

  agronomy-12-01346




agronomy-12-01346







Agronomy 2022, 12(6), 1346; doi:10.3390/agronomy12061346




Article



Serine Hydroxymethyltransferase (SHMT) Gene Family in Wheat (Triticum aestivum L.): Identification, Evolution, and Expression Analysis



Hao Liu 1[image: Orcid], Na Li 1, Yuan Zhao 1, Guo-Zhang Kang 2, Yan-Hong Zhao 3,* and Hua-Wei Xu 1,*





1



College of Agriculture, Henan University of Science and Technology, Luoyang 471000, China






2



National Key Laboratory of Wheat and Maize Crop Science, Henan Agricultural University, Zhengzhou 450046, China






3



College of Agriculture, Ludong University, Yantai 264000, China









*



Correspondence: zyhbob@163.com (Y.-H.Z.); xhwcyn@163.com (H.-W.X.)







Academic Editor: Pedro Revilla



Received: 29 March 2022 / Accepted: 30 May 2022 / Published: 31 May 2022



Abstract

:

Serine hydroxymethyltransferase (SHMT) plays a vital role in one-carbon metabolic, photorespiration, and various stress responses. However, the genome-wide analysis has not been performed in wheat. In this study, a total of 12 TaSHMT genes were identified in wheat and classified into groups Ⅰa, Ⅰb, and Ⅱb. TaSHMT genes in each group shared similar conserved domain distributions. Chromosomal location, synteny, and cis-elements analysis of TaSHMTs were also analyzed. Real-time PCR results indicated that most TaSHMT genes were mainly expressed in leaves and stems during the wheat seedling stage. Most TaSHMT genes could respond to various abiotic stress. The growth of yeast cells expressing TaSHMT2.1 was inhibited under salt and dehydration stress. Moreover, the gene ontology (GO) annotation and protein interaction of TaSHMT genes were analyzed. These results increase our understanding of SHMT genes and provide robust candidate genes for further functional investigations aimed at crop improvement.
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1. Introduction


Wheat (Triticum aestivum L.) is one of the most important grain crops in the world and the major calorific and protein source of food. However, abiotic stress, such as drought, salinity, cold, and heat stress, severely affect the yield of wheat during wheat growth and development periods [1]. Therefore, mining stress-resistant genes and cultivating stress-resistant varieties are the most important strategies to improve wheat quality and production.



Serine hydroxymethyltransferase (SHMT, EC 2.1.2.1), a pyridoxal phosphate-dependent enzyme, catalyzes the interconversion of serine and tetrahydrofolate to glycine and methylenetetrahydrofolate, and participates in one-carbon metabolism, methionine synthesis, and maintenance of redox homeostasis during photorespiration [2,3,4,5]. SHMT genes have been extensively identified in prokaryotes and eukaryotes, forming homodimeric structures in prokaryotes and tetramers in eukaryotes [6,7].



In plants, SHMT genes play a vital role in the photorespiratory cycle and participate in modulating the level of reactive oxygen species (ROS) to improve abiotic and biotic stress resistance [3,7,8]. The Arabidopsis (Arabidopsis thaliana L.) mutant shmt1-1 was more susceptible than wild-type plants when infected with biotrophic and necrotrophic pathogens [9]. The shmt1-1 mutants led to the reduction in mass and chlorophyll content, and greater accumulation of H2O2 compared with wild-type plants when subjected to salt and drought stress [3,9]. AtSHMT1 was also involved in regulating ABA-induced stomatal closure [3]. OsSHMT played a role in scavenging H2O2 to enhance the chilling tolerance in rice [10]. The overexpression of OsSHMT3 improved the tolerance to salinity stress in E. coli (Escherichia coli) and Arabidopsis [7]. Nevertheless, SHMT genes also play negative roles in adapting to adverse conditions, for example, SHMT gene OsCADT1 mutants enhanced cadmium tolerance compared with wild-type plants [11].



SHMT genes have been identified in diverse plants, such as Arabidopsis, rice (Oryza sativa L.), soybean (Glycine max (L.) Merr.), and tomato (Solanum lycopersicum L.) [7,8,9,12]; however, a genome-wide identification of SHMT genes in wheat has not been performed. In this study, a genome-wide analysis of SHMT genes was performed in wheat to characterize their sequences, evolutionary relationships, expression patterns, and stress tolerance in yeast cells under various abiotic stress treatments. These results will provide a valuable foundation for further functional studies of TaSHMT genes under abiotic stress.




2. Materials and Methods


2.1. Identification of the SHMT Family Genes


The genome sequence of T. aestivum (IWGSC.52) was downloaded from EnsemblPlants database (http://plants.ensembl.org/index.html) (accessed on 1 March 2022). The Hidden Markov Model (HMM) profiles (http://pfam.xfam.org) (accessed on 1 March 2022) of the SHMT domain (PF00464) obtained from the Pfam database (http://pfam.xfam.org) (accessed on 1 March 2022) was used to HMM-search against the local genome database of T. aestivum using TBtools [13]. All the identified TaSHMT candidates were verified by using Pfam (http://www.ebi.ac.uk/Tools/hmmer/) (accessed on 1 March 2022) and SMART databases (http://smart.embl.de/) (accessed on 1 March 2022); then, we retrieved 12 TaSHMT genes. The physiological and biochemical parameters of the TaSHMT proteins were analyzed by WheatOmics 1.0 (http://202.194.139.32/) (accessed on 1 March 2022) [14], and the subcellular localization of the TaSHMT proteins was predicted using Plant-mPLoc (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/) (accessed on 1 March 2022).




2.2. Phylogenetic Relationships, Gene Structures, and Domains Analysis


The phylogenetic tree was constructed by the Maximum Likelihood (ML) method with 1000 bootstrap replicates using TBtools software and Evolview online service [13,15]. The amino acid sequences of SHMT in Arabidopsis (AtSHMT), soybean (GmSHMT), and tomato (SlSHMT) were obtained from a previous report [12]. The exon–intron structures were identified by comparing CDS and genomic DNA sequences using TBtools [13]. The conserved domains and motifs were annotated using the SMART database (http://smart.embl.de/) (accessed on 1 March 2022) and MEME online server (http://meme-suite.org/index.html) (accessed on 1 March 2022).




2.3. Chromosomal Location, Synteny, and Ka/Ks Analysis


The position of TaSHMT genes on the chromosome was obtained according to wheat genome annotation data and then marked on the chromosomes by using the TBtools and circos [13,16]. Multiple collinear scanning toolkits (MCScanX) were used to detect the gene replication events [17]. TBtools was used to determine the Ka (nonsynonymous rate), Ks (synonymous rate), and Ka/Ks ratios of the syntenic gene pair with the Nei–Gojobori (NG) method [13].




2.4. GO Annotation and Protein Interactions Analysis


Gene Ontology (GO) annotation of TaSHMT proteins was analyzed using the eggNOG-mapper (http://eggnog-mapper.embl.de/) (accessed on 1 March 2022) and Pannzer2 (http://ekhidna2.biocenter.helsinki.fi/sanspanz/) (accessed on 1 March 2022), then displayed by the WEGO2.0 website (https://wego.genomics.cn/) (accessed on 1 March 2022). Protein–protein interactions (PPIs) were predicted using the STRING database (https://string-db.org/) (accessed on 1 March 2022). The combined score >0.9 in the STRING database was used to confirm the interaction network.




2.5. Cis-Element Analysis in the Promoter


The promoter sequences, 1.5 kb upstream sequences of the transcription start site (TSS) of the TaSHMT genes, were acquired from the wheat database, and the cis-elements in the promoters were analyzed using the PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (accessed on 1 March 2022) [18].




2.6. Real-Time PCR Analysis


Wheat seeds of “Chinese Spring” (Triticum aestivum L., hexaploid), which were obtained from the Northwest A&F University, were germinated on moist filter paper at 25/18 °C (day/night) with a photoperiod of 16 h light/8 h dark at Henan University of Science and Technology. Leaves, stems, and roots tissues were collected from wheat seedlings grown in a hydroponics culture (ddhH2O) for one week. For abiotic stress treatment, seedlings grown in a hydroponic culture (ddhH2O) for one week were exposed to 20% PEG6000 (w/v), high salinity (300 mM NaCl), high temperature (42 °C), and cold (4 °C) [19]. Sixty seedlings with similar growth were selected to place in the same Petri dish with moist filter paper for each stress treatment, and the leaves tissues were collected as a mixed sample from three wheat seedlings at 0 h, 1 h, and 6  h with three biological replicates, then frozen in liquid nitrogen and stored at −80 °C [19].



RNAiso Plus (Takara, Kusatsu, Japan) was used to isolate total RNA from each frozen sample, and the first-strand cDNA was synthesized from total RNA (1 μg) by using Prescript Ⅲ RT ProMix (CISTRO) according to the manufacturer’s instructions. The sequence was amplified using gene-specific primers (Table S6) with 2× Ultra SYBR Green qPCR Mix (CISTRO), and the actin gene was used as an internal control. The real-time PCR cycling parameters were 95 °C for 30 s, followed by 45 cycles at 95 °C for 5 s and 60 °C for 30 s, with a melting curve analysis. The relative expression levels were calculated based on the 2−△△CT method [20]. All reactions were performed in three technical replicates and three biological replicates to ensure the reproducibility of the results.




2.7. Stress Tolerance Assay in Yeast Cells


The coding sequence (CDS) of TaSHMT genes was cloned into a pGADT7 vector using the BM seamless cloning kit (Biomed, London, UK), and then transformed into yeast cells BY4741 (Δhog1) (MATa, his3∆1, leu2∆0, met15∆0, ura3∆0, hog1::KanMX4). The primers are shown in Table S6. To analyze stress resistance, the yeast cells carrying the empty vector (pGADT7) or pGADT7-TaSHMT2.1 were cultured in YPD liquid medium (1% yeast extract, 2% peptone, 2% glucose) at 30 ℃ until the density reached an OD600 of 1.0, then serially diluted (10−1, 10−2, 10−3, 10−4, 10−5) with ddH2O. The cells were spotted onto SD/-Leu medium plates containing NaCl (0.3, 0.4, and 0.5 M) or D-Sorbitol (0.8, 1.0, and 1.2 M), and cultured at 30 °C for 3 days.





3. Results


3.1. Characteristics and Phylogenetic Analysis of TaSHMTs in T. aestivum


A total of 12 SHMT genes were identified in the wheat genome according to a Hidden Markov Model (HMM) search against the SHMT domain (PF00464). Based on the chromosome distributions and phylogenetic relationships of TaSHMT genes, we named them from TaSHMT1 to TaSHMT12 (Table 1). The length of the identified TaSHMT proteins ranged from 471 (TaSHMT4.1, TaSHMT5.1, and TaSHMT6.1) to 585 (TaSHMT7.1) amino acid residues with the putative molecular weights ranging from 51.45 to 63.64 kDa. The predicted isoelectric point (pI) value varied from 7.17 (TaSHMT7.1) to 8.50 (TaSHMT12.1), and the calculated grand average of hydrophilic index (GRAVY) was from −0.191 (TaSHMT5.1) to −0.379 (TaSHMT7.1), suggesting that all TaSHMT proteins were alkalescent (pI > 7) and highly hydrophilic proteins. In addition, the subcellular localization of the identified TaSHMT proteins was also predicted, where all TaSHMT proteins were localized in the mitochondrion.



To further investigate the phylogenetic relationships of TaSHMTs, the phylogenetic tree was constructed with the amino acid sequences of SHMT from Arabidopsis, soybean, tomato, and wheat (Figure 1 and Table S1). The SHMT genes were divided into four groups: Ⅰa, Ⅰb, Ⅱa, and Ⅱb. Groups Ⅰa, Ⅰb, and Ⅱb included six (TaSHMT1-TaSHMT6), three (TaSHMT7-TaSHMT9), and three TaSHMT genes (TaSHMT10-TaSHMT12), respectively. However, group Ⅱa members did not exist in the wheat genome (Figure 1).




3.2. Chromosomal Distribution, Synteny, and Ka/Ks Analysis of TaSHMTs


The chromosomal distributions of the identified TaSHMT genes were visualized according to the wheat genome annotation information using the TBtools software (Figure 2 and Table 1). Twelve TaSHMT genes were evenly distributed on A, B, and D subgenomes, located on chromosomes 1, 2, 3, and 4. Chromosomes 1A, 2A, 3A, 4A, 1B, 2B, 3B, 4B, 1D, 2D, 3D, and 4D contained one TaSHMT genes, respectively. Subsequently, gene duplication events of 12 TaSHMT genes were also analyzed by MCScanX [17]. A total of 12 paralogous TaSHMT gene pairs (TaSHMT1/2/3, TaSHMT4/5/6, TaSHMT7/8/9, and TaSHMT10/11/12) were identified in the wheat genome, which all underwent WGD (whole-genome duplication) or segmental duplication events (Figure 2 and Table S2). Ka/Ks (the nonsynonymous and synonymous substitution ratio) values of paralogous gene pairs were all less than 1, indicating that TaSHMT genes were under strong purifying/negative selection to maintain the function of the TaSHMT gene family.



Furthermore, we also analyzed the collinearity relationships between TaSHMT genes and other SHMT genes from five representative species, including one dicotyledonous (A. thaliana) and four monocotyledonous (Triticum urartu Thumanjan ex Gandilyan, Aegilops tauschii Coss., Brachypodium distachyon (L.) P.Beauv., and Oryza sativa L.) plants (Figure 3 and Table S3). A total of 8, 12, 6, and 9 orthologous gene pairs of SHMT genes were detected between wheat and T. urartu, Ae. tauschii, B. distachyon, or O. sativa, respectively. However, there were no collinearity relationships between TaSHMT genes and A. thaliana SHMT genes. Moreover, wheat (AABBDD, hexaploid) A and D subgenomes originated from T. urartu (AA, diploid) and Ae. tauschii (DD, diploid), respectively. The collinearity analysis indicated that 2 orthologous gene pairs between the wheat A subgenome and T. urartu genome were located on the same chromosomes with one on chromosome 1A (TaSHMT1/TuG1812G0100002585.01), and one on chromosome 2A (TaSHMT4/TuG1812G0200005558.01). Similarly, four orthologous gene pairs between the wheat D subgenome and Ae. tauschii genome were detected, which were located on the same chromosomes with one on chromosome 1D (TaSHMT3/AET1Gv20548400), one on chromosome 2D (TaSHMT6/AET2Gv21086900), one on chromosome 3D (TaSHMT9/AET3Gv20859600), and one on chromosome 4D (TaSHMT12/AET4Gv20142100). These TaSHMT genes might be originated from orthologous genes in T. urartu and Ae. tauschii with the occurrence of natural hybridization events.




3.3. Gene Structure and Conserved Motifs and Cis-Elements Analysis of TaSHMT Genes


To better understand the structural characteristics of TaSHMT genes, the exon–intron structures and conserved motifs of TaSHMT genes were analyzed (Figure 4). A total of 12 TaSHMT genes contained exons varying from 4 to 15 exons. Group Ⅰa and Ⅰb members possessed 4 exons, except TaSHMT8 had 5 exons. All group Ⅱb members included 15 exons (Figure 4B and Table 1). The TaSHMT genes in the same groups had more similar exon-intron structures, such as in TaSHMT4/TaSHMT5/TaSHMT6 and TaSHMT10/TaSHMT11/TaSHMT12. Furthermore, conserved motifs of TaSHMTs were analyzed by the MEME online server; ten motifs (motif 1–motif 10) were identified among 12 TaSHMT genes (Figure 4C and Figure 5 and Figure S1). All TaSHMTs contained motif 1, 2, 3, 4, 5, 6, 7, and 9, which formed the typical SHMT domain. Motif 8 was present in group Ⅰa and Ⅱb members, but absent in group Ⅰb members. Motif 10 was unique to TaSHMT1, 2, and 3. The conserved motifs of TaSHMTs in the same group were more similar, indicating that the structures of TaSHMTs were highly conserved.



The specific cis-elements in the promoter can regulate the gene expression in order to perform different functions in plant growth, development, and various stress responses. To further investigate the functions of TaSHMT genes, 1.5 kb upstream sequences of each TaSHMT gene transcription start site (TSS) were extracted and then predicted the potential cis-elements associated with hormone and stress response using the PlantCARE database (Figure 4C and Table S4). Various hormone-responsive elements were identified in the promoter of the TaSHMT gene, including ABRE (abscisic acid-responsive element), CGTCA-motif (methyl jasmonate-responsive element), GARE (gibberellin-responsive element), TATC-box (gibberellin-responsive element), TCA-element (salicylic acid-responsive element), and TGA-element (auxin-responsive element). ABRE (85.7%) and CGTCA-motif (71.4%) were present in most TaSHMT gene promoters. Moreover, stress-responsive elements were also found, e.g., DRE (dehydration-responsive element), LTRE (low temperature-responsive element), MBS (MYB binding site), MYC, STRE (stress-responsive element), TC-rich repeats (stress-responsive element), and W box (WRKY transcription factor binding site). MBS, MYC, and STRE elements existed in all promoters of TaSHMT genes, and MBS elements were especially abundantly present in the promoters. These results suggested that the TaSHMT genes might respond to various hormone and stresses in wheat.




3.4. Expression Patterns of TaSHMT Genes in Different Tissues


To investigate the tissue-specific TaSHMT genes in wheat, the gene expression levels of eight selected TaSHMT genes belonging to group Ⅰa (TaSHMT1, 2, and 6), group Ⅰb (TaSHMT7 and 9), and group Ⅱb (TaSHMT10, 11, and 12) members were determined by using real-time PCR in roots, stems, and leaves tissues during the wheat seedling stage (Figure 6A). The results showed that TaSHMT genes were mainly expressed in leaves and stems. Group Ⅰa and Ⅰb members exhibited different expression profiles in the roots, stems, and leaves of wheat. TaSHMT1 and 6 were highly expressed in stems. TaSHMT2 and 7 displayed the highest expression levels in leaves. TaSHMT9 showed the highest expression levels in roots. Group Ⅱb members (TaSHMT10, 11, and 12) showed similar expression patterns, exhibiting the highest expression levels in leaves, followed by stems, and finally in roots. These results suggested that the majority of the TaSHMT genes might perform functions in leaves and stems.




3.5. Expression Patterns of TaSHMT Genes under Abiotic Stress


To further investigate the function of TaSHMT genes, real-time PCR was used to detect the expression profiles of 8 TaSHMT genes under PEG, NaCl, cold, and heat stress in leaves during the wheat seedling stage (Figure 6). The expressions of TaSHMT1, 2, 10, and 11 were obviously down-regulated after PEG, NaCl, or cold stress treatments compared with the control, whereas TaSHMT6 and 9 were up-regulated. TaSHMT7 was slightly up-regulated under PEG and cold stress, with no obvious change under NaCl stress. For heat stress, the expression levels of TaSHMT1, 7, and 9 were increased, peaking at 6, 1, and 1 h approximately 2.3-, 1.9-, and 3.9-fold compared with the control, respectively. TaSHM2, 6, 10, and 11 were down-regulated after heat stress. TaSHMT12 was initially down-regulated and then increased to a peak at 6 h under PEG stress. TaSHMT12 was gradually down-regulated under NaCl stress, increased under heat stress, and no obvious changed under cold stress. These results suggested that TaSHMT genes had a different response to different stresses and play various regulatory roles in abiotic stress resistance.




3.6. TaSHMT2.1 Negatively Regulates Dehydration and Salt Stress Tolerance in Yeast Cells


To gain insight into the function of TaSHMT genes under dehydration and salt stress, we cloned TaSHMT2.1 into the pGADT7 vector, and then transformed into the yeast cells BY4741 (Δhog1) to verify the ability in response to stress tolerance in yeast cells (Figure 7). The results suggested that the growth of the Δhog1 yeast cells containing these recombinant vector pGADT7-TaSHMT2.1 was inhibited in the SD/-Leu medium containing NaCl and D-Sorbitol compared with the control (pGADT7 empty vector), and the growth of yeast cells was inhibited more obviously with the increases in NaCl or D-Sorbitol concentration. These results revealed that TaSHMT2.1 might negatively regulate the tolerance of salt and dehydration stress in wheat.




3.7. GO Annotation and Protein–Protein Interactions of TaSHMTs


To further understand the function of TaSHMT from molecular levels, all TaSHMT proteins were annotated by gene ontology (GO) (Figure 8A). These TaSHMT proteins were assigned with 26 GO terms belonging to the cellular component, molecular function, and biological process. Under the molecular function category, all TaSHMTs were involved in serine binding (GO:0070905), pyridoxal phosphate binding (GO:0030170), catalytic activity (GO:0003824), glycine hydroxymethyltransferase activity (GO:0004372), and methyltransferase activity (GO:0008168). Under the biological process category, most were involved in the metabolic process (GO:0008152), developmental process (GO:0032502), regulation of biological process (GO:0050789), response to stimulus (GO:0050896), rhythmic process (GO:0048511), and immune system process (GO:0002376). According to protein–protein interactions (PPIs) analysis, we identified six TaSHMTs interacting with six other wheat proteins (Figure 8B). The results suggested that TaSHMT3.1, TaSHMT4.1, TaSHMT6.1, TaSHMT8.1, TaSHMT9.1, and TaSHMT12.1 could interact with each other, and they all could interact with aminomethyltransferase (Traes_2AL_2E2DFB904.1, Traes_2BL_2768AE3B1.1, and Traes_2BL_79F69A456.2) and bifunctional dihydrofolate reductase-thymidylate synthase (Traes_2AL_44B0F2E5E.1 and Traes_2BL_0021AA419.1) (Figure 8B and Table S5). These results provided a valuable foundation for future functional investigations of TaSHMT genes.





4. Discussion


SHMT genes have been identified in different species, such as Arabidopsis (7 members), rice (5 members), soybean (18 members), and tomato (7 members) [7,8,9,12,21]. However, SHMT genes have not been genome-wide-identified in the wheat genome. In this study, 12 SHMT genes were identified in the wheat genome, and they were evenly distributed on wheat A, B, and D subgenomes (Figure 1 and Table 1). Gene replication is the most common mechanism contributing to expansion of the gene family, and results in functional differentiation, which is critical for environmental adaptation and speciation [22,23]. In this study, twelve paralogous gene pairs were identified among 12 TaSHMT genes in the wheat genome, which all underwent WGD or segmental duplication events and a strong purifying selection pressure (Figure 2 and Table S2). These results indicated that WGD or segmental duplications played crucial roles in the expansion of the TaSHMT genes. Ka/Ks values of paralogous gene pairs were all less than 1, indicating that TaSHMT genes were under strong purifying/negative selection to maintain the function of the TaSHMT gene family.



Wheat (AABBDD, hexaploid) A and D subgenomes originated from T. urartu (AA, diploid) and Ae. tauschii (DD, diploid), respectively. Therefore, we analyzed the synteny relationships between TaSHMT genes in wheat and other SHMT genes in T. urartu or Ae. tauschii, respectively (Figure 3 and Table S3). TaSHMT genes, which were located on the same chromosomes between wheat A/D subgenomes and the T. urartu/Ae. tauschii genome, might have originated from orthologous genes in T. urartu/Ae. tauschii with the occurrence of natural hybridization events, such as orthologous gene TaSHMT1/TuG1812G0100002585.01 located on chromosome 1A. Phylogenetic analysis showed that SHMT genes in land plants were classified into four groups: Ⅰa, Ⅰb, Ⅱa, and Ⅱb, which is consistent with previous studies. SHMT genes were also divided into four groups in soybean and tomato [8,12]. However, group Ⅱa members were absent in monocotyledon, e.g., wheat (Figure 1 and Figure 4A), rice, and maize (Zea mays L.), whereas it existed in dicotyledon, e.g., Arabidopsis, soybean, and tomato (Table S1) [8,12], probably due to the absence of chloroplast-targeted SHMTs in monocotyledon [8,24]. The absence of chloroplast-targeted TaSHMTs in wheat might be related to differences between monocotyledonous and dicotyledonous plants [8].



SHMT genes catalyze the interconversion of serine to glycine, and participates in one-carbon metabolism and photorespiration pathways [2,3]. In Arabidopsis, AtSHMT1 was mainly expressed in leaves, stems, and flowers, and AtSHMT1 mutation induces the aberrant regulation of cell death and enhances the susceptibility to pathogens and abiotic stress [3]. Real-time PCR results indicated that TaSHMT genes were mainly expressed in leaves and stems, probably due to the SHMT genes performing important roles in photorespiration (Figure 6A) [3], while TaSHMT9 was abundantly expressed in roots, which is similar to the tissue localization of SlSHMT1 and SlSHMT7 [12]. The results suggested that TaSHMT genes might play special roles in different tissues and mainly participate in photorespiration [9].



SHMT genes also play a vital role in modulating plant abiotic and biotic stress resistance [3,7,8]. The cis-elements in the promoter region of genes might regulate the expression of these genes by interacting with specific transcription factors. Various hormone and stress-responsive elements were identified in the promoter of TaSHMT genes, and ABRE and MBS elements were especially abundantly present in the promoters, suggesting that TaSHMT genes might respond to various stresses via the ABA pathway (Figure 4D and Table S4) [12]. Real-time PCR results indicated that the response of TaSHMT genes varied under different stress conditions, including PEG, salt, cold, and heat stress (Figure 6B–E), e.g., TaSHMT1, 2, 10, and 11 were down-regulated under PEG, NaCl, or cold stress compared with the control, whereas TaSHMT6 and 9 were up-regulated, suggesting a redundant function of wheat SHMTs in resisting abiotic stress [12]. Similar results were also found in tomato and barely [12,25,26]. SlSHMTs could respond to UV, cold, heat, NaCl, H2O2, ABA, and PEG treatments and showed different expression patterns, e.g., SlSHMT1 had almost no change in expression level under heat treatment, but it was significantly up-regulated under UV, cold, NaCl, H2O2, ABA, and PEG stress; however, SlSHMT2 was down-regulated under all treatments [12]. In wild barely (Hordeum spontaneum (K. Koch) Thell.) and cultivated barley (Hordeum vulgare L.), the expression levels of SHMT genes were obviously up-regulated after salt treatments [25,26]. Most SHMT genes improved the abiotic stress tolerance, for example, AtSHMT1 was involved in modulating ABA-induced stomatal closure to improve salt and drought stress tolerance [3,9]. Overexpression of OsSHMT3 improved tolerance to salinity stress in Arabidopsis [7]. Moreover, SHMT genes were also found to play negative roles in adapting to abiotic stress, for example, the rice SHMT gene OsCADT1 mutation increases Cd tolerance [11]. The growth rate of E. coli ΔglyA carrying the SHMT gene was inhibited in sorbitol or salt-containing media [27]. In our study, the growth of yeast cells expressing TaSHMT2.1 was inhibited under salt and dehydration treatment conditions, and it is reasonable for us to speculate that TaSHMT2.1 could negatively regulate wheat drought and salt stress resistance. The TaSHMT2.1 gene might be knocked out through CRISPR technology to further obtain stress-resistant wheat [28]. In summary, a genome-wide analysis of SHMT genes was performed in wheat to characterize their sequences, evolutionary relationships, expression patterns, and stress tolerance in yeast cells under various abiotic stress treatments. These results provide useful information for further functional studies of TaSHMT genes, and lay a foundation to improve wheat quality traits in molecular breeding under abiotic stress.
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Figure 1. The Maximum Likelihood (ML) phylogenetic tree of SHMT proteins. The tree was constructed with amino acid sequences of identified SHMT proteins in A. thaliana (At), G. max (Gm), S. lycopersicum (Sl), and T. aestivum (Ta) with bootstrap values of 1000 replicates. Different groups of SHMT proteins are distinguished by different colors. 
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Figure 2. Chromosomal localizations and syntenic relationships among TaSHMT genes in wheat. Red lines indicate the syntenic TaSHMT gene pairs. 
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Figure 3. Syntenic relationships between TaSHMT genes in T. aestivum with other SHMT genes in five other representative plant species. Gray lines in the background indicate the collinear blocks within T. aestivum and other plant genomes. Red lines indicate the syntenic SHMT gene pairs. 
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Figure 4. Phylogenetic classification (A), exon–intron structures (B), conserved domains (C), and cis-elements (D) analysis of TaSHMT genes. (B) Green boxes, yellow boxes, and black lines indicated UTR, exons, and introns, respectively. (C) Conserved domain compositions of TaSHMT proteins in wheat. Motif 1 to motif 10 are shown in the different colors. (D) Hormone and stress-responsive elements are shown by different colors. 
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Figure 5. Multiple sequence alignment of the conserved domains of TaSHMT gene family in wheat. SHMT domain and moitf1-10 are marked. 
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Figure 6. Expression patterns of TaSHMT genes in different tissues and in response to abiotic stress in wheat. (A) Expression levels of TaSHMT genes in the roots, stems, and leaves during wheat seedlings stage. (B–E) Expression patterns of TaSHMT genes in response to PEG (polyethylene glycol) (B), NaCl (C), cold (D), and heat (D) treatments determined by real-time PCR. The expression level of the wheat actin gene was used as the internal control to standardize the RNA samples for each reaction. The values are the mean ± SE (control as 1). Asterisk indicates significant differences compared with control based on Student’s t-test (* p < 0.05 and ** p < 0.01). 
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Figure 7. The ability of the tolerance in response to salt and dehydration stress in recombinant yeast cells. The yeast cells BY4741(Δhog1) carrying the empty vector (pGADT7, negative control) and pGADT7−TaSHMT2.1 were spotted onto SD/-Leu medium plates containing NaCl (0.3, 0.4, and 0.5 M) or D−Sorbitol (0.8, 1.0, and 1.2 M), and cultured at 30 °C for 3 days. 
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Figure 8. Gene ontology (GO) annotation (A) and protein–protein interactions (B) analysis of TaSHMT genes. (A) The GO terms are shown on the X axis, and the number of genes are shown on the Y axis. 
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Table 1. The characteristics of SHMT genes in wheat.
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	Gene Name
	Transcript Name
	Transcript ID
	Genomic Position
	Exon Number
	ORF (bp)
	Protein Length (aa)
	Molecular Weight (kDa)
	Isoelectric Point (pI)
	GRAVY
	Subcellular Localization
	Group





	TaSHMT1
	TaSHMT1.1
	TraesCS1A02G218700.1
	1A:387359860:387363581:1
	4
	1608
	535
	58.24
	8.13
	−0.22
	Mitochondrion
	Ia



	TaSHMT1
	TaSHMT1.2
	TraesCS1A02G218700.2
	1A:387359860:387363581:1
	4
	1605
	534
	58.11
	8.32
	−0.214
	Mitochondrion
	Ia



	TaSHMT2
	TaSHMT2.1
	TraesCS1B02G232200.1
	1B:417264786:417268575:1
	4
	1599
	532
	58.05
	8.12
	−0.253
	Mitochondrion
	Ia



	TaSHMT2
	TaSHMT2.2
	TraesCS1B02G232200.2
	1B:417264786:417268575:1
	4
	1602
	533
	58.18
	7.89
	−0.259
	Mitochondrion
	Ia



	TaSHMT3
	TaSHMT3.1
	TraesCS1D02G220400.1
	1D:308179375:308183217:1
	4
	1602
	533
	58.03
	7.9
	−0.241
	Mitochondrion
	Ia



	TaSHMT4
	TaSHMT4.1
	TraesCS2A02G493700.1
	2A:726022665:726026360:1
	4
	1416
	471
	51.46
	7.27
	−0.206
	Mitochondrion
	Ia



	TaSHMT5
	TaSHMT5.1
	TraesCS2B02G521700.1
	2B:716779117:716782669:1
	4
	1416
	471
	51.45
	7.27
	−0.191
	Mitochondrion
	Ia



	TaSHMT6
	TaSHMT6.1
	TraesCS2D02G493600.1
	2D:591019752:591023458:1
	4
	1416
	471
	51.46
	7.27
	−0.206
	Mitochondrion
	Ia



	TaSHMT7
	TaSHMT7.1
	TraesCS3A02G385600.1
	3A:635148224:635152237:1
	4
	1758
	585
	63.64
	7.3
	−0.379
	Mitochondrion
	Ib



	TaSHMT8
	TaSHMT8.1
	TraesCS3B02G417800.1
	3B:654648169:654651767:1
	5
	1548
	515
	56.62
	8.22
	−0.335
	Mitochondrion
	Ib



	TaSHMT9
	TaSHMT9.1
	TraesCS3D02G378700.1
	3D:495915950:495920036:1
	4
	1752
	583
	63.37
	7.17
	−0.362
	Mitochondrion
	Ib



	TaSHMT10
	TaSHMT10.1
	TraesCS4A02G246100.1
	4A:556751829:556756496:−1
	15
	1533
	510
	56.13
	8.5
	−0.275
	Mitochondrion
	IIb



	TaSHMT11
	TaSHMT11.1
	TraesCS4B02G069300.1
	4B:62967286:62972392:1
	15
	1533
	510
	56.13
	8.5
	−0.275
	Mitochondrion
	IIb



	TaSHMT12
	TaSHMT12.1
	TraesCS4D02G068100.1
	4D:43300118:43305497:1
	15
	1533
	510
	56.13
	8.5
	−0.275
	Mitochondrion
	IIb
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