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Abstract Salinity is one of the most important problems

that adversely affect crops growth, productivity and quality

worldwide. Salt Overly Sensitive 1 (SOS1) gene family

plays vital roles in plant response to salt stress. Herein, we

report the identification of the SOS family in wheat and the

exploration of the expression profiles of SOSs under salt

stress. Complete genome sequences of T. aestivum were

downloaded from Ensembl plant database. Conservation

and divergence of TaSOS1 family were conducted by using

phylogenetic tree, gene structure and synteny distribution

analysis. Expression profiles of TaSOS1s were obtained

based on transcriptome and qRT-PCR analysis. Totally,

119 TaSOS1 proteins in wheat were identified at the gen-

ome-wide level and classified into three groups. Six motifs

were conserved in TaSOS1 gene family. Moreover, 25

TaSOS1 genes had three copies distributing in three sub-

genomes (A, B and D). A total of 32, 28 and 29 TaSOS1

genes were located on the sub-genomes A, B and D,

respectively. Moreover, there were 19, 12, 6, 7, 28, 5 and

12 genes located on the three homologous of chromosomes

1, 2, 3, 4, 5, 6 and 7, respectively. Two genes were mapped

to unattributed scaffolds. The duplication events analysis

indicated that tandem repeats contributed to the expansion

of the SOS1 family in wheat. Collinearity analysis

demonstrated that segmental duplications play an impor-

tant role in the expansion of SOS1 members. Chromosome

7, 5, 3, and 2 showed collinear relationship. Tissue specific

expression pattern analysis revealed that 41 TaSOS1 genes

expressed in various tissues, such as root, shoot, leaf, spike

and grain. Transcriptomic analysis revealed that 28 and 26

genes were up- and down-regulated under salinity stress,

respectively, of which 18 genes were further confirmed by

RT-qPCR. The plants with high expression level of these

genes displayed higher tolerance to salinity stress, stronger

root system, higher Fv/Fm value and water potential. The

results could be helpful for further elucidating the molec-

ular mechanism of TaSOS1 related to salt tolerance in

wheat and provide a toolkit for improving the salinity

tolerance of wheat.
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Introduction

Salinity is one of the most lethal abiotic stresses that

constraint cereals production worldwide. Approximately

800 million hectares of irrigated land are affected by

salinity in the world (Hernández 2019). It adversely affects

plant growth, productivity as well as quality of grains by

impairing metabolic processes (Che-Othman et al. 2020).

To date, plants have evolved smart mechanisms to with-

stand salt stresses (Lv et al. 2020). In order to resist or
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tolerate salt stress, plants show great plasticity at the

morphology, physiology, biochemistry and molecular

levels to survive, including expression of Na? and K?

transporter genes. Rapid and effective responses to salt

stress are important for survival, reproduction and yield of

cereal crops (Lohani et al. 2019). Transcriptomic studies

provide insights into the candidate genes and mechanisms

involving in the salt tolerance in plants (Hernández 2019).

Wheat is one of the most important crops around the

world (Lethin et al. 2020). Previous studies have explored

the most common mechanisms of salt tolerance, such as the

SOS signaling cascade, the high-affinity potassium trans-

porter (HKT) gene family and the phytohormones in wheat

(Zhang et al. 2019a, b; Huang et al. 2020).

SOS pathway genes have been identified in several plant

species including, Arabidopsis (Yang et al. 2009), rice

(Martı́nez-Atienza et al. 2007), Brassica spp. (Chakraborty

et al. 2012), wheat (Sathee et al. 2015) and barley

(Yousefirad et al. 2018). Salt-induced genes of wheat

genome, i.e., SOS1, SOS2, SOS3, SOS4, SOS5, SOS6,

P5CS1, CIPK3, WRKY1 and WRKY10, showed

82.81–88.47% identity with their correspondent genes in

rice. According to the subcellular localization, the CPA1

(CATION/PROTON ANTIPORTERS-1) family is divided

in intracellular proteins and plasma membrane bound

proteins (Jia et al. 2018). SOS1 was localized at the plasma

membrane, and SOS2 belongs to the SnRK3 (SUCROSE

NON-FERMENTING-1-RELATED PROTEIN KINASE-

3) family of protein kinases (Ji et al. 2013). The evolution

of CBL-interacting protein kinase gene family in plants has

been illustrated (Ye et al. 2013).

Under salt-stressed conditions, the increase in [Ca2?]cyto
will be perceived by SOS3 protein, and the expression of

SOS3 genes will be up-regulated (Xu et al. 2020). Fur-

thermore, SOS3 interacts with the downstream gene SOS2

to form a SOS3-SOS2 kinase complex, which regulates the

expression levels and phosphorylation of SOS1 (Jadamba

et al. 2020). SOS1 protein is encoded by SOS1 gene which

is a putative plasma membrane Na?/H? antiporter and has

the function of expelling Na? out of plant cells. Thereby,

maintains the homeostasis of K? and Na? level in plant

cells and reducing the accumulation of Na? in plant cells

(Janda et al. 2016; Meng et al. 2018; Zhang et al. 2020).

The SOS1 protein belong to the sodium and hydrogen

exchanger family, which are the key transporters in regu-

lating pH in actively metabolizing cells (Liu et al. 2020).

The SOS1 gene homologs have been characterized in qui-

noa (Chenopodium quinoa Willd.) (Maughan et al. 2009).

Unfortunately, detailed characteristics of SOS1 gene family

in wheat are still unknown.

In the present study, bioinformatics pipelines were used

to analyze the genomic structure, domain organization and

the expansion of SOS1 gene family in wheat. SOS1 genes

were identified and designated TaSOS1 in three wheat sub-

genomes (A, B and D). Phylogenetic and syntenic rela-

tionship about the SOS1 proteins were further analyzed.

Implementing the publicly available transcriptomic

resources, the expression profiles of candidate genes were

analyzed in different wheat organs across different devel-

opmental stages in response to salt stress. The representa-

tive TaSOS1 genes were selected to evaluate their response

to salt stress using two wheat cultivars with different tol-

erances to salt stress.

Materials and methods

Bioinformatic analyses of SOS1 gene family in wheat

The NCBI database (http://www.ncbi.nlm.nih.gov/) and the

Ensembl protein and nucleotide sequences of Triticum

aestivum (http://plants.ensembl.org/index.html) were sear-

ched to identify the SOS1 homologues. The hidden Markov

model (HMM) profile in the protein family database (Pfam;

http://pfam.xfam.org/) was employed to identify the con-

served protein domains of SOS1 that contains cAMP-

binding and sodium/hydrogen exchanger domain. For

TaSOS1 retrieval, the annotated proteins were searched

using the HMMER v3 program. High-quality protein set

(e-value\ 1 9 10-40 and manual verification of an intact

SOS domain) were aligned and used to construct a wheat-

specific SOS HMM using hmmbuild implemented in the

HMMER v3 program. This new wheat-specific HMM was

used, and all the proteins with an e-value lower than 0.01

were considered for further analysis (Lozano et al. 2015),

meanwhile, hits\100 codons and overlapping sequences

were excluded (Chen et al. 2019).

The pairwise sequence alignments (BLAST2; http://

www.ncbi.nlm.nih.gov) were employed to annotate wheat

sequences against PFAM database (http://pfam.sanger.ac.

uk) for identification of conserved protein domains (Abou-

Elwafa et al. 2011).

Phylogenetic tree and synteny analysis

The CLUSTALX 1.83 program with default pairwise and

multiple alignment parameters was used to perform mul-

tiple sequence alignments. The full-length amino acid

sequences of SOS1 proteins identified in wheat were

aligned. Amino acid identity was estimated as the per-

centage of identical residues in two homologs divided by

the total number of residues in the reference gene. For

phylogenetic analysis, identified SOS1 proteins were

retrieved through blastp searches of the NCBI Reference

Sequence (RefSeq) protein database (http://www.ncbi.nlm.

nih.gov/refseq). The protein sequences were aligned using
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CLUSTALX 1.83, and the MEGA version 6.0 software

implementing the Neighbor–Joining algorithm and the

Dayhoff PAM matrix (Tamura et al. 2007) was employed

to construct unrooted phylogenetic tree based on Poisson

correction, pairwise deletion, uniform rates, and bootstrap

(1000 replicates) parameters. The MEME version 3.0 was

used for multiple alignment analyses of the conserved

motifs (Guo et al. 2016).

Genome annotations and orthologs protein sequences

were retrieved from Ensembl Plants (http://plants.ensembl.

org/index.html). Synteny analysis was performed using

MCScanX implementing the default parameters. The

DIAMOND v0.8.25 software was employed to perform all-

vs-all protein sequence comparisons required for MCS-

canX (Lohani et al. 2019).

Tandem duplication events were identified based on the

physical location of genes on the individual chromosome.

Genes were identified as tandem repeats if they were within

the 10 putative genes or within 30 kb apart from each other

on the wheat physical map (Shiu and Bleecker 2003). The

BLASTP annotation tool was employed to identify seg-

mental duplications in ten predicted proteins upstream and

downstream of each of the TaSOS1 genes (Maher et al.

2006).

Plant materials, growth conditions and evaluation

Seeds of the two spring wheat genotypes Seri M82 (salt

sensitive) and CIGM90.863 (salt tolerant) were collected

from International Maize and Wheat Improvement Center

(CIMMYT), EI Batan, Mexico. The seeds were sterilized

in 1% sodium hypochlorite (NaClO) for 5 min, then

washed in distilled water four times, and finally grown for

10 days in a seedling tray. All plants were uniformally

arranged and were hydroponically sown using half-strength

Hoagland (Pan et al. 2019). Two-week old plants were salt

treated by adding 50 mM NaCl solution per day to

150 mM for 3 days (Shen et al. 2020). The roots were

sampled from both the control and salt-treated plants (1, 2

and 3 days) with three biological replicates as described in

previous studies (Fu et al. 2018; Guo et al. 2018). The root

samples were immediately frozen in liquid nitrogen and

stored at -80 �C for expression analysis of candidate

genes.

Salt tolerance-related parameters were evaluated of

15-days-old wheat seedlings. Chlorophyll fluorescence

parameters (Fv/Fm and qP) were measured using a

Chlorophyll fluorometer (Junior-PAM, Walz, Germany).

Leaf water potential (LWP) was measured by the PSYPRO

water potential system (Wescor, Logan, UT, USA) fol-

lowing the procedure described by Jiang et al. (2020).

Mapping of SOS1 genes and statistical analysis

The publicly available Gramene database (http://ensembl.

gramene.org/Triticum aestivum/Info/Index) were imple-

mented for in silico determination of the physical positions

of SOS1 genes. The TBtools was employed for mapping of

retrieved genes of wheat chromosomes (Chen et al. 2020).

Expression profiling of SOS1 gene family and qRT-

PCR analysis of TaSOS1 genes under salt treatment

The RNA-Seq data under salt-stressed conditions retrieved

from the NCBI Sequence Read Archive (SRA, T. aestivum:

SRR7755529, SRR7755531) (Amirbakhtiar et al. 2019)

and the abiotic stress RNA-seq data retrieved from the

Wheat Expression Browser (www.wheat-expression.com;

Borrill et al. 2016; Ramirez-Gonzalez et al. 2018) were

employed to monitor the expression profiles of TaSOS1

gene. Raw expression profiles data was retrieved and

analyzed using the R package limma, hisat2 and samtools

(Ritchie et al. 2015; Kim et al. 2018). First, filtering of raw

expression profiles data of the entire wheat genome was

implemented to get rid of weakly expressed genes. So that,

genes expressed at a counts-per-million (CPM)[ 0.5 in at

least two samples were retained. The TMM and Voom

procedures were then employed to normalize the expres-

sion of retained. Expression patterns between samples were

then evaluated and genes displayed an absolute log Fold

Change (logFC) value[ 1 with an adjusted P-value of\
0.05 were regarded as Differentially Expressed and des-

ignated (DEG). Finally, TaSOS1 genes were redeemed

from the DEG genes set. The MeV software implementing

Euclidean distance and average linkage was employed to

perform hierarchical Clustering of TaSOS1 DEG (Howe

et al. 2011).

RNA-seq meta-analysis identified 18 differentially

expressed TaSOS1 genes that were selected to evaluate

their response in wheat plants under salt-stressed condition.

For expression analysis of differentially expressed TaSOS1

genes, total RNA was extracted from leaves after salt

treatment of plants using the Plant RNAeasyKitTM (Qia-

gen, Hilden, Germany) and DNase treated (Ambion, Aus-

tin, TX, USA). The qScript cDNA Synthesis Kit (Takara)

was used for cDNA synthesis according to the manufac-

turer’s instruction, and the synthesized cDNA was then 10

times diluted for RT-PCR. The qRT-PCR was performed

using three biological replicates using a LightCycler 96

Real-Time PCR System (CFX Connect) and SYBR green

PCR master mix (ABI) according to the manufacturer’s

instructions (Jiang et al. 2021). Expression levels were

measured in triplicate and normalized against the TaActin

gene as a reference gene as reported in previous studies

(Pan et al. 2020). The gene specific primers (designed by
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primer5) for qRT-PCR are listed in Table S1. The relative

expression levels of the selected genes were calculated

from cycle threshold values using the 2-DDCt procedure.

Statistical analysis

Data were shown as means with standard errors of three

independent biological replicates. The SPSS 14.0 software

was employed to perform the analysis of variance

(ANOVA) and means were compared using the Duncan’s

multiple range tests.

Results

Identification and phylogenetic analysis of SOS1

genes

The HMM profile of the PFAM SOS domain was

employed as a query to identify TaSOS1 genes in the NCBI

database (http://www.ncbi.nlm.nih.gov/) and the Ensembl

protein and nucleotide sequences of Triticum aestivum

(http://plants.ensembl.org/index.html). After confirmation

of the known conserved domains of the SOS1 protein

family using the PFAM databases, initial HMM query

identified a total of 119 SOS1 proteins (Table S2). The full-

length genomic sequences of the identified genes ranged

between 335 and 1191 bp.

To analyze the evolutionary relationship of the SOS1

gene families, the neighbor-joining (NJ) trees were gen-

erated with protein sequences of SOS1 from A. thaliana, O.

sativa and T. aestivum were used to construct a phyloge-

netic tree (Fig. 1). A total of 127 SOS1 proteins were used,

including 6, 2, 119 from Arabidopsis, O. sativa, T. aes-

tivum, respectively. The SOS1 proteins were clustered into

3 groups, i.e., group 1 (blue), group 2 (red) and group 3

(green) (Fig. 1). The group 1 comprises 5 AtSOS, 2

OsSOS, and 41 TaSOS1 proteins, which may have similar

function in salt stress. Moreover, TraesCS3D02G022900

(designated as TaSOS1, Zhu et al. 2016) was clustered to

the same clade with AtSOS1, OsSOS1, TraesC-

S3A02G0023200, TraesCS3B02G021600, TraesC-

S2A02G034700 and TraesCS7B02G475500, suggesting

that those subfamily genes may be candidates of SOS1 in

wheat. In addition, TraesCS7D02G226200 (NHEXL1b),

TraesCS7B02G191300 (NHEXL1a), TraesC-

S1A02G102300 (NHX1) and TraesCS4B02G125700, which

were clustered to the same clade with AtSOS2, OsSOS2 and

AtSOS4, have been characterized as Na?/H? antiporter

genes (Sathee et al. 2015). Besides, AtSOS2, OsSOS2 and

AtSOS4 were clustered with TraesCS2A02G121000,

TraesCS2D02G123000, TraesCS7A02G228400,

TraesCS1B02G112700, TraesCS1D02G093900,

TraesCS4D02G147600 and TraesCS4A02G145300 indi-

cating that these genes may play a role in sodium/hydrogen

exchange. The other two groups (group 2 and 3), which

accounted for 65.5% of the total TaSOS1, could be char-

acteristic proteins of wheat. TraesCS5D02G002400,

TraesCS5A02G002800, TraesCS5B02G031800 and

TraesCS5B02G003000 genes in group 2 have been char-

acterized as cation/H? antiporter (Sharma et al. 2020),

suggesting a similar function of these subfamily genes.

Analysis of gene structure and conserved motifs

of the TaSOS1 family

To further understand the gene structural evolution, exon–

intron and domain organization of the SOS1 families were

analyzed (Fig. 2). The number of exons of almost 40% of

TaSOS1 genes ranged from 1 to 3, while the remaining

TaSOS1 genes exhibited a number of exons ranged from 12

to 23. TraesCS6A02G418500, TraesCS6D02G408100,

TraesCS5A02G150500, TraesCS5B02G149200 and

TraesCS5D02G155600 have only one exon with similar

motif organization. These differences may be resulted from

the absence or gain of exons during long-term evolutionary

processes. Some TaSOS1 genes have only one UTR region

which is located at the 3’end of their sequences, while

some TaSOS1 genes have only one UTR located at the 5’

end of their sequence (Fig. 2). Most of the TaSOS1 genes

have two UTR regions located at each end of their

sequences, while others do not comprise any UTR region.

Five of the TaSOS1 genes (i.e., TraesCS5B02G149200,

TraesCS5D02G155600, TraesCS5A02G150500,

TraesCS6D02G408100 and TraesCS6A02G418500) have

one intron, whereas the remaining have at least two introns.

Three genes (TraesCS2A02G580800, TraesC-

S2A02G608300 and TraesCS2A02G592100) have a large

intron located at their 5’ end, which greatly enhanced the

differences in gene length among the TaSOS1 genes

(Fig. 2). These results indicated that the homologs clus-

tered into the same subfamily had similar gene structures

and might have conserved functions.

Conserved Domain Database was used to identify pro-

tein domains in TaSOS1 genes. Furthermore, MEME

(http://meme-suite.org/tools/meme) was employed to

identify the motifs, and data were visualized using the

TBtools (Fig. 2). The TaSOS1 proteins have 10 common

motifs, and they were aligned according to the similarity of

motif organization. Except for TraesCS2A02G580800,

TraesCS2B02G608300, TraesCS2D02G592100, TraesC-

S5A02G260700 and TraesCS5B02G259100, all TaSOS1

proteins have motif 10. Likewise, most of the TaSOS1

proteins have motif 8. These results have showed that the

gene structure and motif organization (8 and 10) of

TaSOS1 were conserved. Forty-one TaSOS1 proteins (e.g.,
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TraesCS5B02G031800, TraesCS1A02G037400, TraesC-

S4A02G0368300, and TraesCS3A02G340500) which were

clustered to the same group (group 2; Fig. 1) have seven

motifs (motif-5, -7, -2, -8, -9, -10, -6 from left to

right), with the number of exons ranged from 1 to 3

(Fig. 2). Twelve TaSOS1 proteins have five to seven motifs

(e.g., motif -5, -3, -4, -1, -10, -8), which are char-

acteristic motifs of SOS1 in wheat. Twenty-nine TaSOS1

proteins (e.g., TraesCS5B02G173800,

TraesCS7A02G462000, and TraesCS4A02G145300) pos-

sess three to six motifs (e.g., motif -7, -3, -10, -4, -1,

-8), which are important motifs of Na?/H? antiporter

genes. The remaining TaSOS1 proteins which were clus-

tered to group 3 (Fig. 1) have six or seven motifs (Fig. 2).

The frequency of motifs -5, -7, -2, -8, -10 were high,

indicating that those motifs might play a crucial role in the

function of SOS1 gene family.

Fig. 1 Phylogenetic analysis of SOS1 protein families from wheat,

rice and Arabidopsis. The Neighbor-joining (NJ) tree was generated

using CLUSTALX 1.83, and the MEGA version 6.0 software

implementing the Neighbor–Joining algorithm and the Dayhoff

PAM matrix with 1000 bootstrap replicates
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Fig. 2 The phylogenetic

relationship, gene structure

analyses and conserved motifs

of wheat SOS1 gene family.

Motifs were identified using the

MEME database. The TBtools

was employed to draw gene

structures
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Chromosomal location and synteny analysis

of the TaSOS1 genes

TaSOS1 genes were distributed to all the 21 chromosomes,

among which the three homologues of chromosome 5 (5A,

5B and 5D) harbor the largest number of TaSOS1 genes (28

genes) while 19, 12, 6, 7, 5 and 12 TaSOS1 genes are

harbored by the three homologues of chromosomes 1, 2, 3,

4, 6 and 7, respectively, while two genes were mapped to

unattributed scaffolds. Besides, the SOS1 genes were

almost evenly distributed to the three homologues (A, B

and D) of each chromosome (Fig. 3). Seventy-five genes

comprised 25 sets of the three homoeologs each, 10 genes

comprised five sets of two homoeologos each and 4 genes

had no homoeologos. TraesCS1B02G250800 and

TraesCS1B02G251500 were located to the same locus,

indicating similar function of the two genes. Each of

chromosomes 2A and 7A have 5 TaSOS1 genes, while 2B

and 2D have 3–4 TaSOS1 genes, which could be due to

evolutionary variations. Chromosome 3 revealed 2 TaSOS1

genes on each of their A, B and D homoeologos, indicating

it as the most conserved chromosome. Considering indi-

vidual chromosomes, 5A and 5D harbor the maximum of

10 TaSOS1 genes, while 4A, 4D, 6A, and 6D two TaSOS1

genes each. A single TaSOS1 gene

(TraesCS6B02G340700) was located on chromosome 6B,

suggesting that the other TaSOS1 may have been lost

during evolution.

Many genes were located close the telomeric region of

chromosomes, and it can be more likely to be exchanged

during recombination. TraesCS3D02G022900 (designated

TaSOS1), TraesCS3A02G023200, TraesCS3B02G021600,

TraesCS2A02G034700 and TraesCS7B02G475500 located

in distal telomeric regions. However, the Na?/H?

Fig. 3 Schematic diagram of the chromosomal location of wheat SOS1 gene family. The chromosome number is given above each chromosome

Physiol Mol Biol Plants (June 2021) 27(6):1245–1260 1251

123



antiporter genes (e.g., TraesCS7D02G226200,

TraesCS7B02G191300, TraesCS1A02G102300 and

TraesCS4B02G125700) were located close to the cen-

tromeric regions of the chromosomes. These differences

may be resulted from long-term evolutionary processes.

SOS1 genes were generally equally distributed among the

chromosomes, the only exception being the three homoe-

ologs of chromosome 5, which contains significantly more

genes than expected as compared to their chromosome

length. This is mainly a result of subfamily genes with the

majority of them located in tandem locations on the distal

telomeric ends of chromosomes 5. Overall, about 30 of the

TaSOS1 genes are located to the centromeric regions of the

chromosomes, while about 70% of the genes are located to

the telomeric regions (Fig. 3). Moreover, gene location

greatly varied among subfamilies. In general, genes

belonging to smaller subfamilies tended to be located to the

centromeric regions of the chromosomes, whereas a larger

percentage of genes belonging to more expanded subfam-

ilies were located to the distal telomeric regions (Figs. 1

and 3).

The syntenic members and collinear genes in wheat were

shown in Fig. 4. The TaSOS1 genes were unevenly dis-

tributed in different chromosomes, and some chromosomes

have more TaSOS1 genes compared to others, with numbers

ranging from 1 to 10 in each chromosome. Chromosome 7

showed collinear relationship with chromosome 2, 3 and 5,

such as TraesCS7B02G475500 with TraesCS3B02G021600

and TraesCS2A02G034700. In addition, chromosome 1, 2

and 3, chromosome 4 and 5 showed collinear relationships

(e.g., TraesCS1A02G300800 with TraesCS2A02G521800

and TraesCS3A02G340500, TraesCS4B02G343000 with

TraesCS5A02G512200). The TaSOS1 genes of chromosome

6 showed no collinear relationship with other chromosomes,

suggesting that those genes are more conserved (Fig. 4).

Collinear relationship displayed the orthologues of TaSOS1,

which were consistent with phylogenetic analysis.

In silico analysis of the expression pattern

of TaSOS1 genes in response to salt stress

For analyzing the expression pattern of wheat TaSOS1

genes in response to salt stress, we took advantage of

the publicly available valuable resources. Analysis of

the RNA-Seq data (Fig. 5) revealed that, the most up-

regulated genes were TraesCSU02G072200 (5.0-times-

change), TraesCS2B02G141900 (3.8-times-change),

and TraesCS3D02G022900 (2.2-times-change). Mean-

while, the most down-regulated genes were

TraesCS1D02G039000 (2.3-times-change),

TraesCS2D02G135600 (1.6-times-change), TraesC-

S4A02G145300 (1.6-times-change). Most of the highly

up- and down-regulated genes are located to 5H (e.g.,

TraesCS5D02G039900, TraesCS5B02G031800,

TraesCS5D02G180800, TraesCS5A02G491100 and

TraesCS5A02G031700) and 7H (e.g., TraesC-

S7A02G462000, TraesCS7A02G358000, TraesC-

S7A02G397700, TraesCS7D02G364800,

TraesCS7D02G241200 and TraesCS7B02G149100).

For further analysis, genes were hierarchically clustered

according to similarity of expression patterns and then

grouped into different expression modules. The analysis

showed that genes from one subfamily could considerably

differ in their expression pattern. It is also noteworthy that

48 genes, including representatives from many different

subclades, showed no expression or only low expression

under very specific conditions during the developmental

time course (Fig. 6).

To further validate the reliability of the RNA-seq

data and the expression of DEGs of wheat seedlings

under salt stress, 18 TaSOS1 genes were selected for

expression analysis using RT-qPCR, which were con-

sistent with the RNA-Seq data (Figs. 5 and 7). Most of

the 18 genes exhibited higher expression in roots of

the seedling roots of the salt-tolerant cultivar

(T) compared to the seedling roots of the salt-sensitive

cultivar (S) (Fig. 7). Compared to S plants, expressions

of most genes in the T plants were up-regulated (e.g.,

TraesCS2B02G141900, TraesCS4D02G317500 and

TraesCS5A02G031700), while the expression of other

genes (TraesCS1B02G297700, TraesCS1B02G112700,

TraesCS1D02G418100, TraesCS1D02G093900,

TraesCS2A02G121000, TraesCS2B02G580800,

TraesCS5D02G039900) was down-regulated. The

expression of some genes (e.g., TraesCS2A02G121000,

TraesCS2B02G141900, TraesCS5A02G031700 and

TraesCS5A02G176100) was highly elevated in the salt-

tolerant (T) plants after one day of salt treatment,

suggesting that those genes play an important biolog-

ical role in plant response to salt stress at the early

stage of stress occurrence. Several TaSOS1 genes

exhibited high expression levels either after 1 and

3 days of salt treatment in the T and S plants,

respectively, indicating that the T plants might respond

faster to salt stress. Moreover, those genes may regu-

late salt stress in different cultivars.

Changes in water potential and chlorophyll

fluorescence parameters

After salt treatment, the salt-sensitive genotype

(S) seedlings showed more withered and yellow leaves

(Fig. 8a). Moreover, it differentially affected the root

growth and morphology of both the S and T seedlings.

Total root of the S seedlings was longer compared to that of

the T seedlings, but the numbers of lateral roots of the T
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seedlings was higher compared to those of S seedlings after

salt stress (Fig. 8a). Fv/Fm (optimal/maximal quantum

yield of PSII) and qP (photochemical quenching coeffi-

cient) were significantly decreased in the S seedlings

compared to the T seedlings in response to salt treatment

(p\ 0.05, Fig. 8b), suggesting that the photosynthetic

machinery performed better in the T seedlings under salt

stress. The water potential in the T seedling leaves was

higher compared to that of the S seedling leaves under salt

stress (Fig. 8c). In particular, after salt treatment, water

potentials in leaves of the T seedlings recovered much

faster to their normal levels, compared to the S seedling

leaves.

Fig. 4 Schematic diagram of the inter-chromosomal relationships of TaSOS1 genes. Red lines indicate all syntenic blocks in the wheat genome,

and blue features indicate the presence of TaSOS1 genes
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Discussions

TaSOS1 genes exhibited evolutionarily conserved

functions

TaSOS1 genes play a vital role in plants in response to salt

stress. Here, 119 wheat SOS1 identified proteins were

assigned to 3 conserved subfamilies. Overall, 82.4% of the

TaSOS1 genes could be assigned to 1:1:1 homoeologous

groups (Fig. 3) which is considerably higher than the

average homologous retention rate in wheat. Changing the

gene dosage might result in changing the stoichiometry of

the protein complexes, which might in turn result in phe-

notypic effects. Therefore, selection might act to preserve

homeologs in all sub-genomes (Schilling et al. 2020).

Besides, the conservation of major subclades, the high

retention rate of homeologs and the conserved expression

patterns emphasize the great biological importance of the

SOS1 gene family in general and of the distinct subclades

in particular.

Fig. 5 Expression profiles of TaSOS1 genes under the optimum

(control) and salt-stressed conditions using the RNA-seq data of

Amirbakhtiar et al. (2019). The heat map was constructed using MeV

software. Hierarchical clustering was carried out for the transcript

abundance under both conditions. Changes in gene expression are

shown in color as the scale
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Fig. 6 Heatmap of TaSOS1
genes expression profiles across

various wheat developmental

stages and tissues. Expression

values were downloaded for all

subfamilies using RNA-seq data

(Ramirez-Gonzalez et al. 2018)
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In Arabidopsis, six SOS genes, i.e., SOS1, SOS2, SOS3,

SOS4, SOS5 and SOS6 were identified (Yang et al. 2009).

Meanwhile, a total of 12, 9, 36, 30, 56, and 35 SOS gene

families were identified in B. juncea var. tumida (Cheng

et al. 2019), grapevine (Vitisvinifera) (Ma et al. 2019),

Amaranthus hypochondriacus, Beta vulgaris, Chenopo-

dium quinoa and Spinacia oleracea (Zhao et al. 2020),

respectively. Interestingly, a larger number of SOS gene

families in the wheat genome were identified in our study.

This is most likely because of wheat is an allotetraploid

Fig. 7 Expression analysis of

18 TaSOS1 genes in salt

sensitive Seri M82 (S) and salt

tolerant CIGM90.863 (T) wheat

cultivars under 0 (control), 1, 2

and 3 days of salt treatment.

Differences in gene expression

are indicated in color as a scale.

Data are means of three

independent replicates ± SD

Fig. 8 Evaluation of salt-sensitive (S) and salt-tolerant (T) wheat

seedling for salt stress. a Salt stress phenotypes, b Chlorophyll

fluorescence parameters, c Water potential characteristics. Data are

means of three independent replicates ± SD. Asterisks indicate

significant differences (*P\ 0.05 and **P\ 0.01)
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species resulted from the hybridization followed by gen-

ome duplication (Zhu et al. 2016). The comparable

homologous gene number in the A, B and D sub-genomes

indicate that the wheat genome experienced collinearity

gene duplication. BjSOS6-1 and BjSOS6-2 shared 88% and

87% sequence identity with AtSOS6, respectively (Cheng

et al. 2019). Surprisingly, the homologous genes of AtSOS6

seems to be lost or not duplicated in the wheat genome,

demonstrating that these homologous genes might have

functional redundancy or appears to have considerably

diverged during evolution (Fig. 1). Frequent gene losses

have been reported to occur in various plant species during

genome duplication event (Schilling et al. 2020). In Ara-

bidopsis, the expression of AtSOS1 promoter-driven GUS

was mainly observed in roots, inflorescence and leaves

(Yang et al. 2009). Our results revealed similar tissue

specific expression patterns for TaSOS1 genes in wheat

(Fig. 6), suggesting that SOS1 gene families play con-

served functions in Arabidopsis and wheat. In rice and

populus, the expression of SOS1 gene was highly induced

in roots after 15 h of salt stress treatment compared to the

untreated plants (Martinez-Atienza et al. 2007; Meng et al.

2018). Similar results were observed in our study where the

expression levels of most of analyzed TaSOS1 were sig-

nificantly induced in roots after 1 d of salt treatment

(Fig. 7). These results suggest that the functions of SOS1

genes in regulating plant response to salt stress are con-

served across different plant species.

Expression of TaSOS1 gene family under salt-

stressed conditions

The expression patterns of genes are mostly associated

with functional divergence. Although the expression pat-

terns of SOS gene families have been determined in other

species, such as Arabidopsis and Brassica (Cheng et al.

2019). To our knowledge, there are no detailed studies

about the expression of TaSOS1 genes have been reported.

Here, tissue specific expression pattern analysis results

revealed that the majority of TaSOS1 genes are expressed

in various tissues including shoots, leaves, spikes and

grains (Fig. 6). The high expression levels of some genes in

roots, shoots and leaves, emphasize the crucial roles of

TaSOS1 genes in those organs and the diverse biological

functions of different TaSOS1 genes in wheat.

The overexpression of the wheat SOS1 in Arabidopsis

exhibit improved tolerance to salt stress (Feki et al. 2014).

Similarly, the expression of several TaSOS1 genes belong to

three subfamilies (e.g., TraesCS3D02G022900,

TraesCS2B02G608300 and TraesCS3B02G021600) (Fig. 7)

was induced in response to salt stress (Fig. 1). The two

homologs TraesCS3B02G021600 and TraesCS3D02G022900

displayed a similar expression pattern which is consistent with

phylogenetic analysis and gene structure. The three homologs

TraesCS2D02G592100, TraesCS2B02G608300 and TraesC-

S2A02G580800 are RCK N-terminal domain-containing pro-

tein, which is associated with potassium efflux antiporter,

chloroplast development and drought tolerance (Sathee et al.

2015). The expression level of theTraesCS2B02G608300 gene

was elevated in the tolerant-genotype plants after 1 d of salt

treatment. Meanwhile, the expression of the TraesC-

S2A02G580800 homolog was elevated in the sensitive-geno-

type plants after 3 days of salt treatments. These findings

demonstrate that those two homologs possess different func-

tions in differentwheat genotypes.MostTaSOS1 genes showed

high expression in the tolerant-genotype plants after 1 day of

salt treatment, which might induce plant’s salt stress tolerance

(Figs. 7 and 8).

Characterization of the wheat SOS1 subfamilies

The sequenced genome and RNA-seq data of wheat pro-

vide a great opportunity for a comprehensive identification

and characterization of the SOS gene family. The main

evolutionary mechanisms of gene family are characterized

by gene duplication via whole genome duplication, trans-

position, tandem gene duplication and segmental duplica-

tion events (Song et al. 2019). Following duplication,

duplicated gene pairs have different experience, including

neo-functionalization, sub-functionalization and non-func-

tionalization. In plants, genome duplication has been

applied to test their ability to tolerate diverse environments,

including drought, salt, extreme temperatures and repro-

ductive development (Zhang et al. 2019a, b). A total of 119

putative SOS1 candidate proteins were identified and

characterized in T. aestivum. Determination of chromoso-

mal locations, gene structure and structural organization of

conserved domains of these candidate proteins provide a

detailed characterization of the SOS1 gene family in wheat.

The SOS1 gene structures of T. aestivum identified in

this study and the previously reported SOS genes in A.

thaliana and O. sativa were in uneven similar class. This

finding means that wheat, rice and Arabidopsis might have

different evolutionary patterns after divergence. Besides,

SOS1 proteins from wheat generally exhibited closer

relationships with SOS proteins from rice compared to that

from Arabidopsis, which is consistent with the current

knowledge of plant evolutionary history. Together, those

identified genes might provide reference for quantitative

trait locus mapping. Moreover, these subfamilies might

have a more recent evolution and close phylogenetic

relationships. The motif distribution of the entire family

members showed that all the subfamilies were highly

conserved, but some divergences among different sub-

families still occurred.
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Tandem duplications play a crucial role in the SOS1

family expansion in wheat, rice and Arabidopsis, whereas

segmental duplication appeared to be a major factor con-

tributing to SOS1 gene expansion under salt-stressed con-

ditions. The expansion of the SOS1 gene family varies

among different plant species.

TaSOS1 genes play important roles in alleviating salt

stress

El Mahi et al. (2019) has shown that SOS1 genes play a

pivotal role in mediating plants responses to salt stress.

However, no detailed analysis has been performed for the

SOS1 gene family in wheat, especially its expression pro-

file under salt stress. Herein, our results suggests a answer

for the question. The chromosomal locations and

collinearity indicated that segmental duplications play an

important role in the expansion of SOS1 members in wheat.

Salt stress significantly affects root growth and mor-

phology and chlorophyll fluorescence parameters of wheat

seedlings. Chlorophyll has an essential and unique role in

higher plant species (Eckhardt et al. 2004). The biosyn-

thesis and degradation of chlorophyll in higher plant spe-

cies are complex pathways that are regulated by various

endogenous and exogenous factors. Yet, Photosynthetic

pigments and photosynthesis which is a pivotal metabolic

pathway in higher plant species are major targets for salt

stress (Borsani et al. 2001). The reduction in chlorophyll

parameters in wheat seedlings in response to salt treatments

in the present study might be due to the repressive effect of

NaCl on the biosynthesis of photosynthetic pigments or

enhancing the degradation of photosynthetic apparatus

(Barakat 2011). The results are further supported by water

potential in leaves, which are coupled to the photosynthetic

parameters.

Conclusions

In total, 119 TaSOS1 proteins in wheat were indentified.

The 119 TaSOS1 genes were clustered into 3 groups. Most

of the SOS1 gene family members are closely distributed

along the chromosomes. Selected 18 TaSOS1 genes

showed elevated expression levels in roots of the salt-tol-

erant seedlings compared to the salt-sensitive seedlings.

The results of the current study should be helpful for fur-

ther understanding of TaSOS1 related to salt tolerance in

plants.
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