Overexpression of this gene resulted in increased pathogen resistance, but RNAi lines of AtDHyPRP1 exhibited susceptibility, indicating its involvement in defense response (Li et al., 2014). Li et al. (2016) noticed that the SpHyPRP1 gene isolated from Solanum pennellii play a negative role in abiotic stress tolerance in tomato. Similarly, GhHyPRP1 negatively regulates the resistance to Verticillium dahliae in cotton via the thickening of cell walls and ROS accumulation (Yang et al., 2018). These studies underpin the significant role that HyPRPs play during biotic and abiotic stress tolerance.




Conclusion

Proline-rich proteins and HyPRPs are dominant constituents of cell wall proteins and help in the stability of the extracellular matrix. Their role in plant growth, development, and biotic and abiotic stresses are being rolled in recent times. The present study predicts the identification of 21 PRPs and 27 HyPRPs in sorghum and also the presence of cis-regulating elements implicated in abiotic stress tolerance, and nutritional starvation. Further, qRT-PCR analysis indicates that SbPRP and SbHyPRP genes are stimulated under cold, drought, high temperature, and salt stress conditions in sorghum. However, it is necessary to understand the molecular regulation of PRP and HyPRP proteins and also the functional validation of these genes in a wide array of biotic and abiotic stress conditions.
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Coleoptile is the small conical, short-lived, sheath-like organ that safeguards the first leaf and shoot apex in cereals. It is also the first leaf-like organ to senesce that provides nutrition to the developing shoot and is, therefore, believed to play a crucial role in seedling establishment in rice and other grasses. Though histochemical studies have helped in understanding the pattern of cell death in senescing rice coleoptiles, genome-wide expression changes during coleoptile senescence have not yet been explored. With an aim to investigate the gene regulation underlying the coleoptile senescence (CS), we performed a combinatorial whole genome expression analysis by sequencing transcriptome and miRNAome of senescing coleoptiles. Transcriptome analysis revealed extensive reprogramming of 3439 genes belonging to several categories, the most prominent of which encoded for transporters, transcription factors (TFs), signaling components, cell wall organization enzymes, redox homeostasis, stress response and hormone metabolism. Small RNA sequencing identified 41 known and 21 novel miRNAs that were differentially expressed during CS. Comparison of gene expression and miRNA profiles generated for CS with publicly available leaf senescence (LS) datasets revealed that the two aging programs are remarkably distinct at molecular level in rice. Integration of expression data of transcriptome and miRNAome identified high confidence 140 miRNA-mRNA pairs forming 42 modules, thereby demonstrating multi-tiered regulation of CS. The present study has generated a comprehensive resource of the molecular networks that enrich our understanding of the fundamental pathways regulating coleoptile senescence in rice.
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Introduction

Plant senescence, the terminal phase of plant development, is a regimented degradation process which ensures efficient nutrient recycling, fitness and reproductive success. It is a natural phenomenon primarily governed by developmental age and has a multi-layered regulation in which phytohormones play a pivotal role in integrating developmental signals with extrinsic factors, thereby fine-tuning the senescence program by an intricate network of signaling pathways (Lim et al., 2007). Abscisic acid (ABA), jasmonic acid (JA), salicylic acid (SA), ethylene, brassinosteroids (BRs) and strigolactones are well-acknowledged positive regulators of plant senescence, while cytokinins, gibberellins and auxins are generally known to negatively regulate plant senescence. Eventually all the cells and tissues undergo slow death in the plant organs that are destined for senescence. Among different plant organs, extensive studies have been carried out for understanding the molecular mechanism underlying the regulation of leaf senescence in plants. The senescence-associated deterioration process is tightly controlled at transcriptional, post-transcriptional and epigenetic level. The transcriptional regulation of senescence refers to the changes in the expression pattern of genes which are known as senescence-associated genes (SAGs). Several transcriptome studies have revealed massive reprogramming of a large repertoire of genes predominantly belonging to families such as transcription factors (TFs), proteases, receptor-like kinases, and nucleases. Members of TF families such as NAC, WRKY, bHLH, Zinc finger, MYB, TCP and AP2 participate in the senescence programme and many of these represent nodal points for mediating crosstalk between external and internal factors to initiate the aging process. Like many other processes of plant development, the last stage is also regulated at post-transcriptional level by small non-coding RNAs (Thatcher et al., 2015). High-throughput sequencing has fuelled the discovery of a large number of miRNAs associated with leaf senescence in multiple plant species (Xu et al., 2014; Huo et al., 2015; Wu et al., 2016). Three miRNA regulatory modules and their cognate TF targets i.e., miR164-ORE1, miR319-TCP4 and miR390-TAS3-ARF2 play critical role in regulating leaf senescence in Arabidopsis (Ellis et al., 2005; Kim et al., 2009; Li et al., 2013). Senescence is also regulated epigenetically by DNA methylation, histone modifications and chromatin alterations (Ay et al., 2014). Overall, the complex regulatory interactive network comprising SAGs (mainly TFs), miRNAs, hormones and chromatin modifications modulate leaf senescence in plants.

Among different plant organs, coleoptile is the first organ to undergo senescence post-germination in cereal plants. It is a protective sheath that emerges two days after sowing and covers emerging shoots in monocotyledonous plants. In addition to providing physical protection to first true leaves, the coleoptile also provides nutrition, mainly carbohydrates, to the growing parts of developing seedlings (Fröhlich and Kutschera, 1995). During seed germination under submerged conditions, coleoptile rapidly elongates and acts like a ‘snorkel’ to uptake oxygen from the water surface and transfer it to the underwater parts for their optimal growth (Narsai et al., 2015). It is evidently clear that the coleoptile, along with the first leaf, play a crucial role in seedling establishment, which is a key determinant of plant fitness and productivity of the cereal crops. Interestingly, the coleoptile continues to elongate under anaerobic conditions, however, on transfer to aerobic conditions it rapidly attains maturation followed by growth cessation and initiation of senescence (Inada et al., 2002). Under optimum growth condition, the coleoptile turns green from white within 3 days of seedling transfer to air. This is followed by emergence of the first leaf along with splitting of coleoptile in the next 24 h. Senescence of coleoptile is initiated rapidly afterwards and is evident by the formation of lysigenous aerenchyma, chlorophyll degradation and DNA fragmentation (Inada et al., 2002). Other than coleoptile, leaf senescence also occurs naturally in rice plants. Though deterioration events such as chloroplast breakdown followed by nuclear condensation are conserved in coleoptile and leaf senescence, aging within an individual leaf is highly asynchronous, thereby making it difficult to accurately characterize its senescence program and associated regulatory pathways (Inada et al., 1998). On the contrary, the senescence in coleoptile is relatively synchronous because of its simple cellular architecture consisting of only two vascular bundles and few layers of mesophyll cells. Owing to the simple cellular architecture, short life-span and quick and uniform pattern of aging, coleoptile is often proposed as a model organ for studying the mechanism of senescence in cereals.

Comprehensive understanding of the senescence process in coleoptile has been gained with respect to the pattern of cell death events and major changes that occur at tissue and cellular level, however, till date there is no genomic-scale study on discovering the gene expression changes during coleoptile senescence in any cereal plant. With an aim to gain insights into the components of regulatory pathway(s) and possible interaction among these components/pathways that contribute to coleoptile senescence, we employed an integrated omics approach and performed high-throughput sequencing of coding as well as non-coding RNAs to identify the differentially expressed genes and their regulation by miRNAs. A comparative analysis of the coleoptile transcriptome dataset with the publicly available leaf senescence dataset revealed the unique and common components between the two senescing organs. Efforts were made to validate some of the transcripts and miRNAs that exhibited differential expression during senescence. Regulatory networks involving differentially expressed genes and their probable miRNA regulators were integrated with protein-protein interaction (PPI) datasets, which vividly supported a multi-tiered regulation of senescence program in rice coleoptiles.



Materials and methods


Plant material

The surface-sterilized rice seeds (var. Pusa Basmati 1) were submerged in autoclaved water for seven days at 280C in test tubes (8-10 cm below the water surface) placed in a growth room. After seven days of growth under submergence, the seeds with elongated coleoptiles were transferred to cotton beds soaked with rice growth media (Yoshida et al., 1976). Immediately after transferring to aerobic conditions, the unsenesced elongated coleoptile tissues (control-Day 0) were harvested. Senescence of coleoptiles was monitored on Day 1 and Day 2 under aerobic conditions, and tissues were harvested at each time point. Tissues from three biological replicates were harvested, frozen in liquid nitrogen and stored in -80°C for future use. Out of the three replicates, two replicates of control and Day 2 tissues were employed for high-throughput sequencing of RNA and small RNA. For quantitative PCR experiments three biological replicates comprising all three timepoints (control, Day 1 and Day 2) were utilized.



mRNA and small RNA library preparation and high-throughput sequencing

Total RNA was isolated from the harvested tissues using a modified GITC method (Chomczynski and Sacchi, 1987). The quantity and quality of the isolated RNA were evaluated using a spectrophotometer (Bio-Rad, USA) and MOPS-formaldehyde-agarose denaturing gel electrophoresis. Four RNA-Seq libraries were constructed from control (Control_BR1 and Control_BR2) and Day 2 (Day 2_BR1 and Day 2_BR2) samples followed by their 101 bp paired-end sequencing using Illumina’s HiSeq4000 sequencing platform (Illumina, Inc., USA). For mRNA library preparation, RNA integrity of the control and Day 2 samples were assessed using Agilent Bioanalyzer 2100 system (Agilent Technologies, USA). TruSeq RNA Sample Preparation Kit v2 (Illumina, Inc., USA) was used according to the manufacturer’s instructions to construct the RNA sequencing libraries. The transcriptome library preparation and sequencing were outsourced to M/s Bionivid Technology Pvt. Ltd., India.

For small RNA library preparation, total RNA was resolved on TBE-urea-PAGE gel and the 15-30 nt portion corresponding to the low molecular weight (LMW) RNA fraction was excised and extracted for LMW RNA. The extracted LMW RNA was ligated with RNA adapters (5’ and 3’) using T4 RNA ligase and subsequently used for first-strand cDNA synthesis using Superscript III reverse transcriptase (Invitrogen, USA). A 3’ adapter specific reverse primer was used for the first-strand cDNA synthesis (Supplementary Table 11). The cDNA library was enriched and purified before quality check using Bioanalyzer (Agilent Technologies, USA). The small RNA-cDNA libraries were sequenced using Illumina HiSeq4000 sequencing platform by M/s Bionivid Technology Pvt. Ltd., India. The transcriptome and small RNA sequencing datasets were submitted to the SRA database as accession nos. GSE199139 and GSE199238, respectively.



Differential gene expression analysis, gene ontology and functional enrichment analysis

The sequencing data obtained by RNA sequencing was analyzed for quality assessment. In brief, filtering of high quality (HQ) reads was performed with ‘NGS QC Toolkit (Patel and Jain, 2012). The HQ reads with an average Phred score ≥20 and ≥70% high-quality bases were included in the downstream analysis. Oryza sativa-Nipponbare-Reference-IRGSP-1.0 was used as the reference genome for mapping HQ adapter-trimmed reads. TopHat v2.0.11 was employed for mapping with default parameters (Trapnell et al., 2009). Subsequently, Cufflink (Cufflink_2.2.1) and Cuffmerge (Trapnell et al., 2009) tools were used for reference-based assembly of the reads. Fragments per transcript kilobase per million fragments mapped (FPKM) for each transcript was calculated from the number of mapped reads of the transcripts. Transcripts with normalized FPKM value ≥1 were considered for differential expression analysis with the Cuffdiff module of Cufflink. A comparative analysis of FPKM values of all the transcripts from Day 2 with that of control tissue was performed for identifying differentially expressed genes (DEGs). Identification of DEGs in coleoptile senescence was performed by calculating log (base 2) of FPKM of senescence sample divided by FPKM of control condition sample. A fold change of ±2 in the log2 scale was set as a cutoff for the categorization of DEGs. For the transcripts which were either specifically expressed in control or Day 2, fold change could not be calculated owing to FPKM value 0 in one of the samples. Since there were two biological replicates p-value was calculated to identify the transcripts which exhibited significant differential expression during senescence in the two biological replicates and transcripts with p-value <0.05 were shortlisted as a sub-dataset for downstream analyses.

GO ontologies were carried out using DAVID Functional Annotation Tool (DAVID Bioinformatics Resources 6.8, NIAID/NIH), and functional enrichment analysis was performed using MapMan annotation tool (http://mapman.gabipd.org/).



Small RNA analysis and target prediction

The UEA Small RNA Workbench (version 2.4) was used to analyze purity-filtered raw reads (Stocks et al., 2012). The adapter sequences were removed from the raw reads and the resulting reads were converted into FASTA format by using the Adapter removal tool. Further, the reads were filtered according to the length and complexity. The invalid sequences, tRNAs, rRNAs and other non-coding RNA sequences were removed by filtering tools. For predicting mature miRNAs (novel and conserved), the miRCat tool was employed. Further, the Reference genome (Oryza sativa -Nipponbare-Reference-IRGSP-1.0) was used for mapping. miRBase v21 was used to identify the conserved miRNAs wherein two mismatches in the miRNA sequence were allowed. After filtering conserved miRNAs, novel miRNA predictions were carried out in the remaining small RNA population. Furthermore, the putative miRNAs were also screened manually according to criteria proposed by Meyers et al. (2008) and Kozomara and Griffiths-Jones (2014). To identify differentially expressed miRNAs, read counts were normalized and fold change was calculated as described by Xin et al. (2010). For target prediction, Plant small RNA target server (psRNATarget; https://www.zhaolab.org/psRNATarget/) was employed with default parameters and the expectation value was set to 4. MSU rice genome annotation, version 7 was used as the reference genome dataset. To generate a regulatory network of miRNA and target genes, we identified the predicted target IDs in the coleoptile transcriptome dataset generated using the VLOOKUP function in Microsoft excel.



Gene expression profiling and validation of miRNAs

For the validation of transcriptome data, SYBR green based-qPCR method was employed, and the rice eEF1α was employed as an internal control for normalization. For validation and evaluation of expression of predicted rice miRNAs, poly A tailing method of qPCR method was employed with SYBR chemistry. 2 µg total RNA was poly-adenylated by using poly A polymerase enzyme (Ambion, USA) followed by a purification step using the RNAeasy MinElute Cleanup Kit (Qiagen, GmBH). The RTQ primer (Supplementary Table 11) along with Superscript III reverse transcriptase (Invitrogen, USA) was used to reverse transcribe poly A-tailed RNA population. The universal reverse primer and miRNA-specific forward primer were used for Real-time PCR amplification in Mastercycler Realplex 2 (Eppendorf, Germany) with KAPA PROBE FAST Universal qPCR kit (KAPA Biosystems, USA). For the normalization, rice 5S ribosomal RNA was used as an endogenous control. Relative expression levels were calculated after normalization against the control sample. Fold change was calculated using 2-ΔΔct method (Livak and Schmittgen, 2001) and an average of all the replicates was plotted along with the calculated standard error (SE).



Protein-protein interaction network creation and visualization

The protein-protein interaction of the high confidence putative miRNA target genes which exhibited inverse expression patterns in the transcriptome data with respect to the corresponding miRNA profile were analyzed using the STRING 11 database. The output obtained was integrated with the miRNAs and their predicted targets to generate the miRNA-target-PPI network using Cytoscape_v3.7.2 software.




Results


Characterization of coleoptile senescence at morphological and molecular level

With an aim to obtain elongated coleoptiles with synchronized growth and senescence, rice seeds were grown under submerged conditions for seven days. To induce rapid maturation and initiate senescence in coleoptiles, submerged seedlings were transferred to aerobic conditions (taken as ‘control’), and progression of senescence was subsequently monitored on day 1, day 2 and day 3 as depicted in Figure 1A. Closer examination of morphological alterations during coleoptile senescence revealed that wilting, curling and yellowing/browning of the coleoptile, especially at tips, was discernible at day 2 stage. On day 3, while the first leaf emerged, there was extensive wilting and browning of coleoptiles indicating late stage of senescence. Physio-morphological changes during progression of coleoptile senescence were confirmed at the molecular level by determining relative gene expression levels of senescence-associated marker genes (SAGs): RED CHLOROPHYLL CATABOLITE REDUCTASE (RCC reductase) and WRKY88. Increased expression of RCC reductase gene encoding for RCC reductase enzyme (which catabolizes chlorophyll) is a hallmark of senescence in leaves and other plant organs (Tang et al., 2011). Similarly, increased expression of WRKY88 is reported during flag leaf senescence in rice (Lee et al., 2017). Quantitative PCR analysis demonstrated significant upregulation in steady state mRNA levels of both the genes during the progression of coleoptile senescence. The level of expression dramatically increased on day 1 and day 2. Notably, RCC reductase exhibited higher levels of induction at all the stages as compared to that of WRKY88 (Figure 1B). These findings ratify the staging of coleoptile senescence in the present study. In view of these observations, day 2 was considered as the middle stage of coleoptile senescence which could be utilized for studying the changes occurring at molecular level by transcriptome and small RNAome analysis.




Figure 1 | Coleoptile senescence in rice. (A) Different stages of coleoptile senescence in rice seedlings after transfer from anaerobic (submergence) to aerobic conditions. (B) Expression profile of senescence associated genes (SAGs) at different stages of coleoptile senescence using quantitative PCR. For normalization eEF-1α was used as an internal control. Three biological replicates and two technical replicates were included in the study. White arrows highlight the progression of senescence in the coleoptile. Asterisks indicate a significant difference between the control and senescence tissues (Student’s t-test, *P < 0.05, **P < 0.01). RCC reductase: red chlorophyll catabolite reductase.





Transcriptome sequencing, differential gene expression analysis and GO enrichment of differentially expressed genes during coleoptile senescence

Sequencing of four RNA-Seq libraries [control (Control_BR1 and Control_BR2) and Day 2 (Day 2_BR1 and Day 2_BR2)] yielded an aggregate of 119.82 million HQ reads which were processed to calculate normalized FPKM values (Supplementary Table 1). Scatter plots plotted for comparing gene expression between the two independent biological replicates of control and day 2 samples showed good correlation (Supplementary Figures 1A, B). As evident from the volcano plot, the number of significantly upregulated transcripts (1970) were higher compared to the downregulated ones (1195) (Figures 2A, B). Overall, 3166 transcripts were differentially expressed (DEGs) in senesced coleoptile samples when compared to the control, while 44 and 273 genes exhibited specific expression in control and senesced coleoptiles, respectively (Figure 2B; Supplementary Table 3). These observations indicate that a large number of genes are regulated, during progression of senescence in rice coleoptiles. The genes exclusively regulated during senescence at Day 2 were also included under DEGs for further downstream analyses. To predict the function of genes exhibiting altered expression, GO analysis was carried out and GO terms could be assigned to 1792 out of 3439 DEGs. Maximum number of genes were associated with molecular function (77%) followed by cellular components (71%) and biological processes (58%) (Figure 2C, Supplementary Table 3). The top terms enriched under molecular function, cellular component and biological process GO categories were “integral component of ATP binding”, “integral component of membrane”, and “transcription” respectively (Figure 2D).




Figure 2 | Expression profiling and GO enrichment of differentially expressed genes (DEGs) during coleoptile senescence in rice. (A) Volcano scatter plot depicting the expression pattern of DEGs in RNA-Seq data of rice coleoptile senescence. Statistically significant downregulated (top left) and upregulated (top right) genes in day 2 of senescence relative to control coleoptiles are highlighted in blue color. (B) Venn diagram representing the number of DEGs specific to control and senesced coleoptiles, and the ones which were expressed commonly in the two samples. (C) Gene Ontology (GO) enrichment analysis of DEGs. (D) Top twenty GO enrichment terms belonging to 3 separate sub-ontologies: molecular function (MF), cellular component (CC), and biological process (BP) and number of DEGs classified in each term are presented.





Functional category enrichment analysis of differentially expressed genes during coleoptile senescence

To predict the functional categories associated with the DEGs, enrichment analysis was performed using the MapMan annotation tool (Thimm et al., 2004). Out of the 3439 DEGs, 438 and 823 genes mapped to the metabolism and regulation pathways, respectively (Figures 3A, B). Genes belonging to different functional categories such as transcriptional regulators (RNA category), transporters, hormone metabolism, redox related, stress response and signalling pathways are already known to play a role in the senescence of leaves (Guo et al., 2004; Gregersen and Holm, 2007; Zhang et al., 2014; Lin et al., 2015) and our analyses showed that 176, 37, 183, 134, 143, 94 and 105 transcripts belonging to signaling, redox, transcription factors, transporters, stress, cell wall and hormone signalling were differentially expressed during coleoptile senescence, respectively (Figure 3; Supplementary Figure 2; Supplementary Table 4). Detailed analysis of the selected categories revealed that out of the 176 signaling-related genes only 3 genes were specifically expressed in senescing coleoptiles. A greater number of signaling genes displayed downregulation (108) as compared to those that exhibited upregulation (65) (Supplementary Figure 2A; Supplementary Table 4). More genes belonging to receptor kinases (81), calcium (15) and sugar and nutrient (6) categories were downregulated; whereas higher numbers of genes from G-proteins (7) and light (11) categories exhibited upregulation. Relatively fewer genes belonging to receptor kinases (2) and G-proteins (1) were specifically expressed in senescing coleoptiles (Supplementary Figure 2A; Supplementary Table 4). Of the 37 redox-related transcripts, 29 and 8 were up- and down-regulated, respectively. While the entire set of DEGs grouped under sub-categories ‘dismutases, catalases, peroxiredoxin’ (17) were exclusively expressed in senescing tissue, all the 3 genes belonging to glutaredoxins category were exclusively expressed in control coleoptiles. A larger number of genes belonging to ‘ascorbate and glutathione’ (17) and thioredoxin (4) were upregulated (Supplementary Figure 2B; Supplementary Table 4). Of the 134 transporters identified, 98 were upregulated, 22 were downregulated and 14 were specifically expressed during coleoptile senescence. The transporter classes whose gene expression was upregulated majorly belonged to ABC (15), peptide (14), amino acid (13), metabolite (13), major intrinsic proteins or MIPs (11), sugar (8) nucleotide (6), ammonium (3), potassium (3) and sulphate (3) transporters. Whereas, genes of ABC (4), peptide (5), amino acid (2), metal (2) and nitrate (2) class of transporters were also found to be downregulated (Figure 3C; Supplementary Table 4). In the transcription factor category, 112, 61 and 12 genes belonging to 16, 12 and 8 TF families exhibited upregulation, downregulation and specific expression during coleoptile senescence, respectively. Maximum number of upregulated genes were of AP2/EREBP (17) TF family, followed by Zinc finger (15), Homeobox (15), MYB (13), bHLH (8), bZIP (8), G2-like (6), HSF (6), MYB-related (6) and WRKY (5). Furthermore, the main TF families whose transcripts showed downregulation were Zinc finger (6), AP2/EREBP (12), Homeobox (5), MYB (9), bHLH (7), bZIP (8), G2-like (2), WRKY (4), Aux/IAA (3) and B3 (3). Senescence-specific expression was observed for only a few transcripts, which were members of the zinc finger (1), AP2/EREBP (1), Homeobox (4), MYB (2), bZIP (1), WRKY (2) and B3 (1) TF families (Figure 3D; Supplementary Table 4).




Figure 3 | Functional annotation of DEGs using MapMan tool. The functional annotation of DEGs were analysed using MapMan tool and overviews of metabolism (A) and regulation (B) are depicted. In the overviews, red boxes represent up-regulated/senescence specific transcripts and the blue boxes represent down-regulated transcripts. The major functional categories of genes: Transporters (C), Transcription factors (D), Stress (E) and Cell wall-related (F) are represented as stacked bar graphs. In the stacked bar graphs red bar indicates upregulated genes, green bar shows down regulated genes and orange bar represents senescence-specific genes (day 2-specific).



Out of the 143 stress-associated genes, 56 belonged to abiotic stresses category (37 upregulated, 15 downregulated and 4 senescence-specific), while 87 were related to biotic stresses (44 upregulated, 34 downregulated and 9 senescence-specific) (Figure 3E; Supplementary Table 4). One of the limitations of the MapMan tool is that many annotated genes are not associated with any specific pathway and are listed as ‘unspecified’. Consequently, 56 and 19 genes under biotic and abiotic stress categories, respectively, were not assigned any sub-category. However, from the ones that were assigned a sub-category, PR proteins (13 upregulated, 12 downregulated and 3 senescence-specific) constituted a large number of differentially expressed biotic stress genes. In case of abiotic stresses, many heat stress (13 upregulated, 4 downregulated) and drought/salt stress (5 upregulated, 6 downregulated) related transcripts showed altered expression during coleoptile senescence. Because of extensive changes that occur in the cell wall during senescence (Serafini-Fracassini et al., 2002), we also analyzed genes associated with the term ‘cell wall’ and found that 94 genes associated with the cell wall exhibited differential expression. These included 42 downregulated, 40 upregulated, and 12 senescence-specific genes. Overall, genes associated with the degradation and cellulose synthesis were largely up-regulated, whereas genes associated with modification and cell wall proteins were down-regulated during senescence (Figure 3F; Supplementary Table 4).

Phytohormones regulate multiple aspects of plant growth and development (Gray, 2004). Therefore, we surveyed 105 genes belonging to the hormone signalling category and found that the number of upregulated transcripts (61) was higher than that of the downregulated (38) ones. In addition, few members (6) belonging to brassinosteroid (1), ethylene (2), SA (2) and cytokinin (1) signaling were exclusively expressed in the senescing tissue. The upregulated hormone signalling pathways include ethylene (17), auxin (15), ABA (12), JA (8), SA (3), gibberellic acid (4), and brassinosteroid (2). It is worthwhile to highlight that all the identified genes of JA and SA pathways exhibited dramatic upregulation. Whereas down-regulation of several transcripts belonging to auxin (15), ethylene (13), gibberellic acid (3), cytokinin (2), ABA (4) and brassinosteroid (1) was noted in coleoptile senescence (Figure 3B; Supplementary Figure 2; Supplementary Table 4).



Comparison of transcriptome datasets of coleoptile and leaf senescence in rice

To delineate the core and specific components involved in the two physiologically different senescence programs in plants, we compared the DEGs of coleoptile transcriptome (3439 DEGs) with the publicly available combined transcriptome data of second and flag leaf senescence, henceforth referred to as LS (3778 DEGs; Lee et al., 2017). While the majority of genes were specifically up- and down-regulated in LS and CS (1603, 1691 up-regulated and 1638, 913 down-regulated in LS, CS, respectively), a smaller, albeit significant, number of genes exhibited similar expression pattern in both LS and CS (194 showed upregulation and 85 were downregulated). These genes probably constitute the core components of senescence in rice. Based on these observations it is evident that CS is remarkably distinct from the LS program in rice. This is further supported by an inverse expression pattern of a substantial number of genes (258) in LS and CS (Figure 4A; Supplementary Table 5). To obtain insights into the biological function of core components of the senescence process, GO analysis of the commonly upregulated genes was carried out. The analysis revealed that maximum number of upregulated genes were associated with cellular components (enrichment of subcategories such as “integral components of membrane”, “nucleus” and “membrane”) followed by molecular function (subcategories such as “DNA binding” and “TF activity”) (Figure 4B; Supplementary Table 5). Functional enrichment analysis identified several transporters (amino acid transporters, aquaporins, MATE efflux protein, ion transporters), TFs (MYB, NAC, homeobox domain, Zinc finger proteins, and WRKY family proteins), cytochrome P450, heat shock transcription factors or HSFs (HSFA7a, HSFA3a and HSFC1b), hormone signaling pathway genes (ABA, auxin, ethylene and gibberellin) and chlorophyll degradation genes (RCC reductase and senescence-inducible chloroplastic stay green 1 protein) among the commonly upregulated genes (Supplementary Table 5). Genes encoding for 1-aminocyclopropane-1-carboxylate oxidase proteins, TFs such as MYB, bZIP, WRKY118, FBXs (FBX27, FBX 28), receptor like protein kinases, lectin-like receptor kinases and certain enzymes such as GDSL-like lipase/acid hydrolase and glycosyl hydrolase showed down regulation in both CS and LS. Among the genes that exhibited inverse correlation in expression during LS and CS, a large number of genes encoded for proteins belonging to subcategory “integral component of membrane” followed by ‘plastid’. Besides, during CS several genes associated with “secondary metabolite synthesis”, “photosynthesis”, “metal ion binding”, “oxidoreductases” and “response to stress” categories were significantly upregulated whereas they exhibited downward trend in expression in LS. On the other hand, several genes coding for proteins of subcategories “plasma membrane”, “DNA binding” and “transcription” showed significant induction in LS while their expression declined in CS (Supplementary Table 5). It is noteworthy that several membrane proteins, especially transporters (amino acid transporter, aquaporin, malic acid transporter, phosphate transporter and potassium transporter), were commonly upregulated, while some membrane proteins (citrate transporter, amino acid transporter) exhibited inverse correlation in their expression in CS and LS.




Figure 4 | Comparison of DEGs identified in coleoptile senescence with those reported in natural leaf senescence in rice. Leaf senescence data (both second and flag leaf) was retrieved  (Lee et al., 2017) and was compared with coleoptile senescence dataset obtained in the present study. DEGs identified in the 36 days post heading (36 DPH) tissues of LS dataset were used for the analysis. (A) Venn diagram of DEGs shows overlap between CS and LS. (B) GO enrichment analysis of DEGs which were commonly upregulated during leaf as well as coleoptile senescence in rice.





Validation of rice coleoptile senescence transcriptome data

RNA-seq derived expression data was reconfirmed with the help of qRT-PCR by examining the expression of 8 DEGs. Relative expression of genes belonging to functional categories such as transporters (amino acid, ABC transporter), signalling (receptor kinase), hormone signalling and transduction (hydrolase, cytochrome P450 and 12-oxophytodienoate), cell wall (pectinesterase), and photosynthesis (ribulose bisphosphate carboxylase) was determined in control and at day 1 and day 2 of senescing coleoptiles. Both transporters and hydrolase genes showed consistent upregulation in day 1 and day 2 of senescence (Figures 5A, B, D). Expression of receptor kinase, cytochrome P450 and 12-oxophytodienoate increased massively on day 1, followed by a slight decline (although upregulated) on day 2 (Figures 5C, E, F). Both pectinesterase and ribulose bisphosphate carboxylase showed significant downregulation during progression of senescence. However, pectinesterase exhibited a more severe decline in expression levels on day 2 as compared to ribulose bisphosphate carboxylase (Figures 5G, H). The expression patterns of the genes by qPCR analysis were consistent with that of the RNA-sequencing results.




Figure 5 | Quantitative PCR-based validation of DEGs associated with coleoptile senescence in rice. Relative expression of genes belonging to functional categories such as transporters: ABC transporter (A), amino acid transporter (B); signaling: Receptor kinase (C); hormone signaling and transduction: Hydrolase (D), cytochrome P450 (E) and 12-oxophytodienoate (F); cell wall: Pectinesterase (G); and photosynthesis: Ribulose bisphosphate carboxylase (H) was determined in control and at day 1 and day 2 of senescing coleoptiles. For normalization eEF-1α was used as an internal control. Three biological replicates and two technical replicates were included in the study. Asterisks indicate a significant difference between the control and the senescence sample (Student’s t-test, **P < 0.01).





Identification, digital expression profiling and validation of conserved and novel miRNAs during coleoptile senescence

Small RNAs are known regulators of gene expression in diverse biological processes in plants such as growth, development and response to biotic and abiotic stresses (Li et al., 2017). The role of miRNAs in regulating induced and natural senescence in leaves has been demonstrated by several studies (Huo et al., 2015; Kim et al., 2018), however, no miRNAs have been identified which have a potential role in controlling the progression of senescence in coleoptile, which is the first organ to senesce in cereals. Therefore, small RNA libraries of control and senescing coleoptiles were sequenced and the data so obtained was analyzed. Scatter plots for comparing small RNA expression pattern between the two biological replicates of control and day 2 samples showed good correlation (Supplementary Figures 1C, D). Our analysis identified 66 known miRNAs belonging to thirty-one miRNA families and 41 true novel miRNAs (with star sequences) in the small RNA dataset (Supplementary Table 6). For finding the miRNAs that could potentially regulate coleoptile senescence in rice, digital expression levels were analyzed and the miRNAs exhibiting ±2-fold change (log2 scale; average of two biological replicates) in senescing coleoptiles were considered as ‘differentially regulated’. Of the 41 conserved miRNAs, 17 showed upregulation while 24 exhibited downregulation in senescing coleoptiles (Figure 6A; Supplementary Table 7). The major upregulated miRNA families were miR396 (3 members), miR167 and miR160 (2 members each). Some of the conserved miRNAs; osa-miR160e-5p, osa-miR160f-3p, osa-miR164c, osa-miR167d-3p, osa-miR171h, osa-miR1428e-3p, osa-miR394, osa-miR396a-3p, osa-miR396a-5p, and osa-miR531a were highly upregulated (>4-fold) during coleoptile senescence (Figure 6A; Supplementary Table 7). The predominantly downregulated miRNA families were miR169 (6 members) and miR390 (3 members). Expression of nine miRNAs (osa-miR159f, osa-miR164d, osa-miR169h, osa-miR169n, osa-miR169p, oss-miR390-5p, osa-miR398b, osa-miR528-3p, and osa-miR529a) declined considerably (more than 3-fold) during coleoptile senescence (Figure 6A; Supplementary Table 7).




Figure 6 | Expression profiling of miRNAs that are differentially expressed during coleoptile senescence in rice. Heat map of differentially expressed miRNAs belonging to ‘conserved miRNAs’ (A) and ‘novel miRNAs’ (B) categories during coleoptile senescence in rice. Quantitative PCR-based validation of few conserved (C) and novel (D) miRNAs. For normalization, 5S ribosomal RNA was used as internal control. Three biological replicates and two technical replicates were included in the study. Asterisks indicate significant differences between the control and the senescence sample (Student’s t-test, *P < 0.05, **P < 0.01).



Similar to the conserved miRNAs, novel miRNAs were also regulated during coleoptile senescence. A total of 21 novel miRNAs were differentially expressed, of which 9 miRNAs were upregulated and 12 miRNAs exhibited downregulation (Figure 6B; Supplementary Table 7). Among the upregulated novel miRNAs, miRNA_16, miRNA_24, miRNA_26, miRNA_79, and miRNA_82 showed more than 4-fold upregulation. Further, greater than 3-fold downregulation was observed in the expression levels of miRNA_18, miRNA_22, miRNA_25, miRNA_45, miRNA_47, miRNA_49, miRNA_52 and miRNA_75 (Figure 6B; Supplementary Table 7). Expression of 5 conserved and 5 novel miRNAs was validated by poly(T) adaptor RT-PCR method. It was observed that expression of osa_miR1428e-3p and osa_miR171h elevated on day 1 and although their levels declined slightly on day 2, they remained upregulated (Figure 6C). On the other hand, levels of osa_miR396c-5p were lower on day 1, but increased rapidly on day 2 of senescence (Figure 6C). Among the downregulated conserved miRNAs, osa_miR398b exhibited significantly higher decline than osa_miR319a-3p.2-3p during senescence (Figure 6C). The expression of novel miRNAs, miRNA_24 and miRNA_27 increased moderately, while miRNA_47 and miRNA_49 downregulated significantly during coleoptile senescence (Figure 6D). Notably, the expression pattern of conserved and novel miRNAs as observed by qRT-PCR was similar with their digital expression profiles.



Comparison of coleoptile and rice flag leaf senescence miRNAs

To gain insights into the conservation or differences in the miRNA-dependent regulation of senescence in coleoptile and flag leaf, expression of 66 conserved miRNAs was compared with the 38 miRNAs previously identified by our group in flag leaf senescence (FLS) (Sasi et al., 2019). The analysis revealed that 17 conserved miRNAs were detected in both CS and FLS (Supplementary Table 8). While 3 conserved miRNAs (osa-miR164a, osa-miR171b, osa-miR535-3p) showed similar expression patterns, 6 miRNAs (osa-miR1428e-3p, osa-miR160e-5p, osa-miR168a-5p, osa-miR171h, osa-miR1432-5p, and osa-miR1861e) displayed an inverse expression pattern in CS and FLS datasets. The remaining 8 miRNAs did not display any remarkable comparative pattern during the two senescence programs. We further compared the expression trends of the 41 true novel miRNAs in CS with 203 true novel miRNAs in FLS and found that 3 miRNAs [(miRNA_2, 24 and 30 which were named as N_osa_619, N_osa_595 and N_osa_176, respectively, in Sasi et al. (2019)] were present in both the datasets. Out of the 3 commonly present novel miRNAs, miR_30 was slightly downregulated in both CS and FLS, while miR_23 was slightly downregulated in FLS, but was upregulated in CS. miR_2 exhibited no significant change in expression level in FLS, however, it was downregulated in CS. The comparative study led to the identification of few miRNAs which probably comprise the core regulatory pathway of senescence programs in rice. It would be worthwhile to determine the expression of their putative targets in the senescence datasets to identify the functionally conserved miRNA-mRNA modules regulating senescence in different tissues of rice.



Computational prediction of targets of miRNAs, their GO analysis and expression profiling-based validation of selected targets

To elucidate the biological function of miRNAs and other small RNAs it is pertinent to identify the genes targeted by them. The information generated is utilized to unravel the complex regulatory network of miRNA-target interaction and their possible role(s) in regulating different biological processes. We predicted 301 targets for 62 miRNAs (41 conserved and 21 true novel) that were differentially expressed during coleoptile senescence in our dataset (Supplementary Table 9). Targets could not be predicted for four conserved (osa-miR169b, osa-miR390-3p, osa-miR394 and osa-miR5788) and one novel (miRNA_47) miRNAs. Except osa-miR1428e-3p, osa-miR169f.1, osa-miR169h, osa-miR319a-3p.2-3p, osa-miR396a-3p, osa-miR5510 and miRNA_23 which were predicted to hit only a single target gene, all other miRNAs were predicted to target multiple genes. The maximum number of targets were 44 for osa-miR531a, followed by 14 for osa-miR156j-3p. Gene ontology clustering analysis of the predicted targets revealed that the maximum number of targets were associated with molecular function (207) followed by biological process (145) (Supplementary Table 9). The top sub-categories in each gene function cluster belonged to ATP-binding, transferase activity, membrane proteins, protein phosphorylation, oxidation-reduction process and regulation of transcription. All these observations indicate that these miRNAs might regulate diverse processes in coleoptile senescence program.

To validate the predicted regulatory relationship between the senescence-associated miRNAs and their target, we performed qRT-PCR of osa-miR164d, osa-miR169r-3p, miRNA_45 and miRNA_75 and their corresponding putative target genes. The expression patterns of all miRNAs and their targets exhibited consistency with the digital expression data obtained in RNA-seq and small RNA-seq experiments (Figure 7). osa-miR164d was predicted to target OsNAC2 or OsORE1 (encoded by LOC_Os04g38720) which was significantly upregulated during progression of coleoptile senescence. Similarly, osa-miR169r-3p exhibited downregulation and its target ABC transporter (encoded by LOC_Os11g07600) accumulated to high levels. One of the targets of novel miRNA_45 was MYB TF encoded by LOC_Os05g07010 whose expression levels were upregulated. The expression profiling analyses of miRNA-mRNA interactions indicated the high confidence level of the prediction of the targets and the requirement of testing more such pairs to gain an insight into the regulation of coleoptile senescence in rice.




Figure 7 | Validation of expression profile of miRNAs and their predicted target genes during coleoptile senescence in rice. Expression analysis of selected miRNAs (A) and one of their predicted targets genes (B) using qPCR. For normalization of real-time PCR results, eEF-1α was used as internal control. Three biological replicates and two technical replicates were included in the study. Asterisks indicate significant differences between the control and the senescence sample (Student’s t-test, *P < 0.05, **P < 0.01).





Regulatory network of miRNAs and their target genes

To identify the key regulatory components and their interactors in coleoptile senescence, a combinatorial approach was employed to integrate the regulatory dataset of RNA-seq and small RNA-seq with publicly available protein-protein interaction (PPI) dataset (Szklarczyk et al., 2021). Expression of putative miRNA-targets was searched in the transcriptome data and the target genes whose expression correlated inversely with that of corresponding miRNAs were interrogated for their protein interactions (Supplementary Tables 9, 10). The PPI analysis output was used to generate miRNA-target regulatory networks using the Cytoscape software (Figure 8). It was noted that 105 known miRNA-target pairs and 35 novel miRNA-target pairs showed an inverse correlation in the expression profile (Figure 8). The biological regulatory network model consisted of 14 and 28 modules composed of upregulated and downregulated miRNAs targeting the genes that exhibited significant decline and elevation in expression level during coleoptile senescence, respectively (Figure 8). An important module was controlled by an upregulated miR531a whose all the 15 target genes exhibited decline in their expression levels during senescence. Among these 15 targets, two genes encoded for LRR transmembrane protein kinase and an expressed protein and they are known to interact which has been validated experimentally (Szklarczyk et al., 2021). It would be worthwhile to validate the targets and identify which of these contribute to coleoptile senescence. Similarly, other downregulated conserved miRNAs such as miR397a and miR156j could target 9 genes each, while miR164a was found to target 7 genes, expression of all of which was suppressed during senescence. Two novel miRNAs, miRNA_45 and miRNA_75 were predicted to target 6 genes each and these genes also exhibited an inverse correlation in expression. Majority of the modules in the regulatory network consisted of senescence-repressed miRNAs and their corresponding senescence-upregulated targets and therefore protein-protein interactions were largely predicted within these modules.




Figure 8 | Integration of regulatory miRNA-mRNA network with PPI network during coleoptile senescence in rice. Protein-protein interaction network for the predicted target genes of conserved and novel miRNAs was generated using Cytoscape visualization software. The expression of miRNAs and target genes is presented based on the RNA-seq and small RNAome data obtained for coleoptile senescence in rice, respectively. Upregulated and downregulated miRNAs are represented by red and green boxes, respectively. Upregulated and downregulated predicted target genes are represented by yellow and white boxes, respectively. The predominant hub identified in the present study is highlighted.



At the center of the predominant hub were two members of the MIR164 family, miR164a and miR164d. The sequences of miR164a and miR164d are similar except that miR164a had an extra nucleotide at its 3’ end. However, this did not affect the ability of these miRNAs to target the same genes (Supplementary Tables 9, 10). Interestingly, proteins coded by two of their targets i.e. LOC_Os01g62490 (coding for a laccase precursor) and LOC_Os04g38720 (a NAC TF), appeared to be interacting with each other. These proteins further served as connectors with four additional modules; a) NAC protein interacted with OsSPL2 protein encoded by LOC_01g69830 (a target of miRNA_41 and osa-miR529b; b) laccase precursor interacted with a plastocyanin-domain containing protein encoded by LOC_06g11490 (a target of osa-miR528-3p); c) laccase precursor is also a target of osa-miR397a, thereby connecting the osa-miR164 and osa-miR397a nodes; d) laccase precursor interacted with an auxin-responsive protein encoded by LOC_Os05g48270 (a target of osa-miR169n). Additional connections between different modules were seen such as the Molybdenum cofactor biosynthesis protein 1 encoded by LOC_Os02g15870 (target of osa-miR529b) interacted with CTP synthase protein encoded by LOC_Os01g46570 (target of osa-miR156j-3p). Intermodular connection was also observed between the module regulated by miRNA_75 and module regulated by miRNA_41 and osa-miR529b, wherein 1,3-beta-glucan synthase component domain containing protein (encoded by LOC_Os03g03610) was a target of both osa-miR529b and miRNA_75. Intramodular connections were seen in the module regulated by miRNA_41 and osa-miR529, both of which shared two targets i.e., LOC_Os01g69830 and LOC_01g22954. Only few interactions among different proteins encoded by miRNA-targeted genes in the dataset were observed. However, most of the PPIs identified in the network are predicted on the basis of their co-expression or database or text mining. It is, therefore, necessary to validate these interactions experimentally and then characterize their role in coleoptile senescence in rice. It is expected that with the enrichment of PPI data in the public domain, more connectivity between the modules (both inter-modular and intra-modular) will be observed which would highlight the functional and dynamic complexity of proteins and miRNA regulation of their target genes.




Discussion

Senescence is a precise and highly orchestrated degradation process that is essential for reallocation of resources to developing organs and overall fitness of the plants. The genetic complexity and molecular mechanisms underlying natural leaf senescence have been well-studied, however, owing to slow progression of flag leaf senescence and long experimental duration with flag leaf being the last leaf to emerge, studying flag leaf senescence is challenging. On the other hand, coleoptile the first organ to senesce after seed germination in monocotyledonous plants undergoes a rapid transition from growth to death phase and due to which there is more uniformity in the coleoptile senescence as compared to that of leaves (Kawai and Uchimiya, 2000). Nevertheless, the key changes at tissue and cellular levels associated with senescence in coleoptiles and leaves are conserved (Inada et al., 2002). The unique features of coleoptile senescence thus advocates the possibility of its utilization as a convenient and rapid system for studying the cellular and molecular mechanisms of senescence in cereals. With an aim to unravel the functional biological networks of coleoptile senescence in rice, an integrative multi-omics approach was designed which combined high-throughput RNA-seq and small RNA-seq data of the senescing coleoptile generated in the present study with publicly available protein-protein interaction (PPI) datasets.

Our study reports identification of 3166 differentially expressed and 273 senescence-specific genes (jointly referred to as DEGs) in rice coleoptile senescence. Several of these DEGs encodes for transporter proteins, more interestingly, proportion of upregulated transporters (112) was nearly 5 times higher than those exhibiting downregulation (22). Transport of ions and other macromolecules across cellular boundaries is a key event that ensures remobilization of nutrients from source to sink (Guo et al., 2021). Previous studies on elucidating the molecular changes occurring during leaf senescence reported an increased expression of genes encoding for several transporters, especially ABC and MATE type, amino acid and ion transporters (Buchanan-Wollaston et al., 2005; Graaff et al., 2006; Lee et al., 2017). ABC, peptides, amino acids, metabolites, sugar, and metal transporters were abundantly expressed during CS, which is in agreement with earlier reports (Guo et al., 2004; Zhang et al., 2014). Among the upregulated transporters, 11 genes each for MATE (Multidrug And Toxic compound Extrusion) and aquaporins (AQPs) were identified. MATE protein family in rice has 46 members and are involved in transport of secondary metabolites, ions and phytohormones and are therefore associated with regulation of several agronomic traits by mediating growth, development and response to environmental stimuli (Upadhyay et al., 2019; Du et al., 2021). Overexpression of ELS1 (a MATE transporter) in Arabidopsis accelerated the senescence (Wang et al., 2016). Further, ABS3 (abnormal shoot 3), a MATE transporter protein, interacts with ATG8 (autophagy-related protein 8) and promotes senescence under natural and carbon-deprivation conditions (Jia et al., 2019). Functional characterization of the differentially expressed MATE transporters will help in identifying the transported molecules during CS. Another transporter family which attracted our attention was aquaporins (AQPs), which are expressed under a myriad of physiological conditions and regulate plant development and stress in plants (Maurel et al., 2008). These channel proteins are actively involved in water transport and trafficking of small solutes such as silicon, urea, reactive oxygen species (ROS) and even gasses such as CO2 and ammonia (Maurel et al., 2008). Interestingly, CS involved upregulation and downregulation of 11 and 1 aquaporins, respectively. Functionally, AQPs are involved in plant senescence as the suppression of TIP1;1, a member of tonoplast AQPs, compromised carbohydrate transport, had excessive water loss and accelerated leaf senescence (Ma et al., 2004), while overexpression of the cotton TIP1;1-like protein in Arabidopsis promoted premature bolting and delayed senescence of rosette leaves (Cheng et al., 2022). AQPs promote diffusion of H2O2 across the membranes during senescence which may act as a signal for triggering senescence in the adjoining cells (Zentgraf et al., 2022). During senescence, generation of ROS, especially H2O2 is one of the early responses and it acts as a potent signaling reactive oxygen species. H2O2 further reprograms expression of AQPs and other SAGs. In addition to regulating the expression, H2O2 is also believed to modulate the AQPs transportation efficiency, structure and localization (Luu and Maurel, 2005). Owing to the multitasking roles of different transporters in plants, it would be worth exploring the function of these transporters in plant senescence.

Members of TF families such as NAC, MYB, WRKY, TCP, AP2/EREBP, bZIP and bHLH are associated with senescence (Guo et al., 2004; Gregersen and Holm, 2007; Breeze et al., 2011; Zhang et al., 2014; Lin et al., 2015; Moschen et al., 2016; Hinckley and Brusslan, 2020; Dong et al., 2021). The number of upregulated members of TF families AP2/EREBP, Zinc finger, homeobox, MYB, bHLH and WRKY TFs was greater than the down regulated members during CS, thus conforming to the previous observations (Zhang et al., 2014; Lin et al., 2015). Heat shock transcription factors (HSFs) have been indirectly associated with senescence and an early senescence phenotype was reported in the knock-out mutant of AtHSFB1 in Arabidopsis (Breeze et al., 2008). Wu et al. (2012) demonstrated that JUNGBRUNNEN1 (JUB1), a NAC TF, functions as a negative regulator of senescence through its action on HSFA3 which elevates accumulation of HSPs and lowers H2O2 levels (Wu et al., 2012). Our results indicate that HSF family members play a more crucial role in regulating senescence as 5 members of HSF family (OsHSFA2b, OsHSFA3a, OsHSFA7a, OsHSFB2b and OsHSFC1b) were significantly upregulated during CS. Comprehensive expression profiling of HSFs has also revealed differential regulation of several HSFs in natural and induced flag leaf senescence in rice (Sasi et al., unpublished). Further, we found that the putative promoter regions of approximately 5% of SAGs in rice possess canonical and non-canonical heat shock elements (HSEs), thus indicating that HSFs might regulate the expression of SAGs by binding to their promoters (Sasi et al., unpublished).

Phytohormone homeostasis genes, together with an active involvement of regulatory factors such as TFs and small RNAs, fine tune senescence program in plants by integrating the developmental and environmental signals (Staden, 1995; Schippers et al., 2007; Khan et al., 2014). We observed exclusive upregulation for several SA and JA pathway genes. Additionally, the proportion of upregulated genes associated with cytokinin metabolism were largely downregulated, but those related with the auxin metabolism were upregulated. The levels of cytokinins decline during leaf senescence and exogenous application of cytokinins delay senescence (Guo et al., 2021). Although, upregulation of a few IAA (indole acetic acid) biosynthesis genes during leaf senescence has also been previously observed (Quirino et al., 1999), auxin also appears to play a negative role by suppressing expression of WRK57 and its downstream target SAG12, thereby delaying senescence in Arabidopsis (Noh and Amasino, 1999). A comparative transcriptome study revealed that SA, JA and ethylene are predominantly associated with developmental and dark-induced leaf and cell-suspension senescence, respectively (Buchanan-Wollaston et al., 2005). Transcript profiling of hormone pathway genes in senescing leaves in Arabidopsis and cotton demonstrated the involvement of several hormones such as salicylic acid (SA), ethylene, auxin, jasmonic acid and cytokinin, ABA and BR (Graaff et al., 2006; Lin et al., 2015). BRs accelerate senescence in detached cotyledons and leaves in wheat and pea (Sağlam-Çağ, 2007; Fedina et al., 2016) and acts synergistically with auxin to induce senescence in soybean cotyledons (Baris and Saglam-Cag, 2016). ABA enhances plant senescence by positively regulating the expression of various chlorophyll degradation genes (NON-YELLOW COLORING1, STAY-GREEN, PHEOPHYTINASE and PHEIDE A OXYGENASE) and NAC TF family members (VND-INTERACTING2 (VNI2), A SUBFAMILY OF STRESS-RESPONSIVE NAC (SNAC-A), ORESARA1 (ORE1), NAC-LIKE ACTIVATED BY APETALA3/PISTILLATA (OsNAP) and OsNAC2) (Pruzinská et al., 2005; Kusaba et al., 2007; Park et al., 2007; Schelbert et al., 2009; Kim et al., 2011; Yang et al., 2011; Liang et al., 2014; Takasaki et al., 2015; Mao et al., 2017).

Unfavorable growth conditions such as salinity, extreme temperatures, dehydration, oxidative and nutrient deprivation induce premature senescence in plants. In fact, gene expression analyses have shown that several stress-responsive genes, including regulatory genes, are induced during progression of senescence (Breeze et al., 2011; Dong et al., 2021; Li et al., 2021). It is, therefore, believed that the molecular pathways of leaf senescence cross-talk with stress responsive pathways in plants (Guo and Gan, 2012). Our study revealed that several PR genes, conventionally associated with biotic stress, were differentially expressed in senescing coleoptiles, which is consistent with the previous studies where PR protein encoding genes were categorized as SAGs (Barth et al., 2004; Sillanpää et al., 2005). Accumulation of PR proteins was also observed in the intercellular spaces of barley leaves during natural senescence (Tamás et al., 1998). Protein profiling of apoplastic proteins of naturally, but not dark-induced, senescing leaves of Arabidopsis revealed that the most abundant SAG proteins were PR2 and PR5 (Borniego et al., 2020). Pathogens interfere with the host development by modifying the signalling pathways and regulating progression of plant senescence to meet their nutritional demands, whereas plants counteract by inducing a hypersensitive response to kill its own cells. When plants are challenged by a pathogen, induction of PR proteins along with several TFs is necessary for triggering the defense-related responses (Häffner et al., 2015). It would be worth comparing the induction patterns of PR genes in genotypes with contrasting senescence timing as well as correlating the progression of senescence with steady state levels of PR genes in pathogen-resistant versus susceptible genotypes. It is, therefore, pertinent to understand how the complex interaction of host and pathogen triggers senescence so as to pinpoint the cross-talk, signaling branches and regulatory nodes that play crucial roles in both pathogen response and senescence. Under abiotic stress category, heat stress-related genes such as DnaJ-related heat shock proteins (HSPs), several HSP70s, small HSPs (HSP18.2, HSP17.4, mitochondrial HSP23) exhibited significant upregulation during senescence. Although the potency of heat shock response (HSR) declines at the terminal stages of development, several components of HSR accumulate specifically during aging (Taylor and Dillin, 2011). One class of such proteins is molecular chaperones, which prevent protein aggregation observed during senescence and stress (Calderwood et al., 2009; Trivedi and Jurivich, 2020). Induction of HSFs and HSPs during stress and senescence thus indicate the existence of cross-talk between the senescence and abiotic stress pathways.

Although senescence of coleoptile and flag leaf supplies nutrition to growing seedlings and developing seeds respectively, the overall physiology of senescence in these tissues is vastly different. Whereas coleoptile emerges from the seed and exhibits rapid senescence, second leaf and flag leaf emerge from photosynthesizing plants and have a slow progression of senescence. To explore the extent of similarity and highlight the core components involved in senescence of two spatially and temporally different organs in rice (coleoptile and leaves) DEGs of CS and LS were compared. We observed that approximately 92% of the DEGs had different expression profiles in CS and LS, which is a reflection of their divergent physiologies at the level of gene expression. Among the 8% genes that were similarly regulated, 3 AQP-coding genes were commonly induced during both leaf and coleoptile senescence, however, overrepresentation of upregulated AQPs in CS (11) as compared to LS (4) also highlight specific roles of the aquaporins during coleoptile senescence. It would be worth performing additional functional studies to understand the convergent and divergent roles that the common and specific AQPs play during senescence in rice. Among the TFs, few members such as WRKYs, MYBs, NACs and Zinc finger proteins along with 3 HSFs (OsHSFA3a, OsHSFA7a and OsHSFC1b) were commonly upregulated in CS and LS. The roles of transporters and TFs during plant senescence have been discussed previously in this article. Since AQPs, HSFs and other TFs are also involved in stress-responsive pathways, stress and aging pathways appear to be closely related.

Several genes encoding ELIPs (early light-induced proteins) were also upregulated in both CS and LS. ELIPs bind to free chlorophyll released from pigment-protein complexes and provide protection against oxidative stress during senescence (Binyamin et al., 2001; Hutin et al., 2003). Similarly RCCR (red chlorophyll catabolite reductase) induced in both types of senescence is involved in chlorophyll degradation, an integral component of plant senescence (Pruzinská et al., 2005). Another important gene associated with the initial step of the chlorophyll degradation pathway, OsSGR (stay-green), was also expressed at high levels during senescence in coleoptiles and flag leaves in rice. OsSGR encodes a vital enzyme, magnesium (Mg) dechelatase that removes Mg from chlorophyll-a resulting in its conversion to pheophytin A (Phein A), an intermediate in the universal chlorophyll breakdown pathway (Shimoda et al., 2016). Furthermore, SGR binds to LHCII and accelerates the breakdown of chlorophyll-protein complexes (Sakuraba et al., 2012). Several CYPs (cytochrome P450 monooxygenases) exhibited upregulation in both CS and LS. CYPs are known as ‘versatile biocatalysts’ because of their involvement with biosynthesis of antioxidants, secondary metabolites and phytohormones (Pandian et al., 2020), whose levels change with progression of senescence. The role of cytochrome P450 members in brassinosteroid signaling is well-documented in the studies on rice dwarf mutant, dwarf11 (Tanabe, 2005). Cell wall breakdown and a decline in photosynthesis are often associated with the senescence process (Mohapatra et al., 2010) and we also observed that several genes belonging to the cell wall such as pectinesterase and photosynthesis-related categories such as Ribulose bisphosphate carboxylase small chain precursor, displayed significant decline in expression levels. Pectinesterase is involved in cellular adhesion and stem elongation (Li et al., 2017) and its level decreases in senescing strawberries (Castillejo et al., 2004). Ribulose bisphosphate carboxylase small chain precursor is the core component of photosynthesis (Bannenberg et al., 2009) and systematic degradation of chlorophyll during senescence could possibly be related to the decreased expression of Ribulose bisphosphate carboxylase small chain precursor. One and two genes encoding for 1-aminocyclopropane-1-carboxylate oxidase (ACO) family were upregulated and downregulated, respectively, during both CS and LS. ACO members are differentially expressed developmentally and in tissue-specific manner (Houben and Van de Poel, 2019) and regulate various developmental processes and stress responses in plants (Houben and Van de Poel, 2019). Since ACOs exert a precise control on spatial and temporal levels of ethylene it will be interesting to correlate change in expression of individual ACO members with ethylene levels and senescence programs.

In addition to the genes that were co-expressed, multiple genes showed an inverse expression profile during the two senescence programs. GO enrichment revealed that the top category of genes belonged to the ‘integral component of membrane’ followed by DNA binding/transcription. Additionally, several TFs belonging to the MYB family, CYPs, GSTs (glutathione-S-transferase), LTPLs (lipid transfer proteins), glycosyl hydrolases, transporters and stress-responsive proteins exhibited differential expression patterns during progression of senescence in two tissues. We believe that finding the downstream constituents of the inversely correlated genes will help in finding the basis of the different physiologies seen in these senescence programs. An important gene involved in ABA synthesis, i.e., NCED1 encoding for 9-cis-epoxycarotenoid dioxygenase accumulated in CS, while its levels declined in LS. Modulating expression of NCED genes can affect the timing of senescence e.g., overexpression of OsNCED3, and OsNCED5 genes that are strongly induced by dark, accelerate leaf senescence in rice (Huang et al., 2018; Huang et al., 2019). NCED1 is a rate-limiting enzyme in the ABA biosynthesis pathway and since ABA is a positive regulator of senescence in plants, upregulation of NCED1 explains the positive correlation between the NCED1 expression and CS. However, the reason for its downregulation in LS is not known. The downregulation of NCED1 in LS was observed by comparing the expression levels at 36 days post heading (DPH) with 4 DPH stage and it is possible that NCED1 levels elevate at a later stage of senescence in flag leaves. The effect of modulating the expression levels of other members of NCED gene family on natural and dark-induced senescence in rice is not known and worth exploring. Since ABA is synthesized from β-carotene, we analyzed the expression pattern of carotenoid biosynthesis genes in CS as well. At least 16 genes involved in carotenoid production have been identified in rice (Chaudhary et al., 2010), of which two genes, Phytoene synthase (LOC Os09g38320) and Lycopene є-cyclase (LOC Os01g39960), were found to be up-regulated in our dataset. During α-carotene biosynthesis, lycopene є-cyclase catalyzes the cyclization of linear lycopene to produce cyclic lycopene (Bai et al., 2009). Phytoene synthase is the major rate-limiting enzyme in the carotenoid biosynthesis pathway (Simpson et al., 2018). It is well documented that ABA can induce Phytoene synthase to activate the production of its precursors (Simpson et al., 2018). This suggests that phytoene synthase and carotenes may participate in an auto-activating ABA biosynthesis pathway during CS in rice.

Small RNAs play an important role in regulating gene expression during growth and development and response to different stresses in plants (Li et al., 2017). A number of miRNAs associated with regulation of leaf senescence have been identified in multiple plant species (Xu et al., 2014; Huo et al., 2015; Thatcher et al., 2015; Qin et al., 2016; Wu et al., 2016; Swida-Barteczka and Szweykowska-Kulinska, 2019; Sasi et al., 2019). However, the contribution of miRNAs in controlling coleoptile senescence has not been elucidated so far. Therefore, in the present study miRNAs that are differentially expressed during progression of senescence in coleoptiles and their target genes were predicted. Further miRNAs and their corresponding target genes which exhibited an inverse expression pattern during coleoptile senescence were identified. Overall, 41 conserved and 21 novel miRNAs exhibiting differential expression patterns in senescing coleoptiles were identified. To find out the commonality in the senescence programs of different tissues of rice, we compared the miRNAs identified in the CS and flag leaf senescence (Sasi et al., 2019) and found that 3 miRNAs were commonly downregulated in both datasets. Interestingly, when the expression pattern of the predicted target genes of these miRNAs was determined in CS (present study) and FLS (Lee et al., 2017) RNA-seq datasets, we found that the targets of 2 commonly downregulated miRNAs (osa-miR164a: LOC_Os04g38720 which encodes for NAC2 and osa-miR535-3p: LOC_Os05g42250 which encodes for cyclic nucleotide-gated ion channel 2 or OsCNGC16) exhibited remarkable upregulation which indicates that these miRNA-mRNA pairs could play an important role in plant senescence. OsCNGC16 is a plasma-membrane localized protein which triggers an increase in calcium levels when plants are exposed to extreme temperatures (heat or chilling) and imparts thermotolerance in rice (Cui et al., 2020). Calcium also plays an important role in triggering senescence in plants as exogenous application of calcium delays senescence in detached leaves (Poovaiah and Leopold, 1973). The importance of calcium in senescence is further evident by the action of calcium-dependent protein kinase 1 (CPK1) in phosphorylating ORE, the master regulator of senescence in Arabidopsis (Durian et al., 2020). It would be interesting to validate these miRNAs and their respective targets in different senescence tissues and perform their functional characterization for possible involvement in regulation of senescence in plants.

Integration of expression datasets of RNA-seq and small RNA-seq of coleoptile senescence unraveled the important miRNA-mRNA modules and provided a thorough understanding of the associated multiple regulatory networks. Only high confidence miRNA-target pairs which exhibited inverse expression patterns in miRNAome and transcriptome datasets generated by us, respectively, were utilized for the construction of regulatory network. Further, publicly available protein-protein interaction (PPI) data was also integrated with the miRNA-mRNA network and visualization of regulatory network unravelled 140 miRNA-mRNA modules, while only 6 protein interactions were identified. Based on the network generated we concluded that:

	A predominant hub consists of 9 upregulated miRNAs, including two members of MIR164 family at the center, targeting 42 genes during coleoptile senescence. Previous studies have reported few of these reliable miRNA-target pairs in rice and other plant species: osa-miR164a/d-NAC2, osa-miR397a-laccase, osa-miR528-plastocyanin, osa-miR529b-SPL2 (Fang et al., 2014; Pan et al., 2017; Tsuzuki et al., 2019; Zhu et al., 2020). Some of these miRNAs such as osa-miR164, osa-miR528 and their targets genes NAC2 and COPPER ION BINDING PROTEIN1 have been implicated in regulation of leaf senescence (Yuan et al., 2015; Mao et al., 2017). SPLs are also associated with regulation of flowering time, phase transition and developmental aging (Jung et al., 2016).

	The coregulatory miRNA-target pairs are connected by the characteristic nature of miRNAs targeting more than one gene or one gene targeted by several miRNAs. For example: While osa-miR164a/d target NAC2 and laccase, laccase is also a target of osa-miR397a. SPL2 and serine carboxypeptidase are targets of both osa-miR529b and miRNA_41. 1,3 beta glucan synthase, being the common target of osa-miR529b and miRNA_75, links the two miRNA modules. The autolysis of cellular components during PCD has been linked to serine carboxypeptidases (Schaller, 2004). However, no reports were found that directly implicate 1,3 beat glucan synthase and laccases in plant senescence.

	Several targets of miRNAs are TFs which regulate diverse biological processes at different stages of plant development and few of these have been implicated in regulation of senescence such as WRKY, NAC, SPL, MYB, TCP, and F-box protein as discussed earlier (Woo et al., 2001; Schommer et al., 2008; Zhang et al., 2011; Jiang et al., 2014; Liang et al., 2014; Jung et al., 2016).

	miR169n is predicted to target two genes, LOC_Os05g48270 (DOMON domain-containing protein-cytochromeb561/ferric reductase transmembrane protein/auxin responsive protein) and LOC_Os06g37300 (cytochrome P450 or CYP). In rice, CYPs belong to a large multigene family, the members of which are associated with metabolism of fatty acids, phenylpropanoids and steroids and more importantly, with hormone homeostasis, thereby regulating plant development and stress responses (Wei and Chen, 2018). A recent report demonstrated that a mutant of ELL1 which encodes for CYP monooxygenase displayed high accumulation of ROS and cell death in rice (Cui et al., 2021). DOMON gene was identified as a strong candidate in the QTLs for functional stay-green (FSG) trait in rice (Lim and Paek, 2015). However, it is important to investigate the exact function of LOC_Os05g48270 and how it regulates coleoptile senescence in rice.

	Two copper-containing proteins, laccase (multi-copper) and plastocyanin (mono-copper), are part of the hub wherein one member (LOC_Os01g62490) of laccase family is targeted by three miRNAs, osa-miR164a/d and osa-miR397a, while the two other members (LOC_Os01g61160, LOC_Os01g62480) are targeted by osa-miR397a only. The gene (LOC_Os06g11490) encoding endomembrane plastocyanin is targeted by osa-miR528-3p. In plants Cu-miRNAs such as miR397, miR408, miR528 and miR857 target copper-containing proteins: laccases, plastocyanin, polyphenol oxidase (PPO), ascorbate oxidase (AAO), amino oxidase (AO), Cu/Zn superoxide dismutases (CSDs; Zhu et al., 2020). These Cu-containing proteins are actively involved in diverse processes such as ROS metabolism, Cu homeostasis and stress tolerance (Zhu et al., 2020). In Arabidopsis, a pair of interacting proteins belonging to blue copper protein family: plantacyanin (PCY) and SAG14 are induced during dark-induced senescence which is crucial for chloroplast copper efflux and this module is regulated by miR408 and PIF3/4/5 (Hao et al., 2022). Plant laccases are Cu-oxidases which catalyze lignin and anthocyanin biosynthesis and are involved in diverse plant processes: growth and development, defense against biotic and abiotic stresses (Ranocha et al., 2002; Wan et al., 2022). However, as per our understanding no studies have directly linked laccase with regulation of senescence in plants. In the present study we show that three laccase-encoding genes are upregulated and 3 miRNAs that are possibly regulating their expression are clearly downregulated. Our results highlight the possible involvement of laccases in regulating coleoptile senescence in rice, however, the underlying mechanism needs to be explored. It is hypothesized that the copper-proteins might contribute to regulation of senescence by modulating Cu and redox homeostasis in plants.





Conclusions

We employed an integrated omics approach by combining transcriptome and small RNAome sequencing of coleoptile senescence in rice. Analysis of the RNA-seq dataset identified 3439 DEGs many of which were TFs, transporters, and involved in hormone metabolism, redox and stress responses. Comparison of CS dataset with publicly available leaf senescence (LS) dataset discovered a set of core senescence associated genes. Small RNA sequencing identified many differentially expressed miRNAs, targets for some of which displayed an inverse expression profile in transcriptome dataset. The regulatory network generated by integrating the high confidence miRNA-RNA target pairs with PPI dataset was comprised of 42 modules. A distinguished hub of miR164a/d targeting copper-containing proteins, laccases and plastocyanin, indicated that copper and ROS homeostasis regulate coleoptile senescence in rice. Overall, our study reports a comprehensive atlas on the expression dynamics of genes, miRNA regulators and their interactions and provides insights into the fundamental pathways regulating coleoptile senescence in rice.
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Hydrogen peroxide (H2O2) is a regulatory component related to plant signal transduction. To better understand the genome-wide gene expression response to H2O2 stress in pepper plants, a regulatory network of H2O2 stress-gene expression in pepper leaves and roots was constructed in the present study. We collected the normal tissues of leaves and roots of pepper plants after 40 days of H2O2 treatment and obtained the RNA-seq data of leaves and roots exposed to H2O2 for 0.5–24 h. By comparing the gene responses of pepper leaves and roots exposed to H2O2 stress for different time periods, we found that the response in roots reached the peak at 3 h, whereas the response in leaves reached the peak at 24 h after treatment, and the response degree in the roots was higher than that in the leaves. We used all datasets for K-means analysis and network analysis identified the clusters related to stress response and related genes. In addition, CaEBS1, CaRAP2, and CabHLH029 were identified through a co-expression analysis and were found to be strongly related to several reactive oxygen species-scavenging enzyme genes; their homologous genes in Arabidopsis showed important functions in response to hypoxia or iron uptake. This study provides a theoretical basis for determining the dynamic response process of pepper plants to H2O2 stress in leaves and roots, as well as for determining the critical time and the molecular mechanism of H2O2 stress response in leaves and roots. The candidate transcription factors identified in this study can be used as a reference for further experimental verification.




Keywords: hydrogen peroxide stress, reactive oxygen species, pepper, gene regulatory network, tissue specificity



Introduction

Biotic and abiotic stresses are the main environmental factors that restrict normal growth and development of plants by decreasing the yield, thereby posing a threat to food safety (Fedoroff et al., 2010; Zhu, 2016).

Hydrogen peroxide (H2O2), an important regulatory component of plant signal transduction, affects plant growth in a concentration-dependent manner (Xiong et al., 2015). In a root dipping treatment of Solanum lycopersicum, low doses of H2O2 (0.1 or 0.5 mM) were reported to be potentially advantageous for the development of plants (Nazir et al., 2019). In a study, the dose of 0.1 mM H2O2 was found to be optimum as it caused a maximum increase in the length, fresh mass, and dry mass of Solanum lycopersicum roots and shoots (Nazir et al., 2019). In cucumbers, a low concentration of H2O2 improved the germination capability, germination rate, tap root length, and hypocotyledonary axis, whereas high H2O2 concentration inhibited these processes (Sun et al., 2009). On the one hand, the production of reactive oxygen species (ROS) is a byproduct of aerobic metabolism (Sandalio and Romero-Puertas, 2015; Dietz et al., 2016; Huang et al., 2016). On the other hand, anaerobic metabolism can be induced in plants under biotic or abiotic stress including pathogens, strong light, drought, low temperature, high temperature, and salinization (He et al., 2018b). Different ROS such as H2O2, singlet oxygen, and superoxide can trigger specific changes in a transcriptome (Gadjev et al., 2006; Willems et al., 2016).

The biological effects of ROS on cell cytotoxicity or signaling mainly depend on the balance between generating and scavenging systems. The normal concentration of ROS plays a crucial role in maintaining normal plant growth and improving plant stress resistance (Karuppanapandian et al., 2011; Huang et al., 2019).

High ROS concentrations hinder the growth and development of plants and even lead to plant death, thereby causing an irreversible damage to plants (Sachdev et al., 2021). To cope with the ever-changing external environment, plants have evolved a complex mechanism for excessive ROS scavenging (Huang et al., 2019). The scavenging mechanism of ROS in plants can be divided into two types. First, the enzymatic scavenging mechanism, which mainly includes superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione peroxidase (GPX), catalase (CAT), and glutathione S-transferase. Second, the non-enzymatic scavenging mechanism, which mainly depends on ascorbic acid, reduced glutathione, α-tocopherol, proline, alkaloids (carotenoids), and flavonoids (Gill and Tuteja, 2010; Miller et al., 2010; Sarvajeet Singh Gill et al., 2011; Das and Roychoudhury, 2014).

ROS also affect some transcription factors such as HSF, NPR1, WRKY, and MYB. The upregulation of the expression of these transcription factor genes eventually leads to changes in the expression of downstream genes. Gene expression changes triggered by ROS are mediated by stress-responsive cis-regulated promoter elements, redox regulation of transcription regulators, and upstream signal cascades such as the mitogen-activated kinase module (Dietz, 2014; He et al., 2018a).

The present study investigated changes in whole-genome expression in hot peppers under H2O2 stress and determined the ROS-scavenging gene response mechanism at the gene level. Data were obtained from the transcriptome data of leaves and roots of peppers cultured in water for 40 days with 30 mM H2O2 at six time points and compared with those of the control group. A regulatory network of pepper genes that respond to H2O2 stress was constructed. In addition, the genes related to key ROS-scavenging enzymes in peppers, important time nodes of the response, and the key transcription factors co-expressing with the key enzymes were identified.



Materials and methods


Plant materials and data sources

Total RNA-seq data from H2O2-treated pepper leaves and roots was isolated according to the method described in a previous study (Liu et al., 2017). Line 6421, an elite-breeding pepper (Capsicum annuum) line, was selected from a long-red pepper landrace that is widely grown on the west side of Xiangjiang River, Hunan Province, China.

The seeds were disinfected with sodium hypochlorite and grown in vermiculite at 25/18°C under short-day growth conditions (8 h light/16 h dark, light intensity of 6000 Lux, pH 6.0) and 60%–70% humidity. The stress treatments were applied on 40-day-old seedlings, and samples for RNA extraction were collected from the leaves and roots of the seedlings. The leaves and roots were treated with 30 mM H2O2 for 0.5, 1, 3, 6, 12, and 24 h to induce oxidative stress. Control plants were mock treated with the nutrient solution only. Leaf and root tissues were collected from both treated and control plants at 0.5, 1, 3, 6, 12, and 24 h after treatment.



Differential gene expression analysis

We quality-tested gene sequences by using (Chen et al., 2018) FastQC v. 0.11.7 (Andrews, 2017) with default mapping parameters (10 mismatches/read; nine multimapping locations/read) and aligned using HISAT (Kim et al., 2015). Differential gene expression analysis was performed using DESeq2 v1.20.0, an R-based package available from Bioconductor (Love et al., 2014). The reference genome of C. annuum L. (Zunla_1) was used in this analysis (Qin et al., 2014).

Transcripts expressing differentially under two conditions were identified by examining the difference in their abundance under these conditions. The abundance of a transcript was measured as the mean-normalized count of reads mapping onto the transcript (Love et al., 2014). The difference in the expression was quantified using the logarithm (the logarithmic multiple change) of the mean-normalized count ratio between the two conditions. The differentially expressed transcripts in our experiments were defined as those with adjusted P values < 0.05 fold changes (FC) (negative binomial Wald test and Benjamini-Hochberg correction; both are part of the DESeq2 package). Differentially expressed genes (DEGs) were classified as upregulated or downregulated according to the significant positive or negative logarithmic change value. upregulated and downregulated DEGs were represented using the Venn diagram (Lin et al., 2016). Heat maps were generated using the seaborn heatmap available in python. Summary statistics for the sequencing performed are presented in Table S1 and all expression genes in Table S2.



Co-expression cluster identification and gene enrichment analysis

Co-expression/coregulation analysis was performed on the samples from 12 control tissues and 12 H2O2-treated tissues by using the K-means (Gasch and Eisen, 2002) method (Gasch and Eisen, 2002) in python. The normalized expression values of genes were calculated by dividing their expression values in all samples with their maximum observed TPM (Transcripts Per Kilobase Million) Hierarchical clustering (HCL) and principal component analysis (PCA) were performed using the Kernel Principal Component Analysis in python with default settings to facilitate the graphical interpretation of the relatedness among the 24 samples. The transformed- and normalized-gene and -metabolite expression values with Z-scores were used for HCL and PCA. The clusters that were identified to respond to H2O2 stress were followed up for gene enrichment analysis with GOATOOLS (Klopfenstein et al., 2018), which is a python package for Gene Ontology (GO) enrichment analysis; false discovery rate (FDR) values of <0.01 was considered to denote statistically significant GO terms. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed by KofamKOALA (Aramaki et al., 2020) to protein sequences by homology search, and the enrichment analysis use P-value Cutoff = 0.05 was carried by package clusterProfiler (Yu et al., 2012).



Analysis of orthologous genes and homologous evolutionary genes

The Arabidopsis thaliana (TAIR10) and C. annuum L. (Zunla_1) proteomes were downloaded from The Arabidopsis Information Resource and National Center for Biotechnology Information, respectively. Protein sequences from the primary transcripts were used for the construction of orthogroups between the two species by using OrthoMCL (https://orthomcl.org/orthomcl/). The information on transcription factors (TFs) was retrieved from PlantTFDB (http://planttfdb.gao-lab.org/).

The multiple sequence alignment of capsicum and Arabidopsis genes was performed using MUSCLE (Multiple Protein Sequence Alignment) in Linux. A contiguous algorithm was used to build phylogenetic tree files by using treebest software (Edgar, 2004), and a phylogenetic tree was constructed using the online tool iTOL (Interactive Tree Of Life; https://itol.embl.de/) (Letunic and Bork, 2016).



Network analysis of ROS scavenging genes in pepper

The Python NetworkX package (https://networkx.org/) was used to visualize the co-expression network relationship between the candidate target transcription factors and ROS-scavenging enzyme-related genes.




Results


Generation of the pepper H2O2 dataset

To comprehensively and accurately record the gene response network in leaves and roots of pepper plants treated with H2O2, we used the transcriptome data set (Figure 1A). To determine the gene expression in the 24 samples, a Z-score normalized expression heat map (Figure 1C) was obtained. The Pearson’s correlation matrix among the transcriptome samples showed that the gene expression pattern was tissue-specific. The same tissues clustered together (Figure 1C). PCA (Figure 1B) also showed that the samples from the same tissues gathered at different time points during stress treatment (Figure 1B). These results showed that the difference in gene expression because of H2O2 stress is much smaller than the tissue-specific expression of the whole gene of the pepper roots and leaves, which is consistent with our general cognition.




Figure 1 | Summary of the transcriptome data of the H2O2 datasets. (A): Schematic representation of the design for the datasets. Leaf (L) and root (R) of these samples at six time points in the control and H2O2-treatment groups, respectively. (B): Principal component analysis of the transcriptome data from the control and H2O2-treatment samples (leaf and root). (C): The hierarchical clustering analysis of the expression profiles of 35,336 genes from the 24 samples; the color scale 0–1 represents the Pearson’s correlation coefficient.





The pepper transcriptomes are coregulated in 12 clusters that corresponded to different tissues and treatment times

To further understand the trend in the classification of gene expression in pepper roots and leaves after H2O2 stress, we used the K-means clustering algorithm to divide the genes into 12 clusters according to the expression patterns of all 29,065 genes expressed in at least one sample (Figure 2). The expressions of genes in Cluster 1, Cluster 5, and Cluster 12 were significantly increased in the roots at 3 h, 6 h, and 12 h after the stress, respectively, whereas the expressions of genes in Cluster 3 and Cluster 11 were significantly increased in the leaves at 6 h and 24 h, respectively, after the stress. In the early stage of the stress treatment, we observed that the genes in Cluster 10 were the first to respond within 0.5 h–1 h. Despite the increase or decrease in gene expression observed after the stress treatment at a certain time point, genes in Cluster 2, Cluster 4, Cluster 7, and Cluster 9 showed no significant changes in expression in the leaves and roots at the six time points before and after the stress treatment. The reason for dividing the genes into 12 clusters was to classify these genes according to dynamic changes in them to facilitate their follow-up and better targeted analysis.




Figure 2 | Dynamics of gene expression in the samples. K-means clustering grouped the expression profiles of the transcriptome into 12 clusters. The x-axis depicts the 24 samples, and the y-axis depicts the Z-score standardized cluster gene expression trend. The numbers shown in each box (for example, 1,799 genes for Cluster 1) were derived from the number of genes.





Identification of differentially expressed genes under hydrogen peroxide stress

To capture a comprehensive overview of the response, H2O2-responsive genes in the peppers were identified by analyzing the temporal changes in the transcriptome after up to 24 h of treatment with 30 mM H2O2 (Figure 1A). Overall, 1,116 upregulated and 309 downregulated genes were identified in the leaves, whereas 1,144 upregulated and 394 downregulated genes were identified in the roots at different time points. The analyses collectively yielded 2,382 DEGs, constituting approximately 8.20% of the expressed genes in the datasets.

The difference in differential expression between the leaves and roots was that the highest amount of DEGs in the leaves was observed at 12 and 24 h (Figures 3A, C) and that in the roots was observed at 3 and 6 h (Figures 3B, D); in leaves, 349 DEGs were upregulated and 17 DEGs were downregulated at 12 and 24 h. Consequently, the gene response speed in the roots was faster than that in the leaves of peppers under H2O2 stress. The distribution of upregulated and downregulated DEGs identified in the leaves and roots in each cluster is shown in Table 1, and the results of the distribution corresponding to the trend map are shown in Figure 2.




Figure 3 | Temporal dynamics of Capsicum annuum L. transcriptome during H2O2 treatment. (A–D), the 40-day-old C. annuum L. plants were treated with 30 mM H2O2 in liquid media and harvested at the given time points for transcriptome analysis. UpSet plots of the number of upregulated and downregulated genes (cut-off threshold, |log2(FC)| ≥2; FDR <0.01) demonstrating different temporal expression patterns (top bar graphs). The total number of upregulated and downregulated genes at each time point is shown on the left. All leaf and root DEGs show in Supplementary Table S3.




Table 1 | Distribution of the leaf and root DEGs identified in this study across different cluster.





Functional enrichment analysis of DEGs

The main functions of DEGs (shown in Figure 3) identified in the leaf (Figure 4A) and root (Figure 4B) were analyzed by GO, and the aggregation of upregulated DEGs and downregulated DEGs in the leaf and root is shown by the Wayne diagram (Figure 4C). Most identified DEGs encode the enzymes involved in basic biological metabolism and nucleotide binding (Figures 4A, B), and the amount of GO terms enriched by DEGs in leaves was more than that in roots.




Figure 4 | GO terms of leaf and root DEGs under hydrogen peroxide stress. (A) GO terms identified from the different treatment time points of leaf DEGs (FDR < 0.01). (B): GO terms identified from the different treatment time points of root DEGs (FDR < 0.01). (C): Venn diagrams of upregulated and downregulated DEGs identified in the leaf and root tissues. The full lists of DEGs and GO terms from the enrichment analysis are shown in Supplementary Tables S4, S5.



Several key points identified in GO term enrichment in the leaf and root DEGs were related to the oxidoreductase activity, which implied that the H2O2 treatment of pepper plants affected key physiological metabolic pathways in vivo. In the leaves, GO terms such as “ATP metabolic process”, “chloroplast thylakoid membrane”, “proton-transporting ATP synthase activity, rotational mechanism” and “oxidoreductase activity, acting on peroxide as acceptor”, leaf photosynthesis, and energy transformation were closely related; in roots, GO terms such as “response to water”, “intracellular membrane-bounded organelle,” “DNA-binding transcription factor activity,” and “oxidoreductase activity” were also related to cell redox and important organelle membranes.

Through the KEGG pathway analysis of the DEGs identified in leaf and root at 6 time points, it was found that the common enrichment in “MAPK signaling pathway”, “Phenylpropanoid biosynthesis”, “Photosynthesis”, “Glutathione metabolism”, “Cytochrome P450” and “Sesquiterpenoid and triterpenoid biosynthesis” (Figure 5). However, “Plant hormone signal transduction”, “Oxidative phosphorylation”, “alpha−Linolenic acid metabolism”, “Zeatin biosynthesis” and “Diterpenoid biosynthesis” were unique in leaf (Figure 5A).




Figure 5 | Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis results for the DEGs in leaf (A) and root (B). Expression profiles of DEGs enriched in MAPK-signaling pathway (C) and photosynthesis pathway (D) in leaves and roots. The complete list of DEGs and KEGG pathways for enrichment analysis is shown in Supplementary Tables S6, S7.



We selected 43 and 27 genes in the MAPK-signaling pathway (ko04016) and photosynthesis pathway (ko00195), respectively, those genes were enriched in both the DEGs identified in leaves and roots (Figures 5C, D). In plants, several MAPK-signaling pathways are triggered by different biotic and abiotic stress stimuli, such as pathogen infection, injury, low temperature, drought, osmotic shock, high salinity, and reactive oxygen species (Asai et al., 2002; Colcombet and Hirt, 2008; Rodriguez et al., 2010). The Photosynthesis pathway is an important route for energy conversion in plants (Jones and Fyfe, 2001; Ferreira et al., 2004). DEGs identified in leaves and roots are enriched in these two pathways, indicating that the fluctuation of gene expression in response to external stimuli is conserved to a certain extent in different tissues, and the genes shown in Figures 5C, D are important candidate genes.



Evolution and expression analysis of genes associated with ROS scavenging

Because of the increase in the ROS content in plants observed under H2O2 stress, we evaluated the response of the genes associated with ROS scavenging. The experiment was designed to evaluate changes in the expression patterns of ROS-scavenging genes such as SOD, APX, GPX, and CAT that are involved in the enzymatic scavenging mechanism (Gill and Tuteja, 2010; Miller et al., 2010; Sarvajeet Singh Gill et al., 2011). Additionally, we determined whether these genes have different response nodes and levels in the leaves and roots, according to the sequence of these genes in A. thaliana. The respective lineal homologous genes were identified in the pepper genome; 28 genes synthesizing these key enzymes in A. thaliana and 28 lineal homologous genes in pepper were identified. The evolutionary relationship of these 58 genes is shown in Figure 5A, which were mainly divided into three subfamilies, and a close sequence alignment relationship between A. thaliana genes and the corresponding pepper lineal homologous genes was obvious. The results reflected the significance of identifying direct homologous genes. Subfamily I was mainly from A. thaliana and capsicum and included DHAR3, MDHAR1, GR, SOD1/2, and CAT2. Subfamily II mainly included MDHAR2 and PrxR1. All APXs, DHAR1, SOD3, and all GPXs were included in subfamily III (Figure 6A). Figure 3B shows the expression patterns of the genes encoding for these ROS-scavenging enzymes in untreated leaves and roots, as well as in the treated leaves and roots. CAT3 expression in root tissues under H2O2 stress was significantly decreased compared with that in untreated roots; PrxR1 gene expression in root tissues after12 h and 24 h was also decreased after root treatment (Figure 6B).




Figure 6 | The genetic relationship of enzymes related to ROS scavenging in Arabidopsis thaliana and capsicum (A), and the gene expression patterns in Pepper (B). All those pepper genes expression in Supplementary Table S8. (C) Expression profiles of 10 typical ROS-scavenging enzyme synthesis genes in different clustering modules at different time points in leaves and roots of control and H2O2 stress.



However, the expression of six genes, namely APX1, SOD1, MDHAR1, APX2, GPX6, and GPX2, was higher at 3 h after root treatment than that in the untreated root tissues; however, no significant difference was observed in the gene expression across other time periods and tissues. These six genes may be important in response to ROS clearance in the roots treated for 3 h. Follow-up studies on H2O2 stress must focus on the expression of genes in roots at 3 h, which can also be seen from Figures 3B, D. The number of DEGs in the roots treated with H2O2 for 3 h was the highest, and among these genes, 618 genes were upregulated genes and 196 genes were downregulated. The effect of H2O2 stress on plant roots reached a peak at 3 h compared with that in the control, and most of the DEGs were expressed in the roots.

According to the expression profiles of 29 genes related to ROS-scavenging enzyme synthesis at different time points in the control and H2O2 stress of leaves and roots shown in Figure 6B, 10 obvious genes are marked on the basis of different expression patterns after H2O2 stress. The genes whose expression levels changed and the expression profiles of these 10 genes are shown separately to avoid the influence of data normalization in Figure 6C. PrxR1, DHAR1, GPX3, SOD2, and SOD1 were significantly up-regulated at different time points in leaves under hydrogen peroxide stress; APX1, SOD1, MDHAR1, and GPX6 were up-regulated in roots after H2O2 stress, which may be related to the fact that the roles of these enzymes in pepper were tissue related.



Discovery and functional analysis of transcription factors of important regulatory genes responding to H2O2 stress and the analysis of key clusters

Several key clusters identified through the K-means cluster analysis may have a certain role in response to ROS clearance. Most genes showed a rapid increase in the expression in leaves or roots at a certain time point, which may be because of plant response to irreversible damage caused by an increase in the ROS level, and the study of genes in these key clusters can be helpful in determining the response mechanism of plants to H2O2 stress. Moreover, these clusters have an increase in expression in different tissues at different time points, indicating an important area of research for determining time nodes and patterns of gene response to ROS. For instance, the genes in Cluster 10 (1,753 genes) were the first to respond to H2O2 stress in root tissues. Within 0.5 and 1 h, the expression of genes in Cluster 10 in roots under H2O2 stress was much higher than that in untreated roots; however, the difference in the expression of these genes was not significant in the leaves during the same period. The expression of genes in Cluster 1 (1,799 genes) increased significantly in roots under 3-h stress, and at this time point, the largest number of DEGs was observed in the roots (Figures 3B, D), indicating that the 3-h time point is the most favorable time point for gene response to stress in pepper roots.

To further study the function of genes in Cluster 1 and Cluster 10, we performed GO enrichment analysis of all genes in these clusters. A total of 1,799 genes in Cluster 1 were mainly enriched in the GO terms such as “L-phenylalanine metabolic process”, “DNA-binding transcription factor activity,” and “acyltransferase activity”. GO terms enriched by 1,753 genes in Cluster 10 were “oligosaccharide metabolic process”, “protein serine/threonine kinase activity”, “kinase activity,” and “ubiquitin-protein transferase activity”.

By analyzing the constructed gene co-expression relationship network, we found that the correlation coefficient of key transcription factors in Cluster 1 and Cluster 10 was closely related to those of ROS-scavenging genes. The relationship between these three typical transcription factors and ROS-scavenging enzyme-related genes (Figure 7B) is shown in the form of a network map (Figures 7D, E). The genes in the middle red circle represent the key transcription factors that were identified. The genes in the blue circle on the edge are the genes related to ROS-scavenging enzymes in capsicum. The blue lines between the two genes indicate negative regulatory relationships, whereas the red lines indicate positive regulatory relationships. These three key transcription factors were verified as the key factors in subsequent experiments, providing a new conjecture for studying the molecular mechanism of ROS scavenging in plants.




Figure 7 | Important clusters in GO enrichment and TF networks. (A, C): GO terms of the identified DEGs from Cluster 1 and Cluster 10 (FDR < 0.01)). The complete lists of cluster genes and GO terms from the enrichment analysis are shown in Supplementary Tables S9, S10. (B, D, E): The transcriptional factors that co-expressed with ROS-scavenging genes were identified using the constructed network. (F–H): Expression profiles of the three candidate transcription factors at different time points in control and H2O2 stress in leaves and roots.



Through sequence alignment, the corresponding orthologous genes of three transcription factors, namely BES1, RAP2 and bHLH029, in Arabidopsis were identified, and the sequence similarity was more than 70%. Therefore, we named the corresponding pepper genes as CaBES1 (Figures 7B, F), CaRAP2 (Figures 7D, G), and CabHLH029 (Figures 7E, H) according to the gene names of Arabidopsis thaliana. The gene expression profile data of these were extracted. These data are displayed as line graphs in Figures 7F–H. The expression levels of CaBES1 and CabHLH029 were significantly up-regulated at H2O2 stress 3 and 6 h, respectively, but there was no significant difference at other time points. CaRAP2 was significantly up-regulated in the early stage of H2O2 stress (0.5–3 h), and its expression returned to normal in the later stage of H2O2 stress. They may be involved in regulation at different stages.




Discussion

Pepper is an important vegetable belonging to the Solanaceae family that is widely cultivated worldwide. According to FAO statistics (www.fao.org), peppers were grown in 118 countries and regions of the world in 2018. Pepper is the third largest vegetable crop in the world; in 2014, Mexico and China successively completed the whole-genome sequencing of two pepper varieties, namely CM334 and Zunla-1 (Kim et al., 2014; Qin et al., 2014). The pepper genome sequence is ∼3.3 Gb, which is approximately three times that of the tomato genome (∼900 Mb) (Tomato Genome, 2012). Because of the presence of many tandem repeats in the pepper genome, the research on pepper gene annotation is relatively lagging. The present study analyzed the RNA-seq data of the leaves and roots of 40-day-old pepper plants under H2O2 stress at six time points and compared the obtained data with those of the control plant, we used data from this database (Liu et al., 2017). Moreover, the study analyzed the dynamic expression network of genes in leaves and roots in response to H2O2 stress from 0.5 h to 24 h at the genomic level. Based on the gene expression trend, the K-means value was used to divide genes into 12 expression clusters (Figure 2) from Cluster 1 to Cluster 10. The GO enrichment of genes in the clusters was analyzed (Figures 7A, C), and the genes in the chili peppers were identified through the orthologous alignment of the determined gene sequences in Arabidopsis. A total of 28 synthesis genes related to ROS-scavenging enzymes were identified, which showed their dynamic expression at six time points under H2O2 stress. We constructed a co-expression network matrix based on the Pearson correlation coefficient and found three transcription factors that exhibited a strong correlation with the synthesis genes of multiple ROS-scavenging enzymes (Figures 4C–F). Subsequent experiments are required to study in detail the mechanism through which these transcription factors regulate the associated enzymes when plants are under H2O2 stress, as well as the mechanism through which plants balance the ROS concentration.

The pepper plants in the present study are based on hydroponic culture and 30 mM H2O2 treatment in the aqueous solution. The roots most directly sense the changes in ROS concentrations, whereas the leaves after the stress. The response to H2O2 stress was higher and the response time was earlier in pepper roots than in leaves (Figure 3). After H2O2 stress, it reached to genes in pepper roots within 3 h, denoting the peak of the response (Figures 3B, D) and indicating that the number of DEGs was the largest at 3 h. Unlike the response speed in the roots, the peak of gene response in the leaves appeared 24 h after H2O2 stress (Figures 3A, C). Relative to roots, the leaves responded gradually, and previous studies have shown that ROS play a crucial role in controlling root hair growth (Carol and Dolan, 2006). Some studies have used large quantities of transcriptome data processed by Arabidopsis oxidative stress and found that the time of oxidative stress is the determinant of the footprint of different transcriptomes (Gadjev et al., 2006; Willems et al., 2016). Thus, exploring the differences in gene expression in plants at different time points after oxidative stress treatment can be valuable.

Through the cluster analysis of identified genes related to ROS clearance and key responses in peppers, the key transcription factors, including CaARP2 (Figure 7B) in Cluster 10 and CaBES1 and CabHLH029 in Cluster 1, were identified (Figures 7D, E). These transcription factors were co-expressed with the genes encoding for multiple ROS-scavenging enzymes, and their K-means analysis results showed their distribution in Cluster 1 and Cluster 10. The genes in Cluster 10 showed the earliest response in pepper root tissues. The genes in Cluster 1 had the largest number of DEGs at the 3-h time point in the root tissues of pepper under H2O2 stress compared with the unstressed root tissues. Therefore, these Clusters 1 and 10 were used to analyze the response of genes in pepper roots to peroxidation. The co-expression of the three transcription factors and multiple genes encoding for ROS-scavenging enzymes provides an important reference for the subsequent verification of their functional mechanisms. Studies on Arabidopsis have confirmed that BES1 encodes for brassinosteroid-signaling (BRs) protein that accumulates in the nucleus in the dephosphorylated form in response to BRs and coordination of chloroplast development (Wang et al., 2002; Yin et al., 2005; Zubo et al., 2018; Clark et al., 2021; Van Nguyen et al., 2021) in A. thaliana, which is in line with our results that CaBES1 also affected the expression of genes in response to H2O2 stress in pepper, thus indicating that the aforementioned mechanism may also be involved in pepper. For Arabidopsis, many studies have shown that RAP2 is involved in oxygen sensing, which plays a key role in controlling root bending in response to hypoxia (Hartman et al., 2019; Smit et al., 2020; Tang et al., 2021; Seok et al., 2022); bHLH029, as a putative transcription factor encoding the regulation of iron uptake responses, mRNA was detected in the outer cell layer of roots and accumulated in iron deficiency, similar to FER in tomato, as a regulator of iron uptake (Cai et al., 2021; Kanwar et al., 2021; Song et al., 2022). The functions of these three important transcription factors of pepper identified in the gene expression network of pepper seedlings under hydrogen peroxide stress may show some functional conservation with their homologous genes in Arabidopsis, but to obtain exact evidence further experiments are required.

In this study, based on the control and processed RNA-seq data of the leaves and roots of 40-day-old pepper plants subjected to H2O2 stress at six time points, the genome-wide regulatory network was analyzed, and three possible key transcription factors were identified. A balanced candidate transcription factor can provide reliable evidence for in-depth verification and analysis.



Conclusion

In this study, the gene dynamic expression network of pepper leaves and roots at six time points in response to H2O2 stress was analyzed at the whole-genome level. A total of 29,065 genes were found to be expressed in at least one sample. These genes were divided into 12 clusters based on their dynamic expression in different tissues and time points. In addition, based on the research on ROS-scavenging enzymes in Arabidopsis, we identified 28 orthologous genes in peppers that were associated with Cluster 1 and 10 and identified three transcription factors. Multiple ROS-scavenging enzyme synthesis-related genes in pepper were highly co-expressed. We also performed GO and KEGG analysis for the DEGs identified in leaves and roots to identify key cluster genes and analyzed the GO terms and KEGG pathways that are mainly enriched in these important genes. This study provides insights into the effects of H2O2 stress on pepper at the whole-genome level and may serve as a reference for research on other crops.
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Solidago canadensis is an invasive plant that can adapt to variable environmental conditions. To explore the molecular mechanism of the response to nitrogen (N) addition conditions in S. canadensis, physiology and transcriptome analysis were performed with samples that cultured by natural and three N level conditions. Comparative analysis detected many differentially expressed genes (DEGs), including the function of plant growth and development, photosynthesis, antioxidant, sugar metabolism and secondary metabolism pathways. Most genes encoding proteins involved in plant growth, circadian rhythm and photosynthesis were upregulated. Furthermore, secondary metabolism-related genes were specifically expressed among the different groups; for example, most DEGs related to phenol and flavonoid synthesis were downregulated in the N-level environment. Most DEGs related to diterpenoid and monoterpenoid biosynthesis were upregulated. In addition, many physiological responses, such as antioxidant enzyme activities and chlorophyll and soluble sugar contents, were elevated by the N environment, which was consistent with the gene expression levels in each group. Collectively, our observations indicated that S. canadensis may be promoted by N deposition conditions with the alteration of plant growth, secondary metabolism and physiological accumulation.
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Introduction

Biological invasion is a global phenomenon and a threat to global biodiversity and the global economy (Simberloff et al., 2013; Diagne et al., 2021), representing a significant element of global change. Numerous studies have shown that plant invasion can reduce native plant performance. Therefore, invasive species will threaten global biodiversity, and experts are required to effectively determine the main causes of biological invasion (Pysek et al., 2012; Hui et al., 2021). The ecological and economic impact of species invasions showed that managers urgently need to provide meaningful suggestions for how to prevent invasions and how to prioritize the management of invasive species (Luo et al., 2020). To understand the impact of environmental changes caused by human activities on biological invasion, many studies have been performed to explore the responses of invasive plants in common environments (Huang et al., 2022).

The invasiveness of species or habitat conditions can be changed through environmental changes, which may facilitate or inhibit alien invaders (Nguyen et al., 2016; Merow et al., 2017). Global environmental change from human activities acts as the main factor influencing plant invasion in general (Bradley et al., 2010; Carboni et al., 2018; Questad et al., 2021). The main reason for the successful invasion of alien plants is related to the environment in which they grow (Heshmati et al., 2019). Thus, plant invasion can be significantly affected by environmental factors in the receptor habitat, affecting social stability and sustainable development (Ren et al., 2020). Human-mediated interference may increase the invasiveness of alien plants, such as nutrient fluctuations in nitrogen (N) and phosphorus (Zhang et al., 2022). Recently, the distribution of anthropogenic N, which is usually caused by social and urban development, rapid agricultural intensification, and increased fuel utilization, has rapidly increased global N deposition and significantly impacts ecosystems (Yu et al., 2019).

Previous studies have proven that N deposition is accelerated by profound effects on both natural and anthropogenic ecosystems (Yu et al., 2019). Recent research and analysis of the changes in N deposition in China have increased by approximately 60%, which is the highest value in the world (Dentener et al., 2006; Liu et al., 2013). Many studies have shown that N plays an essential role in the rapid growth of invasive plants (Parepa et al., 2013; Ribeiro et al., 2017; Luo et al., 2019). Therefore, N enrichment has become an increasingly important element in global environmental change and has been widely focused on its effect on plant biodiversity and invasive plant ranges (Payne et al., 2017; Midolo et al., 2019). Although some studies have implied that high N levels in soil will promote invasive species to develop into a peak or drop (Mattingly and Reynolds, 2014; Nguyen et al., 2016), there are some evidences that suggests that N addition and enrichment will increase the opportunity to form invasive species and finally facilitate plant flourishing into invasion (Bradley et al., 2010; Vallano et al., 2012; Seabloom et al., 2015; Liu et al., 2017; Liu et al., 2019). To better understand the mechanism of how global climate change affects the mechanism of plant invasion, many novel studies are being conducted. With the development of biology, next-generation RNA sequencing technologies (RNA-seq) have supplied an approach to describe the whole genome or transcriptomes and are being used to explore the regulatory mechanisms of plant responses to many conditions in which they grow (Chu et al., 2019; Khan et al., 2022). Therefore, transcriptomic profiling can be used as an emerging method to reveal the molecular mechanism of plants in response to different environments (Asim et al., 2021; Kayihan et al., 2021; Qu et al., 2021; Li et al., 2022).

Solidago canadensis L., native to North America, is an aggressive invasive plant that successfully invaded Europe, Australia, Asia and New Zealand (Dong et al., 2006; Szymura and Szymura, 2013; Nolf et al., 2014; Gusev, 2015; Dong et al., 2017; Ye et al., 2019). The species can colonize different growth environments and exhibit a variety of phenotypes to adapt to these environments (Li et al., 2016; Jin et al., 2020). Furthermore, recent studies have attempted to suggest that N deposition and enrichment may facilitate S. canadensis invasion and rapid adaptation (Peng et al., 2019; Wan et al., 2019). Extended studies will provide a meaningful model for exploring invasive plants in response to the climate change environment.

Some studies have proved that invasive plants may have corresponding changes in physiological, biochemical and related gene expression levels for the environmental changes (Chuang et al., 2022; Cocozza et al., 2022; Liu Z et al., 2022). Invasive plants may be affected their enzyme activities and the synthesis process of secondary metabolites for the altered external environment (Cocozza et al., 2022; Hura et al., 2022). In this study, to explore the response of S. canadensis to the N addition climate change in physiology and related gene expression, we conducted a simulated N addition environment to detect the effects of altered levels on the physiology and gene expression of S. canadensis. Our aims were as follows: (i) explore physiological differences in plants among different levels of N addition; (ii) screen the differentially expressed transcripts; and (iii) determine the mechanism by which N addition may enhance the invasive ability of S. canadensis.



Materials and methods


Plant materials and experimental design

S. canadensis, as an ornamental plant, was introduced into China in 1935. At present, it is distributed in many provinces of China (Oduor et al., 2022). Mature seeds were collected from a suburb of Wuhan city (30°32′N, 114°25′E) and sown into plastic pots with a diameter of 25 cm.

To simulate increasing rates of N deposition, a total of 12 samples from four differential levels of treatments with three independent replicates for each treatment were carried out. The control group was established by pure water, and the other three levels of simulated N deposition were added by a polyethylene injector with prepared NH4NO3 solution, which included low N with a deposition rate of 5 g m−2 yr−1 (N5), intermediate N with 10 g m−2 yr−1 (N10), and high N with 15 g m−2 yr−1 (N15). All treatments were applied for 5 weeks, and N solution was applied to the corresponding pots. In addition, to provide daily basic water needs, 500 ml of pure water was added every two days in each pot.



Physiological measurements

The soluble sugars, MDA, chlorophyll, superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) were quantified. Each measurement was performed with three biological replicates. The chlorophyll content, which included total chlorophyll (Chl a+b) was detected by Wu et al. (2020b).

The content of soluble sugars was detected according to Quinet et al. (2012) with some modifications. The frozen samples (1 g) were put into liquid N, ground to powder, and then incubated at room temperature with 10 mL of pure water. The mixture solution was transferred into a centrifuge tube and centrifuged at 7000 rpm for 10 minutes. The supernatant was collected for estimation by anthrone reagent.

The measurements of malonaldehyde (MDA) and antioxidant enzyme activities were performed based on Cao et al. (2017) with minor modification. The powder of each sample was collected at 0.1 g to prepare 10 mL of 10% TCA solution and then centrifuged at 7000 rpm for 10 minutes. The supernatant (2 mL) was added to 2 mL of 0.6% thiobarbituric acid (TBA). The samples were heated in boiling water for 15 minutes and cooled immediately. The mixture solution was centrifuged at 7000 rpm for 10 minutes, and then the absorbance values were detected at 532 nm, 600 nm and 450 nm.

Antioxidant enzyme activities were assayed according to Zhong et al. (2017). Fresh leaf powder (0.1 g) was collected and incubated in phosphate buffer solution, which was precooled at 4 °C. The mixture was homogenized and then centrifuged at 7000 rpm at 4°C for 15 minutes. We collected the supernatant to detect the activity of SOD, CAT and POD.



RNA and cDNA library preparation

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to isolate total RNA according to the protocol’s instructions, and the quantification of isolated RNA was detected by using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc.). The quality and integrity of the RNA samples were assessed with a Bioanalyzer 2100 (Agilent, CA, USA). The total RNA of each sample that satisfied the range of OD260/280 values between 1.8 and 2.2 and an RNA integrity number (RIN) above 7.5 was used for cDNA library preparation. We collected 1 μg of RNA per sample and used it to construct a paired-end cDNA library, and each library was sequenced by the Illumina NovaSeq 6000 sequencing platform at Biomarker Technology (Beijing, China). All the clean data of this study were deposited in the National Genomics Data Center (https://ngdc.cncb.ac.cn/) and are accessible through BioProject accession number PRJCA010244.



De novo transcriptome assembly and annotation

Trinity software (v2.5.1) was used to assemble transcripts (Grabherr et al., 2011), which satisfied the assumption that the assembly length should not be less than 200 bp. The redundant sequences were removed by cd-hit (v4.6.1) and clustered with Tgicl (v2.1) to merge the sequences with a similarity over 90%. The functions of the assembled unigenes were identified by searching against public databases, such as the nonredundant protein (Nr), Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Ontology (GO), and eggNOG databases, with a significance threshold of E-value ≤ 10−5.



Gene expression pattern analysis

The assembled unigenes were used to map clean reads by Bowtie software, and the gene expression level was analysed and represented by using RSEM software based on fragments per kilobase of transcript sequence per million base pairs (FPKM) (Li and Dewey, 2011). The differentially expressed genes (DEGs) in each comparison group were identified by DESeq2, and the significant DEGs were collected based on a q-value < 0.01 and a fold change value ≥ 2. To explore which DEGs may play an important role in each comparison group, GO and KEGG pathway enrichment analyses of the DEGs were applied by the topGO R packages and KOBAS software, respectively.



Gene coexpression network analysis

The weighted gene correlation network analysis (WGCNA) approach is usually performed to identify gene coexpression networks, which can be used to thoroughly investigate the correlation patterns across multiple samples. All DEGs between the different N level treatments and the control were applied with the R package WGCNA.



Statistical analysis

The evaluation of statistical data, which observed under different N level treatment groups, was tested by normality (Shapiro-Wilk) and homogeneity (Bartlett). We would transform and normalize the data that need to reduce the heterogeneity of variance. ANOVAs were performed to evaluate the significant differences of physiological changes in S. canadensis under different nitrogen levels. Post hoc LSD tests were used to separate differences between pairs of treatments. Three biological replicates were collected and analysed by using variance, and the mean ( ± SD) with the significant difference analysis was satisfied a p value < 0.05.



Validation of qRT-PCR analysis

The isolated RNA was reverse transcribed into cDNA by an M-MuLV cDNA Synthesis Kit (Sangon Biotech). The primers of this study for qRT-PCR were designed by Primer Premier 5.0 software to verify the relative expression level of randomly selected genes with the 18S gene as an internal control. The relative expression of these randomly selected genes was calculated with the 2−△△Ct method. The PCR conditions were set as follows: predenaturation at 95°C for 10 min and 40 cycles of 95°C for 10 s and 60°C for 30 s (Wu et al., 2021).




Result


Physiological and biochemical responses to different N level environments

The physiological and biochemical response analysis showed accumulation of proline, MDA and soluble sugar among different N level environments in S. canadensis. The levels of MDA increased with increasing N levels, while no significant changes were detected among the groups (Figure 1A). The result may show little harm to the cell membrane in S. canadensis. In addition, the soluble sugar contents reached a maximum in the N10 environment with significant changes (Figure 1B). This result showed a significant effect of energy metabolism in S. canadensis among different N level environments.




Figure 1 | Physiological evaluate of S. canadensis in different N addition conditions. (A, B, F) The content of MDA, soluble sugar and total chlorophyll in leaves of various N level environment. (C–E) The activities of POD, SOD and CAT enzymes. The color bar represented each group (mean ± SE), and the significant differences among different N level groups was marked by letters (p <.05). The red, blue, green, and purple color bar represents CK, N5, N10, and N15 group, respectively.



The detected antioxidant enzymes (POD, CAT and SOD) at the different N levels are depicted in Figures 1C–E. The activity of POD was increased in the N environment groups. No significant effect was found between the CK and N5 groups, and a significant increase was observed between the CK and N10 and N15 groups (Figure 1C). The activities of CAT and SOD reached a maximum in the N10 groups, with significant differences among the groups (Figures 1D, E).

The contents of photosynthetic pigment (total chlorophyll) in each group were all affected by the N environment, and a significant difference was also detected among the CK with N5, N10, and N15 groups (Figure 1F). This result indicates that photosynthesis may be promoted by the N environment.



Overview of gene expression patterns

We performed transcriptome analysis to explore the molecular changes in S. canadensis exposed to different doses of N. Fresh leaf samples with different N level conditions and one control check were used for RNA-seq analysis. Based on the deep sequencing of RNA-seq, 96.50 Gb clean reads with no less than 7 Gb per sample was obtained. A total of 106,423 unigenes were obtained according to the assembly result. As a result of the expression analysis, 91,550 unigenes were detected by FPKMs, with 61,981, 56,716, 63,714, and 59,236 unigenes in the CK, N5, N10, and N15 groups, respectively. Among these expressed genes in each group, 38,610 genes were detected in each of the four experimental groups, and 7,799, 5,383, 10,022 and 6,024 genes were specifically expressed in the CK, N5, N10 and N15 groups, respectively (Figure 2A).




Figure 2 | The overlap of expressed genes in each group and DEGs among three comparison groups. (A) The overlap of expressed genes in the CK, N5, N10, and N15 group. (B) The overlap of DEGs at CK-vs-N5, CK-vs-N10 and CK-vs-N15 comparison group.





Analysis of differentially expressed genes

To better determine the difference in response to various N level conditions in S. canadensis leaves, three comparison groups were constructed, including N5-vs.-CK, N10-vs.-CK, and N15-vs.-CK. There were 654 DEGs in the comparison of N5-vs.-CK, with 372 being upregulated and 282 downregulated (Table 1). Furthermore, in the N10-vs.-CK comparison, 1,536 DEGs (745 upregulated and 791 downregulated) (Table 1) were detected. Under the N15 condition compared with the control group, we detected 640 DEGs (331 upregulated and 309 downregulated) (Table 1). It is possible that with the addition of N in the environment, some genes may be depressed. The overlap of DEGs showed that 134 DEGs were detected in all three groups; furthermore, 265 DEGs were specifically expressed in the N5-vs.-CK group, 1,001 in N10-vs.-CK, and 272 in N15-vs.-CK (Figure 2B).


Table 1 | The number of DEGs in three comparison groups.





GO functional analysis of DEGs

To identify and classify the functions of the DEGs, we performed GO classification analysis. In the N5-vs.-CK group, 471 DEGs were classified into 56 GO terms with three main categories: cellular component, molecular function and biological process. In the cellular component category, most DEGs were classified into the ‘membrane’, ‘cell’, ‘cell part’ and ‘membrane part’ subcategories (Supplementary Table S1). Most DEGs were classified into ‘catalytic activity’ and ‘binding’ in the molecular function category (Supplementary Table S1). In the biological process category, most DEGs were classified into ‘metabolic process’, ‘cellular process’ and ‘single-organism process’ (Supplementary Table S1). In addition, we performed GO functional enrichment analysis to identify insight genes that may be vital for each comparison group, and the significantly enriched GO terms were further identified by REVIGO. Many GO terms with biological functions, such as ‘tetrapyrrole biosynthetic process’, ‘photosystem I reaction center’, ‘negative regulation of brassinosteroid mediated signalling pathway’, ‘monooxygenase activity’, ‘chlorophyll binding’, ‘urea transmembrane xyloglucan transport’, and ‘photosynthesis’ (Figure 3A). These significantly enriched genes might play an essential functional role in the N5-vs.-CK group. In the N10-vs.-CK group, 1067 DEGs were classified into 46 GO terms of three categories. Most DEGs were classified into subcategories similar to those in the N5-vs.-CK group (Supplementary Table S2). The GO enrichment and REVIGO analysis found that except for some enriched GO items that were similar to the N5-vs.-CK group, many other items were also enriched, such as ‘regulation of monopolar cell growth’, ‘nitrate assimilation’, ‘nitrogen cycle metabolic process’ and ‘nitrogen utilization’ (Figure 3B). In the N15-vs.-CK comparison, 449 DEGs were classified into 39 GO terms. Most DEGs were classified into subcategories similar to the other two comparison groups (Supplementary Table S3). According to the GO enrichment and REVIGO analysis, some enriched GO terms were the same as those in the other two comparison groups, while some specifically enriched GO terms were also collected, such as ‘protein autophosphorylation’, ‘isoprenoid metabolic process’ and ‘terpene synthase activity’ (Figure 3C).




Figure 3 | The distribution of DEGs and GO functional enrichment analysis. (A) The GO enrichment of CK-vs-N5 comparison; (B) The GO enrichment of CK-vs-N10 comparison. (C) The GO enrichment of CK-vs-N15 comparison. The enriched GO terms were presented in rectangles.





KEGG pathway analysis of DEGs

Based on the KEGG pathway enrichment analysis, 96 pathways were enriched DEGs in the N5-vs.-CK comparison group, which included ‘plant hormone signal transduction’, ‘starch and sucrose metabolism’ and ‘phenylpropanoid biosynthesis’ (Supplementary Table S4). To explore significant enrichment, the pathways were ranked by collected Q-values, which included ‘phenylpropanoid biosynthesis’, ‘monoterpenoid biosynthesis’, ‘plant hormone signal transduction’, ‘photosynthesis-antenna proteins’ and ‘brassinosteroid biosynthesis’ (Figure 4A). The significantly enriched DEGs in these pathways may be essential to respond to N5 conditions. In the N10-vs.-CK comparison group, DEGs were mapped into 106 pathways (Supplementary Table S5), and most of the DEGs were distributed in pathways similar to those in N5-vs.-CK. Based on the significant enrichment analysis, some of the collected pathways of the top 20 were the same as those in N5-vs.-CK, while some other pathways were also enriched, such as the ‘zeatin biosynthesis’, ‘sesquiterpenoid and triterpenoid biosynthesis’, ‘circadian rhythm-plant’, ‘MAPK signalling pathway’ and ‘glutathione metabolism’ pathways (Figure 4B). In the N15-vs.-CK comparison group, DEGs were mapped into 89 pathways (Supplementary Table S6), and most of the DEGs distributed similar pathways with the other two comparison groups. Some of the top 20 significant enriched pathways in this comparison group were same as N5-vs.-CK group, such as ‘riboflavin metabolism’, ‘linoleic acid metabolism’ and ‘brassinosteroid biosynthesis’, and some of the top 20 enriched pathways were same as N10-vs.-CK group, such as ‘plant-pathogen interaction’, ‘sesquiterpenoid and triterpenoid biosynthesis’ and ‘circadian rhythm-plant’. Three pathways of the top 20 were all collected in each comparison group that included pathways of ‘plant hormone signal transduction’, ‘isoflavonoid biosynthesis’ and ‘starch and sucrose metabolism’. Other pathways, such as ‘anthocyanin biosynthesis’ and ‘carotenoid biosynthesis’, were specifically enriched (Figure 4C). DEGs enriched in these pathways may be important in the response to N10 and N15 conditions. Thus, we inferred that with increasing N levels, the expressed functional genes may have changed.




Figure 4 | KEGG pathway functional enrichment analysis of DEGs. (A) The CK-vs-N5 comparison; (B) The CK-vs-N10 comparison. (C) The CK-vs-N15 comparison. The KEGG pathway name were presented in Y-axis, and the rich factor were presented in X-axis. The color bar and bubble size represent the corresponding q-value and number of genes respectively.





Plant growth and development related DEGs

According to the pathway functional enrichment analysis in the three comparison groups, a total of 10 DEGs were involved in the photosynthesis pathway. In the N5-vs.-CK comparison group, 6 DEGs were collected, with 5 upregulated and 1 downregulated DEGs, and in the N10-vs.-CK comparison group, 10 DEGs were collected, with 8 upregulated and 2 downregulated DEGs. In the N15-vs.-CK comparison group, one downregulated DEG was detected (Figure 5A). This result showed that with increasing N addition level, the expression and number of photosynthesis-related DEGs first increased and then decreased. Furthermore, 9 auxin-related DEGs were collected in the three comparison groups. In the N5-vs.-CK comparison group, 5 DEGs were detected, with 3 upregulated and 2 downregulated. Furthermore, 7 DEGs were collected in the N10-vs.-CK and N15-vs.-CK comparison groups, with 5 upregulated and 2 downregulated DEGs in the N10-vs.-CK comparison and 6 upregulated and 1 downregulated DEGs in the N15-vs.-CK comparison (Figure 5B). In addition, 12 DEGs were detected in the ‘circadian rhythm-plant’ pathway in the three comparison groups. In the N5-vs.-CK comparison group, 2 CO genes were detected and upregulated. In the N10-vs.-CK comparison group, 8 DEGs with 5 upregulated and 3 downregulated genes were detected, which included 2 LHY, 3 CO, 1 TOC1, 2 COP1 and 1 CHS genes. In the N15-vs.-CK comparison group, 9 DEGs, including 8 upregulated and 1 downregulated DEGs, were detected, and except for most of the DEGs in the N10-vs.-CK comparison group, 3 PIF3 genes were also detected (Figure 5C). These DEGs may play important functions in responding to different N level environments and regulating plant growth and development in S. canadensis.




Figure 5 | The expression profile of collected functional genes in various N level environments. (A) Photosynthesis; (B) Auxin; (C) Circadian rhythm; (D) Phenylpropanoid biosynthesis; (E) Flavonoids synthesis; (F) sesquiterpenoid and triterpenoid biosynthesis; (G) diterpenoid biosynthesis; (H) monoterpenoid biosynthesis.





Secondary metabolism related DEGs

In this study, most secondary metabolism-related DEGs were collected and enriched in related pathways. For example, in the ‘phenylpropanoid biosynthesis’ pathway, 10 DEGs were collected, with 8 upregulated, such as the F6H and HCT genes, and 2 downregulated in the N5-vs.-CK comparison group. In the N10-vs.-CK comparison group, 17 DEGs, 12 downregulated, including the F5H, HCT, cinnamyl-alcohol dehydrogenase (CAD) and CCR genes, and 5 upregulated. In the N15-vs.-CK comparison group, most DEGs were also downregulated, such as the PAL, CAD and HCT genes (Figure 5D). Furthermore, in the flavonoid biosynthesis pathway, most DEGs were downregulated in the three comparison groups, including CHS, CHI and FLS genes (Figure 5E). Phenol and flavonoid synthesis may be depressed in S. canadensis in an elevated N level environment. Terpenoid biosynthesis-related DEGs, such as those in the ‘monoterpenoid biosynthesis’ and ‘diterpenoid biosynthesis’ pathways, were collected in the three comparison groups. In the comparison groups of N5-vs.-CK and N10-vs.-CK, all of the detected sesquiterpenoid and triterpenoid biosynthesis-related genes were downregulated, such as GERD, beta-amyrin synthase (β-AS) and CYP genes. Nevertheless, in the N15-vs.-CK comparison group, 2 GERD genes were upregulated (Figure 5F). In addition, most of the diterpenoid and monoterpenoid biosynthesis-related DEGs, such as kaurene synthase (KS), momilactone synthase (MS) and carboxylinalool synthase-related genes, were upregulated in the three comparison groups (Figures 5G, H). These results provided different regulation patterns of terpenoid synthesis in response to changes in the N environment.



Gene expression network analysis

Based on the differentially expressed gene analysis, we collected 2117 DEGs from three comparison groups and analysed them with the method of WGCNA. A total of 18 gene expression modules were collected (Figure 6A), and according to the module and trait correlation analysis, the coregulatory modules were identified by correlation coefficient > 0.5 and p value < 0.05 (Figure 6B).




Figure 6 | The analysis of WGCNA. (A) The collected genes were clustered and merged into different modules. (B) Module–trait associations. Each cell contains the corresponding correlation and p-value. The color bar indicates the correlation of each module with each sample.



In the N5-vs.-CK comparison group, the green-yellow, salmon and black modules were collected. The expression profiles of genes in these three modules were depicted by heatmaps across all samples. A total of 61 DEGs were collected in the green-yellow module, and most of the upregulated genes were detected in the N5 group (Figure 7A). Based on the functional annotation, the collected genes in the green-yellow module included plant growth- and photosynthesis-related genes, such as ARF (c91123.graph_c0), auxin efflux carrier family protein (c90097.graph_c0) gene, sucrose synthase (SuSy, c90097.graph_c0) and chlorophyll a/b binding protein 2 (Lhcb2, c82134.graph_c0) genes, and secondary metabolism-related genes, which were enriched in ‘monoterpenoid biosynthesis’ and ‘flavonoid biosynthesis’ pathways, such as CHI (c78025.graph_c0), neomenthol dehydrogenase (NMR, c78860.graph_c0) gene (Figure 8A). In the black module, 100 DEGs were collected, and most of the upregulated genes were also detected in the N5 group (Figure 7B). In addition to Lhcb3 (c88539.graph_c0) gene during photosynthesis and sugar metabolism related genes, other functional genes, such as the POD (c77777.graph_c0) gene, elongation factor (EF, c88198.graph_c0) gene, histone H3 (c69025.graph_c0) gene and E3 ubiquitin-protein ligase (EL, c71740.graph_c0) gene were collected in the network analysis (Figure 8B).




Figure 7 | Gene expression profiles of selected modules. The color bar represent the relative expression, red denotes up-regulation and green denotes down-regulation. (A-F) The modules represented greenyellow, black, brown, blue, red and tan respectively.






Figure 8 | Network analysis of the collected modules. The bubble size indicates connect degree of each gene. (A-F) The networks represented greenyellow, black, brown, blue, red and tan respectively.



In the N10-vs.-CK comparison, the brown, blue, cyan and midnight blue modules were collected. A total of 212 DEGs were collected in the brown module, most of which were upregulated in the N10 group, while some of the genes were also upregulated in the N5 group (Figure 7C). The network analysis showed that some genes related to photosynthesis, such as the psbP (c78379.graph_c0) gene, psaD (c73194.graph_c0) gene and blue-light photoreceptor (c91454.graph_c0) gene, were upregulated in the N10 group. Furthermore, some enzyme synthesis and plant hormone related genes, such as SOD (c80060.graph_c0), GST (c81884.graph_c1), POD (c91380.graph_c0), and auxin-binding protein (c72444.graph_c0) gene were upregulated. In addition, some transcription factor genes were collected in this module, such as MYB (c84062.graph_c0, c92964.graph_c0), bHLH (c69458.graph_c0, c85512.graph_c0, c71271.graph_c0), TCP (c76145.graph_c0) and ERF (c76763.graph_c0) transcription factor genes, all of which were upregulated (Figure 8C). In the blue module, 275 DEGs were most of which were upregulated in the N10 group (Figure 7D). Except for some photosynthesis, plant hormone-related and transcription factor genes, such as Lhcb2 (c81347.graph_c0) gene, psaA and psaB (c81180.graph_c0) gene, auxin responsive protein (c69869.graph_c0) gene, ERF (c68175.graph_c0), SBP (c84523.graph_c1) and MYB (c76609.graph_c0) transcription factor genes and other metabolism and functional genes include the nitronate monooxygenase (c82612.graph_c0) gene, SuSy (c81588.graph_c1) gene, β-AS (c91264.graph_c0), histone H3 (c57400.graph_c0) gene, histone H4 (c30533.graph_c0) gene and zinc finger protein (c93267.graph_c0, c91298.graph_c0) gene were collected in the network (Figure 8D).

In the N15-vs.-CK comparison group, four modules with red, pink, tan and lightcyan were collected. A total of 101 DEGs were collected in the red module, most of which were upregulated in the N15 group (Figure 7E). The network analysis of these DEGs showed that metabolism biosynthesis-related genes, such as the SuSy (c95043.graph_c0) gene and germacrene D synthase (c73694.graph_c1, c95043.graph_c0) gene, were collected. Furthermore, other functional genes included transcription factors and plant hormone-related genes, such as brassinosteroid insensitive 1-associated kinase 1 (BRI1, c86844.graph_c1) gene, PIN-FORMED (PIN) protein (PIN, c89411.graph_c0) gene, zinc finger protein (COL3, c78275.graph_c0) gene and AP2 (c89411.graph_c0) gene were also collected (Figure 8E). In the tan module, 52 DEGs were most of which were upregulated in the N15 and N10 groups (Figure 7F). Many of the upregulated genes in the network, such as POD (c94513.graph_c0), ERF (c67768.graph_c0, c77988.graph_c0), LHY (c81968.graph_c0), zinc finger protein (COL2, c89792.graph_c1) gene and SuSy (c86075.graph_c0) gene, were identified (Figure 8F), some of which were also upregulated in the N10 groups. Secondary metabolism related genes, such CAD (c89681.graph_c0) gene was downregulated in both the N15 and N10 groups. The functional analysis of these collected modules shown that most of DEGs may involved in photosynthesis, plant growth and development and secondary metabolism process (Table 2). These collected genes may be vital for the regulation of the response in the N additional environment.


Table 2 | Functional analysis of collected modules with network analysis.





Verification of gene expression by qRT-PCR

We randomly selected 12 candidate genes for qRT-PCR to validate the gene expression results, which were obtained from RNA-seq (Figure 9). As a result of qRT-PCR, the relative expression of each selected gene was detected and was basically in agreement with the RNA-seq data. The primer sequences are listed in the Supplementary Table S7.




Figure 9 | The qRT-PCR analyses of randomly selected genes in CK, N5, N10, and N15 group respectively.






Discussion


Physiological responses of S. canadensis in the N addition environment

Physiological investigations are essential and effective means to evaluate the real influence of various environments (Hu et al., 2019). Physiological traits such as photosynthetic pigments, antioxidant enzymes, and soluble sugars have often been implicated in survival and ecological strategies in plants under different conditions (Mao et al., 2017). Plants, especially invasive plants, in different N-level environments exhibit various physiological and morphological responses (Wan et al., 2019; Huang et al., 2022; Sun et al., 2022). The increased N supply environment can induce a significant effect on resource use in plants (Wang et al., 2017; Wan et al., 2019); therefore, continuous N addition conditions will promote plant invasion (Liu et al., 2018a; Luo et al., 2020), such as facilitating invasive plants to synthesize more photosynthetic compounds in the leaves, which supports plant growth (Huang et al., 2022). The physiological analysis showed that Chl contents increased with elevated N levels, which may contribute to the photosynthetic capacity and growth of S. canadensis. The GO and KEGG pathway enrichment analyses also showed that many genes were related to the GO terms ‘photosynthesis’ and ‘photosystem I reaction center’ and the KEGG pathway ‘photosynthesis-antenna proteins’, which may be related to the Chl contents in response to the N addition environment. Sugars, as energy sources in plants, the metabolism of which can be regulated by N levels (Sun et al., 2019; Zhang et al., 2021), play regulatory roles in plant growth and development (Lastdrager et al., 2014; Ciereszko, 2018). In this study, the soluble sugar content was upaccumulated with the N levels and reached the highest in the N10 environment. This suggests that the N environment may have an effect on the metabolic process of sugars in S. canadensis. Gene expression pattern analysis has shown that the transcription of numerous sucrose and starch metabolism-related genes will change sugar content levels (Gao et al., 2018; Zhu et al., 2018; Shao et al., 2020). The KEGG pathway enrichment analysis found that 35 DEGs were enriched in the ‘starch and sucrose metabolism’ pathway, with 12 enriched in the N5-vs.-CK and N15-vs.-CK comparison groups and 22 DEGs in the N10-vs.-CK comparison groups. The collected functional DEGs might be affected by the N environment and play an essential role in sugar metabolism in S. canadensis. In addition, previous studies have shown that antioxidant enzyme activity in plants is altered in N supplementation and fertilizer environments (Liao et al., 2019; Wang et al., 2022). With the results of this study, all three enzyme activities were elevated with N supplementation levels. For instance, the increased activities of SOD, POD and CAT were significantly elevated in the N-supplemented environment. Based on the RNA-seq dataset, DEGs encoding these enzymes were identified among the comparison groups, which might contribute to the enhanced activity of these enzymes in S. canadensis under the N level environment. Therefore, we can reasonably infer that the activity of these enzymes might be highly regulated at the protein level. Further research into higher levels of regulation will expand our current understanding of how S. canadensis responds to the N-supplemented environment.



Secondary metabolite synthesis in S. canadensis may be altered by the N environment

Plants respond to global changes by simulating special physiological and molecular responses and by modulating distinct metabolism in plant growth and development (Zandalinas et al., 2022). Therefore, plants can adapt to new energy requirements brought about by different climate and environmental scenarios (Dusenge et al., 2019; Fernie et al., 2020). In alien invasive plants, allelopathy is one of the important approaches for successful invasion. Thus, the production of allelopathic chemicals makes introduced invasive plants more competitive against local plants than natives. The allelopathic potential of S. canadensis has significantly affected the production of secondary metabolites, which contribute to its competitive abilities and its successful invasion (Wu et al., 2020a). Previous researchers found that simulated N deposition can reduce phenolic compound synthesis in plants (Sun et al., 2020). The mechanistic evidence of this phenomenon was driven by the effects on PAL, which acts as the rate-limiting enzyme for the generation of phenylpropanoids. Therefore, both PAL gene expression and PAL enzyme activity were markedly inhibited by simulated N deposition. Furthermore, other phenylpropanoid metabolism- and phenolic synthesis-related enzymes of chalcone synthase (CHS) and flavanone-3-hydroxylase (FHT) have also been reported (Deng et al., 2019). In this study, most DEGs involved in phenylpropanoid and flavonoid synthesis were collected and downregulated under N environmental conditions, such as the PAL, CAD, CHS, chalcone isomerase (CHI) and FHT genes, encoding enzymes that promote phenylpropanoid and flavonoid secondary metabolite accumulation.

In addition, based on the KEGG enrichment analysis, some terpenoid synthesis-related DEGs were also collected. Many of these DEGs enriched in the sesquiterpenoid and triterpenoid synthesis pathways were downregulated in the N addition environment, such as the squalene monooxygenase gene, nerolidol synthase gene, α-farnesene synthase gene and β-AS gene. In the monoterpenoid and diterpenoid pathways, except for some of the downregulated DEGs in the N addition environment, such as the 8-hydroxygeraniol dehydrogenase gene, neomenthol dehydrogenase gene, gibberellin 3β-dioxygenase gene, some DEGs were upregulated, such as the (E)-8-carboxylinalool synthase gene, KS gene and gibberellin 2beta-dioxygenase gene. The results suggest that the difference in secondary metabolism-related genes may especially respond to the N environment, which may give rise to the specific accumulation of secondary metabolites. It is thought that the ability of plants to synthesize large numbers of specialized secondary metabolites helps them adapt to changing environments (Panda et al., 2021). These results indicate that the N addition environment may alter the secondary metabolism process in S. canadensis, which would affect allelopathic abilities and change plant chemical defenses with climate change.



Transcriptome analysis of the effects of the N addition response of S. canadensis

Plant invasion is a major component of global change that could affected by other components of global change (Liu et al., 2018b; Ren et al., 2020). It is predicted that plant invasions will further increase as the global environment continues to change (Liu et al., 2017). Environmental change can increase the dispersal rate and population growth of alien species and may promote their invasion range (Sandel and Dangremond, 2012; Liu et al., 2017). In this study, some DEGs were detected of S. canadensis among different N level environment, which may play an important role in responding to changes in N addition environment and promote to spread in new area.

Nitrogen is often the most limiting nutrient for plant growth in most ecosystems, which is very important for fast-growing plants, especially invasive plants (Uddin and Robinson, 2018; Zhang et al., 2022). Invasive plants have more advantages in N allocation than native plants, which will promote the response of invasive plants to the N environment (Hu et al., 2022; Oduor, 2022). To explore the response of S. canadensis under a N environment, transcriptome analysis was performed among different N deposition level environments. Previous studies suggested that N levels can significantly affect the growth of S. canadensis (Wan et al., 2018). The successful invasion of the exotic plant S. canadensis may be significantly affected by the N addition environment (Liu X. S. et al., 2022). In this study, most plant growth- and development-related genes were differentially expressed in the N environment comparison groups. Based on the essential functional GO terms related to the N metabolism process, plant growth and photosystem, such as ‘nitrate assimilation’, ‘reactive nitrogen species metabolic process’, ‘nitrogen cycle metabolic process’, ‘nitrogen utilization’, ‘photosystem I reaction center’, and ‘growth factor activity’. KEGG enrichment analysis showed that many DEGs with the function of plant development-related pathways were significantly enriched, such as plant hormone, sugar metabolism and circadian rhythm-related pathways. As a result of response of other invasive plants under N deposition environment (Huang et al., 2022), N supplement conditions may change the growth, energy metabolism rate and availability of N resources of S. canadensis.

Furthermore, according to the gene expression network analysis, in addition to the plant growth- and development-related DEGs, many regulator genes were collected in the different modules, such as histone genes, zinc finger protein genes, E3 ubiquitin-protein ligase genes and transcription factor genes. These DEGs may play regulatory roles in plant growth and development in an N-addition environment.




Conclusion

In this study, we explored the effect of the N environment response of S. canadensis in physiology and transcriptome analysis. The physiological data showed that the photosynthetic pigment and soluble sugar contents were elevated by N addition. The antioxidant enzyme activities were altered in different N level environments. Transcriptome analysis showed that photosynthesis- and sugar metabolism process-related genes were also upregulated under N addition. In addition, secondary metabolism-related genes were affected in the N environment, and most of the phenol, flavonoid and sesquiterpenoid and triterpenoid metabolism-related DEGs were downregulated in the N environment. Most monoterpenoid- and diterpenoid-related DEGs were upregulated. As a result, many regulated genes were collected and may play vital roles in S. canadensis under N addition. Taken together, our work provides valuable information for the responses of S. canadensis to the N deposition environment, and the elevated N level environment may facilitate the fast growth and spread of invasive plant species.
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The ethylene response factor (ERF) transcription factors, which is one of the largest transcription factor families in plants, are involved in biological and abiotic stress response and play an important role in plant growth and development. In this study, the GmABR1 gene from the soybean inbred line Zhonghuang24 (ZH24)×Huaxia 3 (HX3) was investigated its aluminum (Al) tolerance. GmABR1 protein has a conserved domain AP2, which is located in the nucleus and has transcriptional activation ability. The results of real-time quantitative PCR (qRT-PCR) showed that the GmABR1 gene presented a constitutive expression pattern rich in the root tip, stem and leaf tissues of HX3. After Al stress, the GmABR1 transcript was significantly increased in the roots. The transcripts of GmABR1 in the roots of HX3 treated with 50 µM AlCl3 was 51 times than that of the control. The GmABR1 was spatiotemporally specific with the highest expression levels when Al concentration was 50 µM, which was about 36 times than that of the control. The results of hematoxylin staining showed that the root tips of GmABR1-overexpression lines were stained the lightest, followed by the control, and the root tips of GmABR1 RNAi lines were stained the darkest. The concentrations of Al3+ in root tips were 207.40 µg/g, 147.74 µg/g and 330.65 µg/g in wild type (WT), overexpressed lines and RNAi lines, respectively. When AlCl3 (pH4.5) concentration was 100 µM, all the roots of Arabidopsis were significantly inhibited. The taproot elongation of WT, GmABR1 transgenic lines was 69.6%, 85.6%, respectively. When treated with Al, the content of malondialdehyde (MDA) in leaves of WT increased to 3.03 µg/g, while that of transgenic Arabidopsis increased from 1.66-2.21 µg/g, which was lower than that of WT. Under the Al stress, the Al stress responsive genes such as AtALMT1 and AtMATE, and the genes related to ABA pathway such as AtABI1, AtRD22 and AtRD29A were up-regulated. The results indicated that GmABR1 may jointly regulate plant resistance to Al stress through genes related to Al stress response and ABA response pathways.
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1 Introduction

Aluminum (Al) third only to oxygen and silicon is one of the most abundant metallic elements in the earth’s crust. When the soil pH is below 5.5, Al is mainly present in the form of Al3+ which is highly toxic to plants (Ranjan et al., 2021). Approximately 50% of the world’s arable soils are acidic, and Al toxicity is a major factor limiting crop yields under abiotic stress in acidic soils (Kochian et al., 2015). The Al absorbed by plants is first concentrated in the root tips. Previous studies have found that the Al3+ content of root tip meristem in Al-tolerant plants is generally lower than that of Al-sensitive plants (Rangel et al., 2009). After some heavy metal ions enter root cells of plants, enzyme activity is inhibited and plant metabolism is blocked (Chen, 2006). The elongation and division of root tip cells were severely inhibited under the action of Al3+. The root tip enlargement, main root coarsening and shortening, lateral root number decreased correspondingly. The photosynthesis of leaves was inhibited with yellowing and curling shape, and smaller leaf area (Chauhan et al., 2021). The root changes of plants may be due to the inhibition of cellulose synthesis in root tip cell wall by Al3+ (Matsumoto and Motoda, 2012). Plants exposed to Al for a long time will be inhibited the absorption of water and other nutrients in their roots resulting in plant production and even death (Zhang et al., 2019a).

AP2/ERF transcription factors play an important role in plant abiotic stress. They can specifically bind cis-elements in the promoter region of downstream defense genes including activating or inhibiting the expression of downstream stress-responsive genes through positive and negative regulation, and thus participate in the response to plant stress (Kumar and Sharma, 2021). The AP2/ERF transcription factor contains one or two conserved AP2/ERF domains consisting of approximately 58-70 amino acids which are involved in DNA binding (Li et al., 2022). The AP2/ERF domain consists of three β folds and one amphiphilic α helix. There are differences between the two amino acid residues at position 14 and 19 in the second β fold, which makes the AP2/ERF transcription factor specific to bind different cis-acting elements (Feng et al., 2020).

The AP2/EREBP transcription factor OPBP1 can regulate the expression of stress-related genes. The overexpression of OPBP1 in tobacco plants showed strong resistance to Pseudomonas syringaepv tabaci and Phytophthora parasiticavar nicotianae pathogens, and improved the resistance to salt stress (Guo et al., 2004). Soybean gene GmERF5 was involved in the response to Phytophthora sojae infection. The tolerance of transgenic lines to Phytophthora sojae infection was significantly improved compared with the control. GmERF5 was significantly induced. While its promoter activity was activated under the treatments of ethylene (ET), abscisic acid (ABA), Phytophthora sojae, salt and drought. The results suggested that GmERF5 was not only involved in the induced defense response but also involved in ABA-mediated pathways of salt and drought tolerance (Dong et al., 2015). In rice, OsERF922 was rapidly and strongly up-regulated by ABA, salt and blast fungus. OsERF922 knockout by RNAi enhanced rice resistance to magnaporthe oryzae and increased the expression of several genes regulating plant stress resistance synthase. In contrast, plants that overexpressed OsERF922 reduced the expression of these defense-related genes and increased susceptibility to magnaporthe oryzae. The ABA content of OsERF922 overexpressed rice was significantly higher than that of control and RNAi lines. NCED3 and NCED4 were up-regulated in OsERF922 overexpressed plants, while NCED4 was down-regulated in RNAi lines. OsERF922 may enhance plant resistance to abiotic stress by participating in the ABA pathway (Liu et al., 2012). Abscisic acid repressor ABR1, a member of ethylene responsive element binding factor superfamily of AP2/ERF transcription factors, significantly improves drought resistance of rice, crop quality and yield (Pandey et al., 2005). Fagopyrum esculentum can cope with aluminum toxicity by increasing ABA level and antioxidant system in early growth and development. The levels of reactive oxygen species (ROS), endogenous ABA and antioxidant enzyme activity in root of buckwheat seedlings increased after aluminum treatment, which may be mediated by increased ABA levels. After ABA treatment, ROS levels increased, catalase (CAT) and ascorbate peroxidase (APX) activities increased (Salazar-Chavarria et al., 2020). OsERF71 plays a positive role in drought tolerance of rice by increasing the expression of genes related to ABA signaling pathway and proline synthesis. Overexpression of OsERF71 decreased the water loss rate of rice, while the RNAi lines of OsERF71 were sensitive to drought stress and increased the water loss rate. Under drought stress, OsERF71 regulated the expression of several ABA responsive genes and proline synthesis genes, enhanced the sensitivity and proline accumulation of ABA treatment. GsERF71 overexpressing Arabidopsis has significantly higher tolerance to carbonate stress induced by NaHCO3 or KHCO3 than that of wild-type plants with greener leaves, longer roots, higher chlorophyll content and lower MDA content. GsERF71 increased the tolerance to alkaline stress by up-regulating H+, ATPase expression and regulating auxin accumulation in transgenic plants (Yu et al., 2017). SHINE (SHN) transcription factor is a branch of AP2/ERF and one of the first reported transcription factors to regulate plant cuticle formation. Cuticle plays an important role in improving plant abiotic stress, such as drought resistance, high temperature resistance, salt resistance, disease resistance (Khoudi, 2023). Recent study showed that the GsERF1 gene from BW69 wild soybean was induced by aluminum stress and ethylene (Li et al., 2022).

The quality and yield of soybean are greatly affected and limited by acidic soil in a large area of the world. In the past, there were a few reports on the involvement of ERF family genes in Al tolerance in plants. In this study, the ethylene reactive transcription factor GmABR1 of AP2/ERF family gene was identified using the population of recombinant inbred line derived from Zhonghuang 24 (ZH24) × Huaxia 3 (HX3), and its function tolerant to Al stress was investigated by heterotransformation of Arabidopsis.




2 Materials and methods



2.1 Plant materials and growth conditions

In this experiment, the HX3 soybean cultivar was bred and provided by the Guangdong Subcenter of National Soybean Improvement Center. The tissue expression pattern of GmABR1 and its response to Al stress were studied using qRT-PCR. The seeds of HX3 were germinated on vermiculite after high temperature sterilization. The culture temperature was 26 °C and the light/darkness was 16 h/8 h (Wang et al., 2019a). The cultures were incubated in 0.5 mM CaCl2 solution (containing 50 µM AlCl3) for 0, 3, 6, 9, 12, 24, 36, 48, 60 and 72 h. With the incubation in 0.5 mM CaCl2 with 0, 25, 50, 75, or 100 µM AlCl3 (pH4.5) for 24 h, all the roots of soybean are taken as samples in Al dose-effect experiments (Han et al., 2022). For tissue expression pattern, the samples of roots, stems, and leaves of soybean seedlings incubated in 0.5 mM CaCl2 (50 µM AlCl3 (pH4.5) for the experimental group, without AlCl3 for the control group) for 60 h were taken and rapidly frozen in liquid nitrogen, and stored at -80°C (Wang et al., 2022).




2.2 Bioinformatics analysis and cloning of the GmABR1 gene

The GmABR1 gene in soybean cultivar HX3 was up-regulated in the expression profile of acid-resistant aluminum genes, and the login number on the website of the National Center for Biotechnology Information (NCBI) was XP_003523249.1 by using the NCBI database for searching for the sequence information of the candidate gene. The software DNAMAN 9.0 was used for sequence alignment, phylogenetic tree was constructed by proximity method (NJ) using MAGE 7.0 software (Shu et al., 2022). The total RNA of soybean cultivar HX3 extracted by Trizol solution (Vazyme Biotech Co., Ltd., Nanjing, China) was reverse-transcribed into cDNA (HiScript® III RT SuperMix for qPCR, Vazyme Biotech Co., Ltd.; Nanjing, China) (Wang et al., 2022). The full-length of GmABR1 gene was cloned by using specific primers and high-fidelity DNA polymerase (Phanta Max, Vazyme Biotech Co., Ltd.; Nanjing, China) (Table S2). PCR products were detected by 1% agarose gel electrophoresis (GenStar Kit, GenStar Development Company, Calgary, AB, Canada), and the purified PCR products were inserted into the polyclonal site of the zero-background clone pLB vector (Tiangen Lethal Based Fast Cloning Kit, Beijing, China). The fusion vector GmABR1-pLB was transformed into Escherichia coli DH5α (Li et al., 2022). The positive clones of GmABR1 gene were identified by PCR and enzyme digestion, and the CDS sequence of GmABR1 gene was obtained by sequencing [Sangon Biotech (Shanghai) Co., Ltd., China] (Wen et al., 2021).




2.3 Construction of GmABR1 overexpression vector and genetic transformation of Arabidopsis

Using the constructed pLB plasmid as DNA template, the CDS sequence of GmABR1 amplified by PCR was inserted between the restriction sites of XbaI and SacI from the vector pTF101 by using the ClonExpressR II One Step Cloning Kit (C112, Vazyme, Nanjing, China) to construct the vector pTF101-GmABR1. The positive clones of pTF101-GmABR1 were identified by PCR using specific primers. The pTF101-GmABR1 plasmid was transformed into agrobacterium tumefaciens GV3101 cells by heat shock method (Li et al., 2022). Genetic transformation of Arabidopsis was subsequently performed using agrobacterium-mediated flower impregnation (Han et al., 2022). After the obtained transgenic plants were identified, the T3 transgenic positive lines with high expression of GmABR1 in root tip were selected for subsequent experiments including the analysis of its expression patterns response to Al stress and the phenotypes resistant to Al stress (Liu et al., 2020). The primer information used in this experiment was shown in Table S2.




2.4 Subcellular localization of GmABR1 protein

The subcellular localization of GmABR1 protein was analyzed using the method described by Collings et al. and Dong et al. (Collings, 2013; Dong et al., 2015). The subcellular localization of GmABR1 protein was predicted using a web server Cell-PLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/). The specific operation is to cut the NcoI and SpeI sites on the expression vector pCAMBIA1302-eGFP with restriction endonuclease, and to link the recombinant amplified fragments of CDS sequences containing corresponding restriction sites with T4 ligase. After the construction of the fusion expression vector, the plasmid pCAMBIA1302-eGFP-GmABR1 and the empty plasmid pCAMBIA1302-eGFP were transformed into the cells of Agrobacterium tumefaciens GV3101 (contain the virus protein P19) and then injected into the lower epidermal cells of 4-week-old leaf in Nicotiana tabacum. The transformed leaves for 48 hours were observed with a laser confocal microscope (Carl Zeiss, Jena, Germany).




2.5 Transactivation assay of GmABR1 protein

The activation activity of GmABR1 protein was verified by using the method described by Han et al. (Han et al., 2022). The full-length sequence of GmABR1 was first cloned and inserted it into the BamHI and EcoRI restriction endonuclease sites of pGBKT7 vector to form the fusion expression vector pGBKT7-GmABR1. The vectors of pGBKT7 and pGBKT7-GmABR1 were then transformed into yeast Y2H strain, respectively. The transformed yeast cells were cultured on SD medium which was lacking Trp (SD/-Trp) at 30 °C for 3 days. Then the positive colonies were transferred from SD/-Trp medium to SD/-Trp medium containing 125 μg/L X-α-gal. After cultured for 3 days, whether the colonies appear blue or not can be observed on the selected medium.




2.6 Gene expression analysis by qRT-PCR

Total RNA of samples was extracted from soybean or Arabidopsis tissues using the Trizol solution (Vazyme Biotech Co., Ltd., Nanjing, China). qRT-PCR and first strand cDNA synthesis templates were performed with 1 μg of RNA using the HiScriptII first strand cDNA synthesis kit (Vazyme Biotech Co., Ltd., Nanjing, China) (Cai et al., 2018). qRT-PCR was performed using SYBR PremixEx-Taq™ II (Takara Bio Inc., Kusatsu, Japan) and real-time CFX96TM systems (Bio-Rad, Hercules, CA, USA) to detect RNA transcripts of related genes (Wang et al., 2022). The inner reference gene Actin3 in soybean was used to normalize the data. The expression data were calculated using the comparative cycle threshold method 2-△△ct. The experiments were repeated at three independent organisms (Xian et al., 2020). The primers used in this assay were listed in Table S2.




2.7 Phenotypic analysis of root growth in Arabidopsis treated with Al

Three homozygous lines from T3 generation of GmABR1 transgenic plants were used to measure taproot length as described previously (Yokosho et al., 2016; Li et al., 2022). The seeds of GmABR1 transgenic Arabidopsis and WT were disinfected with 10% sodium hypochlorite for 10 min respectively, during which they were vortically oscillated, and then cleaned with sterilized water for 5 times. The sterilized seeds were sown on a square plate of 1/2 MS solid medium (pH5.8), placed in a refrigerator at 4°C and vernalized at low temperature for 3-4 d. Then the seeds were germinated and grown in the growth chamber with following conditions: 23°C, 60% relative humidity, 100 mol photons m-2·s-1, 16 h light and 8 h dark cycles. When root lengths of the seedlings grew to 1-2 cm, the seedlings were selected and transferred to the medium containing different concentrations of AlCl3 (0, 25, 50 and 100 μM; pH 4.5). Phenotypic differences were observed and photographed after 3 days of Al treatment. The data were analyzed by using the software Image J (Zhou et al., 2008).




2.8 Soybean hairy root transformation and hematoxylin staining

The construction of pMU103-GmABR1 interference vector (RNAi vector) is similar to the previous construction method (Kereszt et al., 2007; Ren et al., 2019). The 159 bp coding region sequence of GmABR1 gene was selected to construct the interference vector. The vector plasmids of pTF101, pTF101-GmABR1, pMU103-GmABR1 were transformed into Agrobacterium rhizogenes K599 competent cells by heat shock, respectively. Soybean hair roots from the 5-day’s seedlings were used as experimental materials, and then transformed by the method of hypocotyl injection.

In order to analyze the expression of GmABR1 gene in soybean hairy roots, the hairy root lines were treated with 50 µM AlCl3 solution (CaCl2, pH 4.5) for 6 h, then the roots were cut and dipped into hematoxylin solution for 30 min. The stained roots were taken out and rinsed for 30 min before being observed under stereomicroscope (Li et al., 2022).




2.9 Physiological indices assay

Transgenic GmABR1 Arabidopsis and WT were treated with 0.5 mM CaCl2 solution containing 50 µM AlCl3 and 0.5 mM CaCl2 solution without AlCl3 (pH 4.5), respectively. After 10 days, the whole plant samples were taken to determine the content of MDA (Choudhury and Sharma, 2014).

The hairy root lines transferred into pTF101 plasmid were used as control. The roots of WT, GmABR1-overexpressed soybean and GmABR1-RNAi soybean were transferred to 0.5 mM CaCl2 solution (pH 4.5) containing 50 µM AlCl3. After 1 day of treatment, the root tips of 2 cm washed with ddH2O were taken as samples, weighed and recorded. Put 2 M hydrochloric acid (HCl) into a 2 ml EP tube and soak it in a shaking table for 3-4 days. After extraction and filtration, the content of Al3+ in soybean hairy roots was determined by plasma inductances coupled (Umemura et al., 2003).




2.10 Statistical analyses

Each experiment was designed at least three biological replicates. The SPSS Statistics (v.22) and GraphPad Prism 8 softwares were used to analyze and process the data. The statistical significance of the difference for the data was indicated by an asterisk (*P < 0.05; **P < 0.01) (Ma et al., 2018; Wang et al., 2022).





3 Results



3.1 Isolation and bioinformatics analysis of GmABR1

The GmABR1 gene was cloned from soybean cultivar HX3 using specific primers (Table S1). The GmABR1 gene sequence was obtained from the National Center for Biotechnology Information (NCBI) database with the accession number LOC_100793215. The length of GmABR1 gene was 1135 bp, and the length of open reading frame was 846 bp. It contains two exons encoding a 282 amino acid protein with an estimated molecular weight of 30.8504 KDa and isoelectric point of 10.0135. Sequence alignment revealed that GmABR1 protein had a conserved DNA-binding domain (AP2 domain) consisting of 60 amino acids between 135-194 amino acid residues, which was inferred to be a typical structure of ERF transcription factors. In plants, many ERF family genes have been reported to be closely associated with biotic and abiotic stresses. Amino acid sequence alignment and phylogenetic tree analysis showed that GmABR1 protein had the highest homology up to 93% with AtERF111 (At5g64750) protein in Arabidopsis (Figure 1).




Figure 1 | Amino acid sequence and phylogenetic analysis of ERF transcription factors. (A) Phylogenetic tree analysis of GmABR1 and ERF proteins in representative species of major lineage of plants. (B) Phylogenetic analysis of ERF proteins in higher plants. (C) Sequence alignment of the AP2 domain in ERF proteins of higher plants. The comparison of amino acid sequences was conducted by the software of DNAMAN9.0. The phylogenetic tree was constructed by the neighbor-joining method using the software of MEGA 7.0. The above involves the amino acid sequences of ERF family from the NCBI database (https://www.ncbi.nlm.nih.gov/). The detailed information of ERF proteins was available from the Table S3.






3.2 Subcellular localization and transcriptional activation ability of GmABR1 protein

We detected the localization of GmABR1 protein in tobacco leaf cells. The results of confocal laser microscopy showed that GFP protein stimulated green fluorescence in the whole cell, while GmABR1-GFP fusion protein only stimulated green fluorescence in the nucleus, which overlapped with the chromophore of nuclear dye DAPI (Figure 2B). The results showed that the GmABR1 protein is localized in the nucleus.




Figure 2 | Transcriptional activity detection and subcellular localization of GmABR1 protein. (A) Transcriptional activation of GmABR1 protein. (B) Subcellular localization of GmABR1 protein. The CDS of GmABR1 sequence was fused with the GAL4 DNA binding region of pGBKT7 vector and expressed in yeast strain Y2H Gold. After the transformation, the two positive clones were transferred to SD/-TRP solid medium, and the other group was added with substrate X-a-Gal. The pCAMBIA1302-GFP-GmABR1 and pCAMBIA1302-GFP vectors were transformed into Agrobacterium tumefaciens GV3101 (contain the virus protein P19) respectively, and then injected into 4-week old Nicotiana tabacum L epidermal cells. After cultured for 2 days later, the leaves were observed by laser confocal microscopy (Carl Zeiss, Jena, Germany).



To determine the transcriptional activity of GmABR1 protein, we combined the ORF of GmABR1 with the pGBKT7 plasmid, and simultaneously transferred the constructed fusion plasmid pGBKT7-GmABR1 and pGBKT7 vector into the receptive cells of yeast strain Y2H. The results showed that the transformed yeast positive clones of pGBKT7-GmABR1 and pGBKT7 plasmids could grow on SD/-Trp medium. In addition, the yeast monoclonal transformed with pGBKT7-GmABR1 plasmid was blue on SD/-Trp-X-α-Gal solid medium, while the yeast monoclonal transformed with pGBKT7 vector showed no color change (Figure 2A). The results showed that GmABR1 protein had characteristic transcriptional activation.




3.3 Expression patterns of GmABR1

The expression pattern of GmABR1 was studied by using the samples of roots, stems and leaves of soybean HX3. The qRT-PCR results showed that GmABR1 was mainly expressed in stems, followed by roots and leaves without Al stress. After Al stress, the transcripts of GmABR1 gene was significantly increased in roots, but no significant change in stems and leaves (Figure 3A). In addition, the transcripts of GmABR1 increased first, then decreased and finally increased with the increase of Al3+ concentration. When treated with 50 µM AlCl3, the transcripts of GmABR1 were 51 times that of the control, while high concentration of AlCl3 inhibited the expression of GmABR1 (Figure 3B). When treated with 50 µM AlCl3, the GmABR1 transcripts increased gradually and then decreased along with time, and reached the highest level at 60 h after Al treatment, which was 36 times that of the control (Figure 3C).




Figure 3 | Expression pattern analysis of GmABR1. (A) Tissue expression pattern of GmABR1. Samples were obtained from root, stem, and leaf tissues of HX3 seedlings grown in the nutrient solutions containing 0 μM AlCl3 and 50 μM AlCl3, respectively. (B) Gene expression of GmABR1 in the root of soybean cultivar HX3. The soybean cultivar HX3 was cultured for 24 h in the nutrient solutions containing 0, 25, 50, 75 and 100 μM AlCl3, respectively. (C) Time course expression pattern of GmABR1 in the root of soybean cultivar HX3. Using soybean Actin3 as internal reference gene, three independent replicates were detected by 2^-△△CT method. The asterisks in figure A indicate significant differences between roots and other soybean tissues (*P < 0.05; **P < 0.01). The asterisk in figure B indicates that there is a significant difference between 0 μM AlCl3 and other Al concentration (25, 50, 75 and 100 μM AlCl3) treatment (*P < 0.05; **P < 0.01). The asterisk in figure C indicates that there is a significant difference between the Al treatment time of 0 h and the other Al treatments of 3, 6, 9, 12, 24, 36, 48, 60, 72 h (*P < 0.05; **P < 0.01).






3.4 Overexpression of GmABR1 enhances Al resistance in transgenic Arabidopsis

To investigate the effect of GmABR1 response to Al stress, GmABR1 was overexpressed in Arabidopsis and more than 10 homozygous lines were obtained. Three lines with high GmABR1 transcripts (L1, L4 and L9) were selected for subsequent phenotypic identification (Table S5). The results showed that there was no significant difference in taproot elongation between WT and transgenic lines without Al treatments. After AlCl3 treatments, all lines were significantly inhibited. When AlCl3 concentration was 100 µM, the taproot elongation of WT was 69.6%, while that of transgenic lines was 85.6%. The taproot elongation of GmABR1 transgenic lines was significantly higher than that of WT (Figures 4A, B). With the increase of AlCl3 concentration, the effect of inhibiting taproot elongation increased. Under the treatment of AlCl3, the concentration of MDA in WT was 1.41 µg/g, and that in GmABR1 transgenic Arabidopsis was 1.32 µg/g. After 50 µM AlCl3 (pH 4.5) treatment, the MDA content in WT increased to 3.03 µg/g, and the MDA content in transgenic Arabidopsis leaves increased slightly up to 1.66-2.21 µg/g, which was still significantly lower than that in WT (Figure 4C).




Figure 4 | Overexpression of GmABR1 enhances Al resistance in transgenic Arabidopsis. (A) Root growth of WT and GmABR1 transgenic Arabidopsis under 0 µM, 50 µM, 100 µM, 150 µM AlCl3 (pH4.5). (B) Relative root elongation of WT and GmABR1 transgenic Arabidopsis. (C) MDA content in leaves of WT and GmABR1 transgenic Arabidopsis. The asterisk indicated that there was significant difference between WT and GmABR1 transgenic lines (*P < 0.05; **P < 0.01). WT: Columbia-0; L1, L4, L9: GmABR1 transgenic lines of T3 generation.






3.5 Soybean hairy roots experiment and hematoxylin staining

The effect of GmABR1 gene on Al stress was studied by soybean hairy roots experiment. Soybean gene Actin3 was used as internal reference gene, and the hair root lines transformed by pTF101 vector were used as control. The transcription level of GmABR1 in overexpressed root lines was 6.35 times that of the control, while the transcription level of GmABR1 in RNAi lines was only 0.60 time that of the control (Figure 5A). After 50 µM AlCl3 treatment, the results of hematoxylin staining showed that the overexpressed lines of GmABR1 had the lightest root tip coloring, while the RNAi lines of GmABR1 had the deepest root tip coloring (Figure 5B). The concentration of Al3+ in root tips of control, RNAi lines and overexpressed lines was 207.40 µg/g, 147.74 µg/g and 330.65 µg/g, respectively (Figure 5C). The accumulation of Al3+ in root tip of RNAi lines was significantly higher than that of GmABR1-overexpressed lines.




Figure 5 | Soybean hairy roots experiment and hematoxylin staining. (A) Hematoxylin staining of soybean hairy roots. (B) Identification of RNA levels in hairy roots of soybean. (C) Determination of Al3+ content in root tips of soybean hairy root lines. The asterisks in figure B and C indicate significant differences between WT and OE or RNAi lines (*P < 0.05; **P < 0.01). Control: the lines of transformed pTF101 vector; OE: the lines of transformed pTF101-GmABR1 vector; RNAi: the lines of transformed pMU103-GmABR1 vector.






3.6 GmABR1 improved the transcription level of Al stress responsive genes in Arabidopsis

To further study the response mechanism of GmABR1 to Al stress, the relative genes including AtALMT1, AtMATE, AtALS3, AtSTOP1, AtPGIP1 and AtPGIP2 in Arabidopsis were identified based on previous studies. The qRT-PCR analysis showed that the expression levels of some Al stress-related genes such as AtALMT1, AtMATE, AtALS3, AtSTOP1, AtPGIP1 and AtPGIP2 in WT and transgenic Arabidopsis were up-regulated after 100 μM AlCl3 (pH4.5) treatment. In particular, the expression levels of AtALMT1 and AtMATE genes were significantly higher than those before aluminum treatment, which were 2.9 times and 3.0 times of those before aluminum treatment, respectively (Figure 6).




Figure 6 | Expression patterns of Al stress responsive genes regulated by GmABR1 in Arabidopsis. Arabidopsis were cultured in solid medium supplemented with 0 and 100 μM AlCl3 (pH4.5) for 7 days, respectively. The expression patterns of Al stress responsive genes by GmABR1 were detected. Using Arabidopsis Tubulin as the internal reference gene, qRT-PCR was used to detect the gene expression level before and after Al treatment. The asterisks indicated that the transcripts of investigated genes in GmABR1 transgenic lines were significantly different from those of WT treated with and without AlCl3 (*P < 0.05; **P < 0.01). The information of gene sequences was from the NCBI database (https://www.ncbi.nlm.nih.gov/). qRT-PCR primer information used in this experiment was shown in Table S2.






3.7 Expression changes of ABA responsive genes in Arabidopsis

To further investigate the mechanism of GmABR1 response to Al stress, the internal reference gene Tubulin in Arabidopsis was used as a control. The qRT-PCR analysis showed that after 100 µM AlCl3 (pH 4.5) treatment, the expression levels of AtABI1, AtABI2, AtABI4, AtABI5, AtRD22 and AtRD29A were all up-regulated in WT. The up-regulations of AtABI4, AtABI5 and AtRD22 were 2.9, 3.0 and 2.1 times higher than those before Al stress, respectively. AtABI1, AtABI2 and AtRD29A were down-regulated to 0.7, 0.7 and 0.4 times of the pre-treatment levels, respectively (Figure 7).




Figure 7 | Expression patterns of ABA-responsive genes regulated by GmABR1 in Arabidopsis. Arabidopsis were cultured in solid medium supplemented with 0 and 100 μM AlCl3 (pH4.5) for 7 days, respectively. The expression patterns of Al stress responsive genes by GmABR1 were detected. Using Arabidopsis Tubulin as the internal reference gene, qRT-PCR was used to detect the gene expression level before and after Al treatment. The asterisks indicated that the transcripts of investigated genes in GmABR1 transgenic lines were significantly different from those of WT treated with and without AlCl3 (*P < 0.05; **P < 0.01). The information of gene sequences was from the NCBI database (https://www.ncbi.nlm.nih.gov/). qRT-PCR primer information used in this experiment was shown in Table S2.







4 Discussion

Previous studies have shown that AP2/ERF family genes play important biological functions in plants including regulating plant growth and development, and coping with various abiotic stresses. Transcription factor ERF96 is a transcriptional activator that binds GCC and positively regulates Arabidopsis resistance to necrotize pathogens by responding to jasmonic acid and ethylene (Wang et al., 2015). WRI4 which is mainly expressed in Arabidopsis stem epidermis and encodes an AP2/ERF transcription factor is up-regulated under salt stress and involved in activating epidermal wax biosynthesis to protect plants from environmental stress (Park et al., 2016). PpeERF2 regulates peach fruit ripening by inhibiting the expression of two ABA biosynthesis genes (PpeNCED2, PpeNCED3) and cell wall degradation gene (PpePG1) (Wang et al., 2019b). The expression of SlERF5 in tomato is induced not only by low temperature, injury, high salt and drought, but also by plant hormones ethylene and ABA. Transgenic plants overexpressing SlERF5 showed increased tolerance to drought and high salinity (Wang et al., 2019b).

GmABR1 protein with a highly conserved AP2 domain had the highest homology with ERF111 (AT5g64750) protein in Arabidopsis. Previous studies indicated that the AtERF111 gene was specifically induced by flooding and hypoxia. The root hair length and number of overexpressed AtERF111 plants increased, which strengthened the hypothesis that AtERF111 was involved in injury response (Baumler et al., 2019). AtERF6 plays an active role in antioxidant regulation of Arabidopsis in response to biotic and abiotic stresses (Sewelam et al., 2013). In addition, GmABR1 protein is localized in the nucleus and is self-activating like other ERF transcription factors. We speculate that GmABR1 has potential functions as a member of the ERF family as a transcription factor (Baumler et al., 2019).

In this study, Al stress can induce high expression of GmABR1 in cultivated soybean HX3, and it is expressed in soybean roots, stems and leaves (Figure 3). Previous studies have shown that Fe3+ and Al3+ can form stable complexes or chelates with the components in the dye solution of hematoxylin (Hajiboland et al., 2013). In the dyeing process, oxidation film will form on the surface of the dye solution, and blue precipitation will appear in the dye solution to color the plant nucleus. The content of Al3+ in plant can be determined by observing the color depth. Rincon et al. exposed the roots of whole wheat seedlings to Al for 24 hours with the method of hemoxylin staining, and found that the main difference of Al accumulation between the Al tolerant (Atlas 66) and sensitive (Tam 105) varieties appeared in the growth area 0~2 and 2~5 mm from the root tip (Rincon and Gonzales, 1992). Our study showed that after hemoxylin staining of Al treated hairy roots of soybean, the root tip color of RNAi lines had the deepest color, followed by control lines, and the root tip color of overexpressed lines was stained the lightest (Figure 5A). Furthermore, plasma inductively coupled technique (ICP-AES) was used to determine the root tip Al3+ data, and the root tip Al3+ content of overexpressed lines was the lowest, while the root tip Al3+ content of RNAi lines was the highest. The results indicated that GmABR1 can improve the ability of soybean Al detoxification (Figure 5C). GmABR1 was heterologous transformed into Arabidopsis, and the relative root elongation of transgenic lines after Al treatment was significantly higher than that of WT (Figure 4). MDA is one of the important products of membrane lipid oxidation, and its content reflects the degree of stress damage to plant cell membrane (Luan et al., 2018). Under Al stress, MDA concentration increased significantly in WT leaves compared with transgenic plants (Figure 4C). These results suggest that GmABR1 enhances the tolerance of plants to Al stress.

Previous studies have found that Al-activated secretion of malate and citric acid has important effects on plant Al tolerance. After MATE knockdown in Arabidopsis, the transcript level of MATE was reduced, and Al-activated root citrate secretion was eliminated. Moreover, ALMT1 and MATE double mutants lacked Al-activated root malate and citrate. Malate secretion mediated by ALMT1 and citrate secretion mediated by MATE evolved independently in Arabidopsis and together contribute to Al tolerance in Arabidopsis (Liu et al., 2009). STOP1 encodes a zinc finger protein, which is essential for Arabidopsis to resist low pH conditions, and the involvement of STOP1 is also required for ALMT1 expression (Iuchi et al., 2007). Liu et al. further demonstrated that the Al tolerance function of STOP1 also requires MATE expression and root citric acid secretion, Arabidopsis STOP1 gene plays a crucial role in the Al induced expression of MATE and ALMT1 (Liu et al., 2009). Recent studies have reported that STOP1 transcription is not affected by Al stress, but the expression of Al resistance genes ALMT1, MATE and ALS3 downstream of STOP1 is induced by Al stress. These results suggest that STOP1 may be regulated by Al at the post-transcriptional or post-translational level (Zhang et al., 2019b). ALS3 is predicted to encode a factor required for root growth in an Al-toxic environment, and mutational loss of this factor leads to severe Al-dependent consequences. This factor is specific for Al tolerance, as ALS3 loss-of-function mutants do not show increased sensitivity to other metals, including La and Cu, nor do they exhibit any abnormal growth phenotype in the absence of Al (Larsen et al., 1997). Yuriko et al. found that PGIP1 and PGIP2 were strongly inhibited in STOP1 mutants under Al stress, PGIP1 and PGIP2 may play a regulatory role in Al tolerance (Kobayashi et al., 2014). The Al-sensitive gene ALS3 encodes an ABC transporter-like protein that is required for resistance tolerance to Al to redistribute accumulated Al from sensitive tissues, thereby protecting growing roots from Al toxicity (Larsen et al., 2005).

In present study, the expression levels of AtALMT1, AtMATE, AtALS3, AtSTOP1, AtPGIP1 and AtPGIP2 genes were up-regulated in WT and transgenic Arabidopsis. The transcription levels of AtALMT1 and AtMATE in transgenic Arabidopsis were significantly increased compared with those before AlCl3 treatment (Figure 6). Therefore, the results indicated that GmABR1 may increase the secretion of malate and citrate in root tips of transgenic Arabidopsis by inducing the expression of Al stress response genes AtALMT1 and AtMATE, and then increase the resistance of transgenic Arabidopsis to Al stress through external Al exclusion mechanism.

ABA is an important endogenous messenger for plants to cope with stress. Yang et al. found that AtERF4 is a negative regulator of ethylene and abscisic acid response (Yang et al., 2005). Zhu et al. found that overexpression of RAP2.6, a member of the AP2/ERF family, could induce hypersensitivity responses to exogenous ABA and abiotic stress during seed germination and early seedling growth of Arabidopsis. ABA content in RAP2.6 overexpressing lines decreased after salt treatment (Zhu et al., 2010). The AtRAP2.6L homologous apple gene MdERF113 positively regulates abiotic stress and ABA stress (Rui et al., 2023). In recent years, Arabidopsis TCTP transcription factors have been gradually proved to be relative to abiotic stress signals. Overexpression of AtTCTP can enhance drought tolerance of plants by inducing ABA-mediated stomatal closure through interaction with microtubules (Kim et al., 2012). Merlot et al. found that double mutant plants of ABI1 and ABI2 loss function alleles were more responsive to ABA than their parental single mutants, while ABI1 and ABI2 were jointly involved in the negative feedback regulation of ABA signaling pathway (Merlot et al., 2001). ABI4 is also an important transcription factor in ABA signaling pathway, which can positively regulate NCED6, a key gene in ABA biosynthesis (Shu et al., 2016). Some studies have shown that Arabidopsis ABI5 mutants have enhanced sensitivity to Al, however, it is not related to the regulation of ALMT1 and MATE expression, indicating that ABA signal transduction pathway provides an additional regulatory mechanism for plant Al tolerance. The positive feedback regulatory transcription factor ABI5 can mediate cell wall modification and osmoregulation to enhance plant Al tolerance (Fan et al., 2019). The RD29A and RD22 genes are very sensitive to various abiotic stressors, and their expression is induced by endogenous ABA, which can enhance the ability of plants to resist abiotic stress by participating in ABA pathway (Yamaguchi-Shinozaki and Shinozaki, 1993; Lee et al., 2016). AtALMT12 is involved in ABA-induced stomatal closure and is a hypothesized target of this pathway with high nitrate and chloride transport capacity, stomatal closure may confer resistance to aluminum (Sasaki et al., 2010). Regulation of stomatal conductance by ABA signals may be an effective strategy to enhance abiotic stress in plants (Hsu et al., 2021).

In this study, the expression levels of AtABI1, AtABI2, AtABI4, AtABI5, AtRD22 and AtRD29A genes in WT were all up-regulated after Al treatment. Among them, the transcripts of AtABI4, AtABI5 and AtRD22 in transgenic lines were significantly up-regulated under Al stress. While the expressions of AtABI1, AtABI2 and AtRD29A were down-regulated with lower transcripts of the control treatment (Figure 7). The RD29A gene was up-regulated by Al stress in WT plants, but decreased in the transgenic lines. We hypothesized that this pathway has a compensating effect for the acid-resistant Al phenotype of the transgenic lines. Msanne et al. also found contrary to expectations that RD29A knockout mutant lines maintained greater root growth, photosynthesis and water use efficiency under salt stress than those of the controls. All transgenes effectively complemented resistance to salt stress-induced root growth inhibition (Msanne et al., 2011). Therefore, the results indicated that GmABR1 maybe also enhance plant resistance to abiotic stress by participating in the ABA pathway (Xu et al., 2017; Huang et al., 2022).

In summary, the GmABR1 gene encoding a AP2/ERF transcription factor in soybean was identified in present study, which was induced by Al stress and enriched in the roots, leaves, stems of soybean seedlings. GmABR1 overexpression increased the tolerance of GmABR1 transgenic plants to Al stress. The analysis of molecular mechanism showed that the enhanced tolerance to Al stress might due to the comprehensive roles in upregulating and/or downregulating transcripts of the Al stress- and/or ABA-responsive genes with MDA decrease. Therefore, these results suggested that GmABR1 may jointly regulate plant resistance to Al stress through the genes related to Al response and/or ABA response pathways.
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chain amino acids, RFOs, lipolysis 2019
products and tocopherols
27 days Solanum 38°C 30days  Improved stress avoidance by Zhou et al., 2020
lycopersicum increase in evaporation and decrease
in leaf temperature
35°C 3 months 1h Achillea 45°C 5min  3months  Improved photosynthesis and LiuB. etal., 2021
millefolium synthesis of secondary compounds
with antioxidative characteristics
5°C higher Stem 5 days Tiiticum 5days  Grainfiing Enhanced activities of antioxidant Fan et al., 2018
than control  elongation, aestivum enzymes, reduction in ROS and
booting and malondialdehyde production;
anthesis increased photosynthesis, stomatal
conductance and chlorophyll content
36/32°C* Tilering 48h 36/32°C'  7days  Anthesis Primed plants were more efficientin  Mendanha et al.,
re-mobilizing dry matter than 2018
non-primed plants
Germinating 4h 35/27°C"  5days Post  Leaf photosynthesis and antioxidation ~ Zhang et al.,
seeds anthesis ~ capacities were improved due to up 2016b
regulation of photosynthesis,
antioxidation and HSPs
32/24°C" 2 leaf seedlings 2 days 35/27°C"  5days 2leaf  Maintenance of a better redox Wang et al.,
seedings  homeostasis due to improved 2014a; Fanetal,,
antioxidant capacity 2018
HTS tolerance through meiotic thermo-priming
32/28°C"  Preanthesis(9  Pre anthesis: Titicum Tgen  10thday  6days Higher actiities of antioxidant Wang et al., 2016
leal) 2 days aestium  34/30°C*  post enzymes, increased rate of
anthesis photosynthesis and dry matter
translocation; up regulated LSD1
34/30°C'  Postanthesis  Post anthesis:
(10th day) 7 days
30°C 10 days 2 weeks Arabidopsis  Seeds memory of attenuated immunity, early Liu J. et al., 2019
thaliana collected flowering and post-transcriptional
gene silencing (PTGS) release.
40°C 12 days Gradually Tgen till G4 72h 12 days  Accelerated flowering; maternally Suter and
(seedlings); increasing 40°C and paternally inherited epigenetic  Widmer, 2013
early rosette  temperature over changes induced by exposure to
stage 7 hfrom 18°C to abiotic stress over multiple
40°C; 40°Cfor 2 h generations can lead to reversible,
trans-generational phenotypic
changes
50°C 5 days 3 h per day for Tgen50°C 5days,3h Sdays  Increased expression of HSFA2 and  Migicovsky et al.,
5days per day reduction in MSH2, ROS1 and 2014
several SUVH genes
42°0 2 weeks 3hperdayfor  Brassicarapa  Tgen42°C  Bhperday 2weeks Regulation of BR metabolism, H*  Byeon etal, 2019
7 days for 7 days ATPase activity, signaling by IMPL1,
mRNA decay activity by RRP41
and epigenetic regulation by FAS2
Tolerance to other biotic/abiotic stress(es) through thermo-priming
45°C 12 days (3 leaf 3h Oryzasativa  Cadmium 3h,  Bleafstage Transient induction of H,Oz Hsu and Kao,
stage) EnM) 30/25°C"  seediings followed by increased activity of GR 2007; Chou et al.,
and APX 2012
35/29°C* seeds of 35/29°C biotic stress 48 hpost  rice plant  Resistance to Xanthomonas Cohen etal., 2017
IRBBG61 inoculation oryzae, by suppressing ABA
responsive genes
35,45, 50, 3 leaf 30 min Hordeum ~ Salt 200mM) ~ 30min  Bleaf stage Increased root growth, osmotic  Farall et al., 2015
and55°C  (seedlings) vulgare seedings potential in leaves and gene
expression (APX, CAT2, Cu/Zn
SOD, BAS1, DRF1, MT2, NHX1,
HSP17, HSP18 and HSP90)
38°C mature green 12h Solanum Chilling 12h mature  Increased production of proline and  Zhang et al.,
plants Iycopersicum  (arginase green  putrescine; Increased activities of 2013b
inhibitor NOHA, plants  arginase, SOD, APX and CAT
30 M) leading to reduced oxidative
damage
405°C 2-3 months 2h Pseudoidium 9 days post  seediings  Suppression of pathogen Nozkova et al.,
(plants) neolycopersici  inoculation Pseudoidium by activating JA, ABA 2018
infection and peroxidase activity
42°C 7 days 5h Brassica  Salt(150mM  48h 7day  Higher activities of APX, GPX, GR,  Hossain et al.,
(seedlings) campestris NaCl) and (seediing) - GST, DHAR, CAT, Gly |, Gly Il and 2013b
drought (20% lower levels of GSSG, H;0z, MDA
PEG 6000)
42°C Seedings 4h Zeamays ~ Chiling (05°C), 5days  Seedings Induction of H,O; production, Gong et al., 2001
drought, salt diminished loss of coleoptiles vitality
(0.7 molL and reduced electrolyte leakage in
NaCl) primary roots
37°C 7 days 24h Triticum Heavy metals 2h 7days  Possible role of glutathione, Orzech and
(seedlings) aestivum  (Al, Cd, Cuand phytochelatins, HSPs Burke, 1988
Fe each at
0.02,02,2
and 20 mol
m-3)
24/18°C* 3-5leaf  21-24°C day time, biotic stress  18-20 days Seedlings Warm air provided resistant to Carter et al., 2009
seedings  15-18°C night time (Stripe rust) post stripe rust. Identified QTL,
inoculation QYrlo.wpg 2BS associated with
HTSAP
38°C Young plants 10h Vitisvinifera ~ Chiling stress ~ 10h; 20 Young  Organelle ultrastructure Zhang et al., 2005
(10 leaves) (05°C) plants (10 maintenance, reduced lipid
leaves)  peroxidation and membrane
leakage
40°C hypocotyl 4h Vignaradiata  Chiling stress ~ 6days  Hypocotyl Chillng resistance by preventing  Colins et ., 1995
2.5°C) membrane leakage
40°C Seediing 1h Cucumis ~ Chiling stress ~ 96h  Seediing  Chilling resistance by root Jennings and
sativus @5°) elongation and ion leakage Saltveit, 1994
38°C 7 days cultured 2h Nicotiana ~ Salinity stress ~ 3h  Tobacco cellsHz0, causes expression of CAT,  Harrington and
pith tissue tabacum (1.2 % NaCl) SOD, APX, GR and MAPKs leading ~ Alm, 1988
to salt tolerance
38°C 7 days 15h Arabidopsis  Anoxia 28h  Seeding Production of HSPs induce anoxia Banti et al., 2008
(seedlings) thaliana tolerant mechanisms.
Thermo-tolerance through priming with other biotic/abiotic stress
Water stress (3.5Lin fully expanded 14 days Phaseolus 38°C 38°C  Trifoliate leaf Sustained lutein and xanthophyll  Gonzalez-Cruz
pot) first leaf vulgaris plant  pigments, enhanced PG and Pastenes,
concentration, reduced 2012
unsaturation of thylakoid lipids
Drought stress 2months 8 days Festuca 38/33°C*  25days  2months Enhanced accumulation of Zhang etal.,
arundinacea phospholipids and glycolipids for 20190
membrane stabilization and stress
signaling
Cold stress (8°C) 100 days 3h Vitis vinifera 45°C 4h 100 days Regulates SA and phospholipase ~ Wan et al., 2009
beries after ful berries  D; Reduces membrane
bloom permeability and MDA contents,
increases HSP73
Cold stress (0°C) Seeding 4 days Hordeum 35°C 5days  Seeding Increased activities of antioxidant  Mei and Song,
vulgare enzymes CAT, APX, GR and SOD 2010
Fungus Seeding 4 days Arabidopsis 45°C 75min  Seeding Fungal secondary metabolites MeLellan et al.,
Paraphaeosphaeria thaliana MON and RAD can bind and inhibit 2007
quadtiseptata_25¢.f.u plant HSP0. MON leads to
expression of HSP101 and HSP70
to promote HTS tolerance
Endophyte Curvlaria 1 month Symbiotic  Dichanthelum ~ 45-65°C  3-10days 1month Fungal endophyte produces cell  Redman et al.,
protuberata relationship  lanuginosum wall melanin that may dissipate heat 2002
along the hyphae and/or complex
with ROS generated during HTS
Thermo-tolerance through priming with metabolites
Proline and glycine  Single noded 8h Saccharumsp.  42°C 5h  Sprouting Restricted H0; production, Rasheed et al.,
betaine (20 mM) buds buds  improved K* and Ca2* content, 2011
increased concentration of free
sugars
Ascorbic acid Sowingand ~ 24hspray  cottonplant  45/30°C*,  7days Reproductivelncreased chiorophyll content, Sarwar et al.,
(70 ppm) and reproductive 38/24°C", stage  photosynthesis, fiber quality, SOD 2018
Hydrogen peroxide stages 32/20°C* and CAT activity, net photosynthetic
(30 ppm) rate, chlorophyll content, fiber
quality
Trehalose (30mM) 6 years (plants) 3 days treatment  Paeonia 40°C 3days  Gyears Osmotic protection, decreased  Zhao et al., 2019
lactifiora Pall. (plants) MDA, H,0; and relative electric
conductivity
Glutathione 0.5 mM) 6 days 24h Vignaradiata  42°C 48h  Seeding Enhanced antioxidant and Nahar et al., 2015
(seediings) stage  glyoxalase activities
Sodium hydrosulfide 2.5 days 12h Zea mays 47°C 15h  Seeding Accumulation of endogenous Li and Zhu, 2015
(0.5 mM) (seedlings) stage betaine by activating BADH
Spermidine (1.5 mM)  grain filing 3105DAP  Onzasativa 40°C 5days  Grain filing Enhanced seed germination Fuetal, 2019

“indicates day/night temperatures.

percentage, grain qualty, seeding
shoot height and antioxidant
enzyme activity
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Elicitor

Stage

Cytokinin 3 leaf seediing

Anthesis

Seeding

Seeding

5 week plants

Gibberiic acid
-3(GA3)

3 months
seedings

Seeding

Post anthesis

Seeding stage

Auxin Anthesis

5-leat seedings

Seeding stage

ABA 5-6 leaf

seedings

Seedings

30 days old
plants

2 months old
plants.

4 weeks
seedings
4days

seedlings

Ethylene 12 days old

seedlings

Tomato plant

5 weeks old
plants

Salicylic acid

4-day-old
seedings

Fully expanded
fifth leaf

Seven day
seediings
Sowing and
reproductive
stages

Seediing

pollen mother
cell

10 day
seediings
16-18 cm high
plant

Brassinolide

3 weeks old
seediings

24- 3-4 leaf

epibrassinolide  seedling stage

12 days old
seediings
20,22, 0r
24 days after
sowing
Jasmonic acid 3 week plants

Anthesis

37 days plants

Stringolactones 4 week plants

14 days
seedings

“indlicates day/night temperatures.

Priming treatment

Concentration Plant Stress
BAP(60mg  Oryzasativa 31.5and
L-1) 38.3°C*
10mg L~ Triticum 35/20°C*
©-BA) aestivum
10and 100uM  Agrostis 38°C /28°C*
stolonifera
50pM,  Brassicajuncea  47.5°C
100 M,
250 M, and
500 M
S Arabidopsis 45°C
thaliana
100 M Phoenix 44°C
dactylfera
50pM,  Brassicajuncea  47.5°C
100 uM,
250 M, and
500 M
100 pMin Triticum 45°C
culture media  aestivum
50 mM Arabidopsis 50°C
thaliana
1,10,50and  Oryza sativa 40°C
100 M L-1
(NAY
1076,10%0r  Hordeum 31°C
1074 M vulgare
50uM,  Brassicajuncea  47.5°C
100 uM,
250 uM, and
500 M
1pML™',  Oryzasativa 45°C
10pMLT,
and 100 pM
=
1,10, 100 M 39-41°C
-1
30 uM Arabidopsis 38°C
thaliana
10 uM Festuca 38/33°C*
anundinacea
5uM 37/32°C"
25uM  Cicerarietinum ~ 30/20, 35/25,
40/30, and
45/35°C*
10uMACC  Oryza sativa 45°C
0Ll "in Solanum 45°C
air lycopersicum
0.5mM NaSA  Brachypodium 35°C
distachyon
10and20 M Brassica 55°C
1mM Solanum 42°C
lycopersicum
05mMand  Cajanus cajan 45°C
1 mMfor3h
50 ppm Gossypium 45/30°C,
hirsutum 38/24°C,
32/20°C*
100plof  Pisumsativum — 28/24°C*
1mM
001,01,10,  Onyza sativa 40°C
10, and 50 mM
10 mM Triticum 38°C
aestivum
0.01,0.1, and Leymus 38/25°C*
1.0 mgL=" chinensis
10-6M  Brassica napus 45°C
0.05,0.1,05, Cucumismelo  42/32°C*
1.0,and
1.5 mg dm~=3
0.005 and Hordeum 42°C
0.25 mg dm~3 vuigare
0.01 kM Triticum 35/28 or
aestivum 40/35°C*
5pm Arabidopsis 45°C
thaliana
50, 100, Oryzasativa  25°C-35°C
150 uM JA and
50, 100,
150 LM MeJA,
20,40, 60,80, Lolum perenne  38/30°C*
100, 150, and
200 pM L~
001 uMGR24  Festuca 35/30°C*
arundinacea
10 uM Lupinus 40°C
rac-GR24  angustifollus

Subsequent stress

Duration

15 days

5 days

4 weeks

3h

6 weeks

2 hdaily for
5days
3h

2h

5days

7 days
8h

25 days

35 days

10 days

4 days

2h

4h

3h

36h

3h

7 days

16h

10 days

2h

10h

4and8h

2 days

3h

24h

2h

6 days

14 days

8 days

1h

Effect of priming References
Cytokinin transport from root to shoot for W et al., 2017
determining panicle size

Significantly (P < 0.05) enhanced the YangD. etal.,
endosperm cell division, grain-filing and 2016
1,000-grain weight

Provides protection via antioxidants and Wang et al.,
shielding the photosynthetic apparatus 2013

Soaking seeds in 50 and 100uM kinetin are  Chhabra et al.,

effective in mitigating HTS. 2009
Enhanced activity of NADPH oxidases Prerostova
(NOX) and antioxidant enzymes [superoxide et al., 2020
dismutases, guaiacol peroxidases,

catalases, ascorbate peroxidases]

Accumulation of polyphenol oxidase, Khan etal.,
peroxidase, and ascorbate peroxidase 2020
activities and up regulation of their

synthesis, activation of HSF related genes

(especially hsfA3)

Soaking seeds in GA was effective in Chhabra et al.,
mitigating HTS 2009
Positively regulates grain sink activity, Asthir and
sucrolytic and aminotransferases Bhatia, 2014
Counter balances the inhibitory effects of  Alonso-Rarmirez
stress during seed germination and etal., 2009

seedling growth by modulation of SA
biosynthesis

Prevents the inhibition of pollen tube Zhang C. et al.,

elongation in pistil and crosstalk with ROS 2018
Restores DNA replication licensing Sakataetal.,
factor MCMS expression and helped in 2010

normal proliferation and development of
anther cells

IAA is effective in miigating HTS Chhabra et al.,

2009

Maintenance of energy homeostasis Lietal, 2020

ABA prevents the decrease in pollen Rezaul et al.,

viability and spikelet fertiity 2019

Induces acoumulation of APX1 and MBFic  Zandalinas

etal,, 2016

Up regulation of CDPK3, MPK3, DREB2A,  Zhang et al.,

AREBS, MYB2, MYC4, HsfA2, HSP18, and 2019a

HSP70 for maintaining transcription

Increased expression of HSFA2c, HSPs Wang X, etal.,

and ABA-responsive transcriptional factors, 2017

increased leaf photochemical efficiency and

membrane stabilty

Reduced MDA and Hz0; concentrations ~ Kumar et al.,

and upregulated HSPs 2012

Reduced electrolyte leakage and MDA Wu and Yang,

Increased enzymatic activity of CAT, APX, 2019

and POX

Ethylene synthesis genes SIACS3 and Jegadeesan

SIACS11 are increased etal, 2018

Induction of chiorophyll-a and changesin ~ Janda et al.,

various protective compounds, such as 2020

glutathione, flavonoids and antioxidant

enzymes

Help through enhancing seedling length, Kaur et al.,

HSP expression, total soluble sugars and 2009

enzymatic activities of invertase, CAT, PO.

Redluce electrolyte leakage and confer

membrane protection thereby acquiing

thermo-tolerance.

SA enhanced gaseous exchange Jahanetal.,

parameters, water use efficiency, decreased 2019

electrolyte leakage and increased SOD and

improved thermotolerance.

Enhanced Antioxidant defense system. Kaur et al.,
2019

Enhanced CAT, SOD activity, net Sarwaret al.,

photosynthetic rate chiorophyll content, 2018

number of sympodial branches, boll weight,

and fiber quality

Enhanced net CO; assimilation and Martel and

chlorophyll content Qaderi, 2016

H202 may play an important role in Fengetal.,

mediating SA to inhibit pollen abortion 2018

caused by heat stress by hampering the

tapetum PCD.

Enhanced total antioxidant capacity, Kumar et al.,

accumulation of SAGs and osmolytes. 2015

increased biosynthesis of photosynthetic  Niu et al., 2016

pigments, osmolytes, antioxidant enzyme

and thus thermotolerance

Enhanced endogenous ABA content Kurepin et al.,
2008

Reduced MDA content and enhanced Zhang Y. et al.,

content of soluble proteins, free proline and 2014

antioxidant enzymes including guaiacol
peroxidase, catalase, superoxide dismutase
and ascorbate peroxidase

Increased the PSII efficiency Janeczko et al.,

2011
Improved the growth features, Hussain et al.,
photosynthetic efficacy and various 2019
biochemical parameters through enhanced

antioxidant system and osmoprotectants

Modulating ethylene levels. Ethylene mutant ~ Clarke et al.,
ein2-1 conferred greater thermo-tolerance 2009
Increase in soluble sugars, activities of Yang et al.,
catalase and a-amylase and reduction in 2020
H20; increased rate of spikelet opening

MeJA-induced heat tolerance by Suetal., 2021
maintenance of chlorophyll loss,

photosynthesis relative water content

(RWO), electrolyte leakage (EL) and

malondialdehyde (MDA) content under HTS

Leaf elongation due to p regulation of Huetal., 2019
cell-cycle-related genes and down

regulation of auxin transport related genes

Increased proline content and activities of  Omoarclojie
antioxidant enzyme, reduced lipid etal, 2020

peroxidation
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Species Response S0, donor Role References

Maize Seed germination 0~ 5mM Na;SO/NaHSO, Triggering NOX-dependent ROS signaling and elevating ~ Guo et al., 2021
amylase activity

Wheat 0.1mM Na,S0,/NaHSO; Delaying programmed cell death (PCD) and triggering H,S/ ~ Sun et al., 2018
NO/ROS signaling

Barley 0.05mM Na,SO/NaHSO, Delaying PCD and triggering H,S/NO/ROS signaling Wang et al,, 2017

Potato Stomatal 0~5mM Na,SO/NaHSOs Triggering H:S/NO signaling Hu etal., 2014

H, fuva movement 0-5mM Na,SO/NaHSOs Triggering PCD and NO/ROS/Ca* signaling Wei et al,, 2013

Vicia faba 0.25-6mM Na,SO/NaHSO, Triggering NO/ROS/Ca?* signaling Yietal, 2017

Longan Fuit fresh- 500~2,500mg/L SO Triggering NOX-dependent ROS signaling Joradol et al., 2019

Grape keeping 200piL Driving AsA-GSH cycle and regulating sulfur metabolism ~ Zhang et al., 2022

Wheat Drought 0~20mg/m* SO, Triggering H;S signaiing, synthesizing osmolyte, and Lietal, 2021
activating antioxidant system

Foxtail 30mg/m? SO, Synthesizing osmolyte, triggering stomatal closure, and Han et al., 2019
activating antioxidant system

Arabidopsis Cold 50uM Na;SO./NaHSO, Activating C-repeated binding factor (CBF) pathwayand ~ Ma (2021)

30mgim’ S0, antioxidant system, synthesizing anthocyanin

Wheat Gadmium 1 and 2mM Na,SOy/NaHSO; Triggering H;S signaling, synthesizing osmolyte, and Hu etal., 2015
activating antioxidant system

Foxtail 0.5mM Na;S0/NaHSO; Triggering PCD, activating antioxidant system, and reducing ~Hen et al., 2018
metal transporters

Wheat Aluminium 1.2mM Na,SO/NaHSO, Triggering H.S signaling, activating antioxidant system, and ~ Zhu et al., 2015

reducing aluminium accumulation
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SORBI_3005G191600  SbPRP-13 481 5 7.03/52432.65  261-335 12 N/P/ER  —0.441 43.8 70.58 0
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Seq-ID Gene functional description NCBI accession No.

TraesCS1B02G440700  Triticum aestivum transcription XM_044566571.1
factor WRKY19-like

(LOC123147334)
TraesCS2B02G411500 Triticum aestivum XM_037633443.1
ethylene-response factor C3-like
TraesCS3A02G255700 Triticum aestivum XM_044485046.1

mitogen-activated protein kinase
kinase kinase 17-like
TraesCS4B02G002000 Triticum aestivum XM_044516187.1
ethylene-responsive transcription
factor 1B-like
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Seq-ID

TraesCS4A02G396200

TraesCS2B02G121900
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TraesCS2D02G386000

Gene functional description

Triticum aestivurn WRKY
transcription factor 72B-like
Probable WRKY transcription
factor 70
Probable LRR receptor-like
serine/threonine-protein kinase
Cytochrome P450 84A1-like

NCBI accession No.

XM_044505189.1

XM_044463411.1

XM_044495684.1

XM_044477703.1
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Number Treatments Abbreviation Repeats P. indica pre- Harvest at ()

inoculation dai
1 Mock Mock 3 - 149 4 140
2 Piriformospora Piri 3 + 14P 4 140
indica
3 Fusarium Fg 3 - 149 4 14%9
graminearum
4 Rhizoctonia Rh 3 — 140 4 14
cerealis
5 P indica + Piri + Fg 3 + 14P 4 149
F. graminirum
6 P indica + Piri + Rh 3 + 14P 4 14
R.cerealis

149 stands for days /rﬁgation with water; 149 stands for Fusarium graminearum
infection for 14 days; 14°' stands for days pre-inoculation of P indica; 14™ stands
for Rhizoctonia cerealis infection for 14 days.
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Comparison DEG Up expression Down expression

group number of DEG of DEG
Fg Group Fg vs. Mock 31,355 17,859 13,496
Piri vs. Mock 641 147 494
Piri + Fg vs. 27,516 17,142 10,374
Mock
Piri + Fg vs. Fg 3,941 2,559 1,382
Piri + Fg vs. Piri 20,757 11,467 9,290
Rh Group Rh vs. Mock 3,167 1,988 1,179
Piri + Rh vs. 1,395 375 1,020
Mock
Piri + Rh vs. Rh 2,126 541 1,585

Piri + Rh vs. Piri 796 224 512
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G1 ( CkBY-vs-XpBY)

G2 (CkYZY-vs-XpYZY)

Fumaric acid 16.38 C-hexosyl-chrysoeriol O-hexoside 15.5il
Betaine 14.27 Hyperoside 138.33
Kaempferol 3-O-rhamnoside 13.6 8-C-hexosyl-chrysoeriol O-feruloylhexoside 12.53
Rosmarinic acid 13.24 D(+)-Melezitose O-rhamnoside 10.21
L-Isoleucine 12.98 Pentagalloylglucose 10.07
5,7-Dihydroxychromone 12.77 Medicarpin 9.7
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CK-vs-N5 654 ‘ 372 282
CK-vs-N10 1536 745 791
CK-vs-N15 640 ‘ 331 309
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Group name Differential metabolite Down Up Differential

metabolite in
pathway
G1 (CkBY-vs-XpBY) 151 109 42 36
G2 (CKYZY-vs-XpYZY) 96 40 56 26
G3 (CkYZY-vs-CkBY) 167 71 86 46

G4 (XpYZY-vs-XpBY) 142 88 54 43
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logoFC VIP Regulated logo,FC VIP Regulated
1.30 1.76 AA 0.41 1.74 =
14.27 1.72 1a 0.18 0.20 —
1.24 1.65 1a 0.48 1.24 =
1.45 1.65 12 2.61 1.59 1
0.56 1.09 - 1.36 1.76 18
—0.43 0.87 = —1.11 1.78 12
0.30 0.54 - 1.44 1.90 4A
0.26 0.57 = 1.19 1.84 A
0.27 0.95 - 1.08 1.80 44
—2.54 1.70 A —1.09 1.01 12
—2.48 1.65 18 —1.13 1.01 @
—2.11 1.56 12 —1.29 1.32 18
—1.41 1.50 12 —1.26 1.26 12
—1.65 1.67 e —0.43 0.46 =
—1.85 1.65 48 —0.52 0.52 —~
—1.98 1.61 12 —0.46 0.39 =
—2.57 1.61 12 —0.52 0.39 -
—2.10 1.58 12 —0.71 0.57 =
—0.20 0.16 - —10.77 1.93 A
1.80 1.63 12 0.70 1.44 -
1.29 1.62 18 0.84 0.89 -
1.09 1.65 12 0.41 0.61 ~
—1.82 1.61 12 0.79 0.81 -
—1.81 1.59 12 —0.83 0.80 =
—1.79 1.61 18 0.78 0.82 —~
—1.68 1.59 12 0.78 0.84 =
—1.60 1.50 12 0.65 0.59 -
—1.60 1.50 12 0.66 0.60 -
—1.30 1.54 12 —0.43 0.65 =
—1.02 1.50 18 0.77 1.35 -
0.63 0.95 = 1.11 1.83 1a
—0.01 0.02 = —1.25 1.88 12
11.00 1.75 A8 —0.26 0.21
—1.01 1.69 1 —0.24 1.27 =
—1.89 1.63 12 —0.41 0.32 -
—3.24 0.74 = 2.80 1.77 1a
—3.42 0.73 = 2.34 1.65 12
0.42 0.46 - —11.19 1.94 A
0.07 0.08 = —2.49 1.74 12
—0.49 1.69 - —1.17 1.69 2
1.12 1.65 A 1.26 1.80 fa
1.14 1.60 1a 0.41 112 ~
—1.06 1.54 12 —0.49 1.24 -
—1.09 1.09 12 —2.60 1.77 12
0.79 0.38 - —13.94 1.94 WA

The fold’s change was calculated by the formula: logo (saline-alkali/control) . the 42 ang 1A indicate significant and highly significant decreases, the |2 and |” indicate
significant and highly significant decreases, respectively.
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