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Abstract
In order to better understand themolecular mechanisms associatedwith salinity tolerance, transcrip-
tome analysis of a local salt-tolerant wheat landrace (i.e. Roshan) was performed under salt stress.
Transcriptome sequencing yielded 137,508,542 clean reads using the Illumina HiSeq 2000 platform.
The results of two alignment programs, i.e. STAR and HISAT2, were used separately to perform the
analysis of differentially expressed genes (DEGs) using DESeq2. Finally, a total of 17,897 DEGs were
identified byDESeq2. Moreover, gene ontology (GO) enrichment and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses identified 108 GO terms and 62 significant
KEGG pathways, of which ‘metabolic process’ and ‘metabolic pathways’ were the most abundant
enriched term and pathway, respectively. Additionally, key salinity-tolerant genes, including aspara-
gine synthetase, were also identified in the present study. Out of 87 identified families of transcrip-
tion factors, GAI‐RGA ‐ and ‐SCR (GRAS) was one of the most important, which participates in signal
transduction, and meristem maintenance and development. Eventually, to validate the gene expres-
sion levels, six DEGs were selected for a quantitative real-time polymerase chain reaction, and the
results were in line with those of RNA-Seq. The findings of the current study can guide future genetic
and molecular studies and allow a better understanding and improvement of salt tolerance in wheat.

Keywords: Illumina HiSeq 2000, NGS (next-generation sequencing), RNA-Seq, salinity stress,
transcriptome

Introduction

In the Middle East, especially in Iran, wheat (Triticum aes-
tivum L.) is the most important food crop. However, in a
span of 30 years (i.e. 1960–1990), salt-affected lands have
increased by more than 48% (15.5–23 Mha) in Iran, and
the latest estimates indicate that this figure has reached
more than 25million hectares (FAO, 2019). It was estimated
that over 12% of irrigated agricultural land out of about 34
million ha of the cultivable area in Iran was affected by salt,

resulting in significant yield losses and total annual damage
ofmore than 1 billion USD (Qadir et al., 2008). Even though
wheat is moderately tolerant to salinity, yield losses have
been reported up to 40% (Qadir et al., 2014). Salinity refers
to the amount of accumulated and dissolved salts in soil
and water (Grattan, 2002). High salt concentrations affect
the growth and development of plants (Yadav et al.,
2019). Therefore, plants need to adapt to stress-inducing
conditions. It is becoming increasingly difficult to ignore
salinity as amajor threat to global food security, causing sig-
nificant reductions in plant productivity and wheat produc-
tion worldwide (Oyiga et al., 2018). The response of plants
to salt stress is highly complex, and it depends on plant*Corresponding author. E-mail: azadi.amin@gmail.com
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species, growth stage, salt concentration, types of ions, and
various environmental factors (Ashraf, 2004; Sairam and
Tyagi, 2004; Munns and Tester, 2008; Rao et al., 2016;
Yadav et al., 2019). These responses may include tolerance
to osmotic stress, Na+ exclusion, and tissue tolerance,
which is well demonstrated in Munns and Tester (2008).
In addition, many genes are involved in each mechanism,
some of which are identified and some still remain un-
known. In addition, by the invention of next-generation se-
quencing (NGS), sequencing can be performed faster,
cheaper, more accurately, and with much fewer limitations
than previous sequencing technologies, such as Sanger. As
a result, many new genes have been identified in different
species. Over the past decade, there have been increasing-
ly rapid advances, and more researchers are interested in
sequencing technology. NGS has been used as a highly ac-
curate and sensitive tool for determining gene expression
patterns across different studies (Cho et al., 2006; Ge
et al., 2010; Guimarães et al., 2012; Zhang et al., 2014;
Bahieldin et al., 2015; Li et al., 2016; Zhou et al., 2016;
Moazzzam Jazi et al., 2017; Wang et al., 2017; Wu et al.,
2017; Mansouri et al., 2018; Wu et al., 2019), especially in
response to abiotic stress conditions, such as salinity,
drought, cold and heat (Qin et al., 2008; Winfield et al.,
2010; Takahashi et al., 2015; Goyal et al., 2016; Wani
et al., 2018; Amirbakhtiar et al., 2019; Chaichi et al.,
2019). Moreover, this method provides an opportunity to
study the relationship between wheat varieties in different
regions and to evaluate the mechanisms associated with
the adaptability of the plants, leading to the possibility of
crop production under various environmental conditions
(Shavrukov et al., 2014). Since its appearance, this robust
technology has considerably progressed in terms of read
length and quality, speed, throughput and reduction in
time and cost (da Fonseca et al., 2016). In a recent experi-
ment focused on salt tolerance by Amirbakhtiar et al.
(2019), RNA sequencing was utilized, resulting in over
113million reads, around 104,013 genes, 5128 differentially
expressed genes (DEGs) and 227 Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways. However, our
study focused on leaf transcriptome analysis of a famous
local salt-tolerant wheat landrace (i.e. Roshan) under se-
vere prolonged stress (i.e. 250 mM of NaCl for 48 h). The
study resulted in 137.5 million clean reads, 214 KEGG path-
ways, 17,897 up-regulated and down-regulated DEGs, and
a large number of genes, enzymes and transcription factors
(TFs) involved in the response to salinity, which will be ex-
plained below.We aimed to evaluate the leaf transcriptome
of a local salt-tolerant wheat landrace (i.e. Roshan, a local
tall short-awn salt and drought-tolerant landrace) under
250 mM salt stress by applying the RNA deep sequencing
paired-end technology and poly-A capturing method for
analysing pathways to reveal potential regulatory genes
and molecular mechanisms.

Materials and methods

Plant materials and salt stress conditions

In the present study, Roshan seeds (i.e. a local salt-tolerant
wheat landrace) (Poustini and Siosemardeh, 2004; Dehdari
et al., 2005) were received from the Seed and Plant
Improvement Institute (SPII), Karaj, Iran. First, they were
germinated in Petri dishes with filter paper for 3 days,
and then, the uniform seedlings were transformed into
2-cm holes made in Styrofoam sheets, which were on the
top of pots with a diameter of 20 cm and a depth of 25 cm,
using Hoagland solution (Hoagland and Arnon, 1950). The
experiment was a completely randomized design with
three replicates. The growth conditions of the seedlings at
phytotron (BINDER: KBWF 720(E 5.2)) were as follows:
hydroponic Hoagland solution (Hoagland nutrient solution
was increased gradually to½ and full strength), 16 h of light
and 8 h of dark, at 25 and 20°C temperatures, respectively,
and with an air humidity of 60%. The pH was kept at 5.8,
and the nutrient solution was renewed daily. After 14
days, 250 mM salt (NaCl) stress was imposed for 48 h.
Finally, the total plant leaves were harvested 48 h after
salt stress treatment. The leaves collected under both con-
trol and salinity stressed conditions were immediately
transferred to liquid nitrogen, and then, they were kept in
the freezer at −80°C for further analysis.

Total RNA isolation and mRNA extraction

Total RNA was extracted from the three biological replicates
of normal and salt-stressed samples (after 48 h of exposure to
salt stress) using RNeasy Plant Mini Kit QIAGENbased on the
relevant instructions. The total RNA quality was determined
by 1.2% formaldehyde agarose gel electrophoresis and the
NanoDrop 2000c spectrophotometer. The concentration of
total RNA, 28S/18S and 23S/16S test, and RNA integrity num-
ber (RIN) of sampleswere analysedusing the RNA6000nano
Reagents kit by Agilent 2100 Bioanalyser. Finally, samples
with an OD260nm/OD280 nm ratio of *2 and a RIN >7 were
chosen for RNA sequencing. The RNA samples were then
sent to Beijing Genomics Institute (BGI), China (https://
www.bgi.com) for library construction (according to the
poly-A capturing method, i.e. the most well-known method
used for RNA sequencing, based on the identification of
poly-A tails at the 3′ end of the RNA (Guo et al., 2015))
and sequencing. The samples were sequenced using
Illumina HiSeq 2000 with a read length of 150 bp.

RNA-seq data analysis

Raw data were pre-processed (the percentages of Q20 for
all reads were more than 97%. Table 1 shows the statistical
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results after data treatment) using Trimmomatic (v0.35)
(Bolger et al., 2014) to remove very short reads and low-
quality sequences, with parameters including TRAILING:20,
MAXINFO:120:0.9 and MINLEN:120. Data quality control
was conducted using the FastQC (v0.11.5) toolkit
(Andrews, 2017). After trimming, to map the NGS reads,
clean readswere aligned against the IWGSCwheat reference
genome v1 (https://plants.ensembl.org/Triticum_aestivum/
Info/Index) using STAR v.2.5.3a (Dobin et al., 2012) and
Hisat2 v.2.1.0 (Kim et al., 2015) software applications. The
outputs generated by STAR and Hisat2 were separately
used as input for the HTSeq-count v 2.7.3 software
(Anders et al., 2015) to quantify the gene expression levels.
Differential expression analysis was performed using
DESeq2 v 1.16.1 (Love et al., 2014) as follows: the genes ob-
tained fromHisat2 and STARwere analysed separately using
the DESeq2 package. The adjusted P-value < 0.05 (false dis-
covery rate (FDR)) and fold-changes > 2(Log2

(treated/control)⩾ 1)
or−2 > fold-change > 2(−1 > Log2

(treated/control) > 1)were used
as thresholds for DEGs. Finally, DEGs identified by the two
methods (i.e. STAR + DESeq2 and Hisat2 + DESeq2) were
employed for further analysis. The NGS raw data of the pre-
sent study were submitted to SRA (sequence read achieve)
of NCBI under access number PRJNA589280 (SRR10914949,
SRR10914948, SRR10914947, SRR10914946, SRR10914945
and SRR10914944).

Functional enrichment analysis

The GO-seq R package (Young et al., 2010) was used to
classify DEGs according to gene ontology (GO) terms
based on molecular function, biological processes and cel-
lular components. A hypergeometric test was employed,
and GO terms with FDR < 0.05 were selected as significant.
The Kyoto Encyclopedia of Genes and Genomes (KEGG,
http://www.genome.jp/kegg/) was applied to perform

pathway enrichment analysis of the DEGs. The same statis-
tical test was used for KEGG pathway enrichment. We per-
formed the TF family analyses using ‘PlantTFDB 4.0’
(http://planttfdb.cbi.pku.edu.cn) (Jin et al., 2017).

Furthermore, MapMan (Version 3.6.0RC1; https://map-
man.gabipd.org/web/guest/mapman-version-3.6.0)
(Thimm et al., 2004) was employed with a P-value cut-off
of ⩽ 0.05 to investigate changes caused by salinity stress in
the pathways of the DEGs.

Validation of RNA deep sequencing data using
quantitative real-time polymerase chain reaction
(qRT-PCR)

To validate the RNA-Seq results, six DEGs were randomly
selected for qRT-PCR analysis with a Thermal Cycler®
Biorad real-time PCR Instrument (Corbbet-Rotor gene
6000) using REALQ PLUS 2X MASTER MIX SYBR Green
(AMPLIQON) according to the manufacturer’s protocol.
The qRT-PCR amplification steps included pre-
denaturation at 95°C for 30 s, followed by 35 cycles of
95°C for 5 s and 72–95°C for 30 s (TM depends on the
genes). The gene-specific primers for RT-qPCR were de-
signed using the Primer3 Plus online software
(Untergasser et al., 2007) (www.bioinformatics.nl/
primers3plus), and their sequences are presented in online
Supplementary Table S1. First-strand cDNA synthesis was
performed (1 μg of mRNA was used) using the
SINACLON kit oligo(dT)18 (SINACLON, CAT. NO:
RTS202) according to the manufacturer’s instructions.
PCR conditions included 1 μl cDNA, 5 μl REALQ PLUS 2X
MASTER MIX SYBR GREEN (AMPLIQON), 2 mM of MgCl2
and 10 μl of primer forward and primer reverse each, in a
final volume of 10 μl. Similar to previous studies
(Amirbakhtiar et al., 2019; Chaichi et al., 2019), the
actin-2 housekeeping gene was used as an internal control

Table 1. Statistical results (number of genes, raw and clean reads, bases and reads quality) after data treatment in exposure to
salinity stress in local salt-tolerant wheat landrace (Roshan)

Sample name
No. raw reads
(paired end)

No. clean reads
(paired end) No. of bases Read length (bp) Q20 (%) GC (%)

Normal I 23,061,191 23,060,971 6,918,357,300 150 97.62 57.10
Normal II 22,932,764 22,932,551 6,879,829,200 150 97.41 57.68
Normal III 23,202,265 23,202,034 6,960,679,500 150 97.39 57.47
Stress I 22,853,798 22,853,565 6,856,139,400 150 97.44 54.78
Stress II 22,789,456 22,789,255 6,836,836,800 150 97.45 55.09
Stress III 22,670,385 22,670,166 6,801,115,500 150 97.46 54.35
Genes

Expressed genes in all samples (n) 49,498
Expressed genes at least in a sample (n) 70,899
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to normalize the gene expression levels. Samples were run
in duplicate. The relative quantitative procedure (2−ΔΔCt)
(Livak and Schmittgen, 2001) was used to calculate quanti-
tative gene expression levels. The same RNA samples as
those described for sequencing were used for RT-qPCR.

Results

Data production statistics

We performed transcriptome profiling in order to investi-
gate molecular responses and identify the genes involved
in the salt stress response in the leaves of a local salt-
tolerant wheat landrace (i.e. Roshan). During the experi-
ment, 14-day-old seedlings were exposed to 250 mM of
NaCl for 48 h. Then, leaf samples were used for RNA extrac-
tion, and finally, six RNA samples were sent to BGI for high-
throughput RNA-seq. The samples were sequenced using
Illumina HiSeq 2000 with a read length of 150 bp. In
total, 137,509,859 raw reads and 137,508,542 clean reads
(*99% of the raw reads) were obtained.

All the clean reads were mapped against the Chinese
Spring reference genome IWGSC_V1. Overall, the align-
ment rate showed that on average, about 89.60 and
93.17% of clean reads were mapped to the wheat reference
genome by STAR and HISAT2, respectively (online
Supplementary Table S2). Of these, *82 and 77% were
uniquely mapped via STAR and HISAT2, respectively.
Moreover, 5.46% (HISAT2) and 7.54% (STAR) of the reads
showed multi-position matches.

Analysis of DEGs

Differential expression analysis of the transcripts was per-
formed using DESeq2 (online Supplementary Table S3).
Only significant DEGs identified by both approaches
(STAR +DESeq2 and Hisat2 + DESeq2) were subjected to
further analysis. The number of common DEGs in both ap-
proaches for up-regulated and down-regulated genes was

7871 and 10,026, respectively (online Supplementary
Table S3, Figs 1 and 2).

Identification of TFs

In the present study, a total of 1857 DEGs, including 797 and
1060 up-regulated and down-regulated genes, respectively,
representing 1.41% of the transcriptome, were classified into
87 TFs families (online Supplementary Table S4). Among
them, GRAS (269 genes or 14.48%), C2H2 (186 genes or
10.01%) and CAMTA (176 genes or 9.47%) were the most
abundant. In the present study, other large TFs families,
such as bHLH, AP2/ERF, bZIP, NAC, MYB and WRKY
were also affected by the salt stress conditions (i.e. 250mM
of NaCl). In addition, 110 bHLH protein-encoding genes
were identified, of which 37 genes were significantly up-
regulated and 73 were significantly down-regulated.

Moreover, 117, 66 and 99 DEGs, belonging to AP2/ERF,
bZIP and WRKY families, respectively, were identified in
the present study. Moreover, among the significant DEGs,
94 NAC genes were discovered, of which 61 NAC stress-
responsive genes were up-regulated and 33 were down-
regulated after exposure to salt stress. Finally, 97 wheat
MYB proteins were found to be up-regulated under salt
stress conditions.

KEGG pathway enrichment analysis

To better understand the functions of DEGs under salt
stress, pathway network analysis was conducted using
KEGG (KEGG, http://www.genome.jp/kegg/) (Kanehisa
and Goto, 2000) (Fig. 3). According to the KEGG results,
7679 genes were divided into 214 KEGG pathways (online
Supplementary Table S5), as 104 and 110 pathways be-
longed to up-regulated and down-regulated genes, re-
spectively. Out of 214 pathways, only 62 pathways
(including 5634 genes) were significant at corrected
P-value⩽ 0.05 (online Supplementary Tables S5 and S6,
and Fig. S1). The most significant pathways included

Fig. 1. DEGs (up and down regulated) between control and salt stress in bread wheat by using HISAT2 +DESeq2 and
STAR +DESeq2.
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metabolic pathways, biosynthesis of secondary metabolites,
peroxisome, fatty acid metabolism, glycerophospholipid
metabolism, carbon metabolism, glutathione metabolism
and galactose metabolism, respectively.

Overview of metabolism under salinity stress

In order to complete the analysis of genomic data and to
better understand the plant’s response to salinity stress,

metabolic pathways were analysed using MapMan 3.6.0.
According to the results presented in Fig. 4, 14,625 genes
out of 17,897 DEGs were mapped, of which 3207
genes were involved in these pathways. However,
some genes may also be mapped under multiple bincodes.
Accordingly, photosynthesis (photophosphorylation,
Calvin cycle, photorespiration), amino acid metabolism,
cell wall organization (hemicellulose), lipid metabolism
and protein homeostasis pathways have significantly
been enriched in the studied genotype. The overview of
the photosynthesis pathways revealed that genes encoding
transketolase, glycolate oxidase and ELIP LHC-related pro-
tein were the most enriched. The overview of amino acid
biosynthesis pathways indicated that genes encoding as-
partate and pyruvate (valine/leucine/isoleucine amino-
transferase) families were specifically enriched under salt
stress. Based on the cell wall organization overview, the
genes encoding mannan biosynthesis, modification and
degradation were notably enriched. The overview of lipid
metabolism pathways showed that genes encoding endo-
plasmic reticulum-plasma membrane tethering protein,
steroleosin, caleosin, obtusifoliol 14-alpha demethylase and
NAD-dependent glycerol-3-phosphate dehydrogenase
were increasingly enriched after salt exposure. Moreover,
genes associated with the proteolysis process, including
FtsH plastidial protease complexes and asparaginyl endo-
peptidase (Legumain), were significantly enriched in the
protein homeostasis overview (online Supplementary
Table S7). In addition, we found that the applied salinity
stress enriched the genes involved in hormone signalling
pathways, including ABA, IAA, Jasmonate, ethylene, BA,
GA and cytokinin (online Supplementary Table S8).
Furthermore, the regulation overview (Fig. 5) demonstrated
that genes contributing to the transcription regulation, in-
cluding the sucrose nonfermenting-1 (SNF1)-related protein
kinase (SnRK1) complex, were enriched under salinity stress
(online Supplementary Table S8).

GO enrichment analysis in DEGs

To interpret the functions of DEGs, GO enrichment analysis
was conducted using the GO-seq tool (Young et al., 2010).
Annotation of DEGs revealed a total of 226 GO terms (104
up-regulated and 122 down-regulated GO terms), of which
108 GO terms (including 3325 genes) were significant at a
P-value⩽ 0.05 (online Supplementary Table S9). Overall,
in the ‘biological process’, ‘molecular function’ and ‘cellular
component’ categories, most genes were involved in the
‘metabolic process’, ‘catalytic activity’ and ‘chloroplast’
GO groups, respectively.

Among significant GO terms, most up-regulated DEGs
were classified in several biological processes, including
‘metabolic process’ and ‘response to stress’. Interestingly,

Fig. 3. KEGG classification of identified DEGs was divided
into five main categories (cellular processes; environmental
information processing; genetic information processing;
metabolism; organismal systems) in Triticum aestivum
Landrace (Roshan) in response to salt stress conditions.

Fig. 2. Fold change distribution of RNA-Seq data Processing
and DEGs analysis.
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Fig. 4. Metabolism overview of DEGs in local salt-tolerant wheat landrace (Roshan) under salt stress using Mapman 3.6.0.
(green: up and red: down-regulated genes).

Fig. 5. Regulation overview of DEGs in local salt-tolerant wheat landrace (Roshan) under salt stress using Mapman 3.6.0. (blue:
up and red: down-regulated genes).
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the most significant enriched GO term was ‘response to
stress’ according to the over-represented FDR for up-
regulated DEGs. In addition, other biological processes,
such as ‘metal ion transport’, ‘lipid transport’ and ‘ion trans-
port’, were enriched. The significantly-enriched GO terms,
including ‘catalytic activity’ and ‘oxidoreductase activity’,
were the most abundant in the ‘molecular function’ cat-
egory, while ‘vacuolar’ and ‘vacuolar membrane’ were
the most abundant GO groups in the ‘cellular component’
category. These functions were more efficacious under salt
stress.

For down-regulated DEGs, the GO-enriched biological
processes, such as ‘metabolic process’ and ‘protein
peptidyl-prolyl isomerization’, were the most represented
groups. Moreover, GO enrichment analysis indicated that
GO terms including ‘catalytic activity’ and ‘structural con-
stituent of ribosome’ were the largest groups in the ‘mo-
lecular function’ category. In addition, several enzyme
activity-related GO terms, such as ‘monooxygenase activ-
ity’ and ‘hydrolase activity, hydrolysing O-glycosyl com-
pounds’, were also enriched in this category. In the
category of ‘cellular component’, ‘chloroplast’ and ‘cell’
were the most abundant GO terms.

Validation of DEGs using qRT-PCR

To confirm the results of RNA sequencing, a total of six
randomly-selectedgenes, i.e. pyrroline-5-carboxylate synthe-
tase (TraesCS3A02G363700), serine–threonine protein ki-
nase (TraesCS2D02G493700), aldehyde dehydrogenase
family-3 member_1, chloroplastic-like (TraesCS5B02G210100),
proline dehydrogenase_2_mitochondrial-like (TraesCS1D0
2G212400), putative calcium-binding protein_CML29
(TraesCS7B02G335200) andGDSL_esterase/lipase_At2g40250-
like (TraesCS7D02G094900) were examined for RT-qPCR
validation. The results of the qRT-PCR analysis showed that
the expression levels of the control and salt-treated samples
(up and down-regulated) were in agreement with those in
the RNA-Seq, indicating that the two results validated one an-
other (online Supplementary Fig. S2). Generally, the signifi-
cant positive correlation (R2 = 0.99) between the expression
levels of selected DEGs in qRT-PCR and the results of the
RNA sequencing analysis confirms the validity of the tran-
scriptomic profiling data.

Discussion

Several studies have investigated the transcriptomic profil-
ing of wheat under salt stress conditions imposed on the
roots (Goyal et al., 2016; Han et al., 2018; Amirbakhtiar
et al., 2019). However, to the best of our knowledge,
only a few studies have been performed on transcriptomic

profiling of wheat leaves under salt stress conditions (Luo
et al., 2019).

Assembly of raw sequence data yielded 137,508,542 clean
reads after quality filtering. DEGs analysis is a statistical ana-
lysis based on negative binomial (NB) distributions, inwhich
the expression level of a gene is determined based on the
abundance of its transcript. The results showed that the num-
ber of common DEGs in the two approaches (i.e.
STAR +DESeq2 and Hisat2 + DESeq2) was 17,897 (online
Supplementary Table S3 and Fig. 1).

Previous studies have reported a different number of sig-
nificant DEGs or differentially expressed unigenes in
wheat, e.g. 2495 (Goyal et al., 2016), 5128 (Amirbakhtiar
et al., 2019) and 4506 (Mansouri et al., 2018). Observing
a greater number of DEGs in the present study probably be-
cause of the sudden severe salt stress (online
Supplementary Table S3).

Investigating the genes associated with salt in the local
salt-tolerant wheat landrace (i.e. Roshan) using the high-
throughput NGS method in this study indicated that a por-
tion of the DEGs was engaged in the synthesis of protein
kinases, as noted by Ma et al. (2016). Protein kinase
genes that are widely present in plants play important
roles in signal transduction and the response to stress (Ma
et al., 2016; Amirbakhtiar et al., 2019; Chakradhar et al.,
2019). Key salinity-tolerant genes, such as polyamine oxi-
dase and hormone-related genes, which were previously
reported by Xiong et al. (2017), were also identified in
our findings (online Supplementary Table S3). In addition,
numerous genes have been identified in this study, some of
which may be considered as novel genes that can be impli-
cated in tolerating salinity in wheat. Asparagine synthetase
is one of the genes identified among the up-regulated
DEGs. Although it has been described as an unnecessary
amino acid in animal studies, it converts aspartate and glu-
tamine to asparagine and glutamate by consuming ATP, re-
spectively. Asparagine is found in most organs, and it is
very effective in the cellular response to stress conditions
(Lomelino et al., 2017). The expression pattern
(log2FoldChange = 7.24, Padj = 0) and the presence of
this gene in two enriched pathways (i.e. the biosynthesis
of secondary metabolites and alanine, aspartate and gluta-
mate metabolism) suggest that it may be considered as one
of the key genes for salt tolerance in wheat (online
Supplementary Table S3).

Serpins, which are involved in the proteolysis process,
have a significant effect on plant growth and development,
stress responses, and defence mechanisms against pests
and pathogens. In addition, plant serpins are more potent
inhibitors than those found in mammals (Roberts and
Hejgaard, 2008). Five serpin genes have been found to
be up-regulated in our work (online Supplementary
Table S3). Moreover, actin-depolymerizing factors are a
family of microfilament proteins, which are less frequent
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in mammalian genomes compared to plant genomes. They
are responsible for plant growth and development through
organizing filamentous actin, while theymake the plant tol-
erant or sensitive to pathogens, depending on the types of
these pathogens (Inada, 2017). We identified three up-
regulated genes, encoding actin-depolymerizing factors,
which appear to play a role in salt tolerance. Organelle div-
ision is an important process in plants, where vital com-
pounds, including dynamin-related proteins (DRPs), are
involved. Two types of these proteins, i.e. DRP3A and
DRP3B, have been implicated in the peroxisomal and mito-
chondrial division in Arabidopsis; however, DRP3A is the
main component (Aung and Hu, 2012). Based on the ob-
tained results, the DRP3 gene was involved in the enriched
pathway of amino acidmetabolism (valine, leucine and iso-
leucine biosynthesis) for up-regulated genes, which is an
essential metabolic pathway in the salinity resistance of
wheat. Mother of FT and TFL1 (MFT) proteins, encoded
by the MFT gene in wheat, takes part in different functions,
including regulating germination and seed dormancy (Xi
and Yu, 2010; Chono et al., 2015; Nakamura et al., 2015),
and it interferes with the ABA signalling pathway in
Arabidopsis (Xi and Yu, 2010). Four genes related to this
protein were observed in the results, and their expression
levels were found to be up-regulated under the applied sal-
inity stress.

GO and KEGG enrichment analyses

Approximately 30% of the significantly up-regulated DEGs
in the ‘biological processes’ category were assigned into
four function terms; namely, ‘metabolic process’, ‘response
to stress’, ‘metal ion transport’, and ‘lipid transport’ (online
Supplementary Table S9). Moreover, the GO analysis
based on three main classes of ‘molecular functions’, ‘bio-
logical processes’ and ‘cellular component’ showed that the
highest percentage of genes belonged to ‘molecular func-
tion’, while*48% of the significantly up-regulated DEGs in
this category belonged to ‘catalytic activity’ and ‘oxidore-
ductase activity’ (Ma et al., 2016; Zhang et al., 2016). The
results of the GO analysis in the present study showed
that 12 and 28 GO biological process terms were signifi-
cantly enriched in up-regulated and down-regulated
genes, respectively (online Supplementary Table S9).

The results of KEGG enrichment analysis showed that
some pathways, including ‘metabolic pathways’, ‘biosyn-
thesis of secondary metabolites’, ‘carbon metabolism’,
‘plant hormone signal transduction’ and ‘starch and sucrose
metabolism’, were the most significant pathways, which
were associated with the most DEGs (online
Supplementary Table S5). Plant hormones, known as
growth regulators, actually stimulate the physiological re-
sponse of the plants to adverse environmental conditions

and stresses, such as salinity and drought (Kaya et al.,
2009). Therefore, the plant hormone signal transduction
pathway, as a significantly enriched pathway of up-
regulated genes, can be one of the most important to en-
hance salt tolerance in wheat. Signal transduction under
stress conditions begins with understanding the signal,
then, through the second messenger, it continues with
phosphorylation of the proteins that are directly involved
in the process of cell protection or TFs that control specific
stress genes (Xiong et al., 2002). Evaluating the analyses
and their correlation with those of other studies focusing
on the transcriptome analysis of the shoot using two
resistant and susceptible wheat cultivars by Xiong et al.
(2017) showed that ‘butanoate metabolism’ was identified
as a new pathway in response to salinity stress, which was
also found in transcriptome analysis of the local
salt-tolerant wheat landrace (i.e. Roshan). In addition,
their analysis showed that some pathways, such as
‘metabolic pathways’, ‘carbon metabolism’ and ‘plant
hormone signal transduction’, were enriched. These three
pathways were significantly enriched in the present study
(online Supplementary Table S5). The last pathway was
also identified by Amirbakhtiar et al. (2019), and it seems
to have played an important role under salt stress.

Moreover, the results showed that *88% of significant
pathway genes (4963 out of 5634) were involved in metab-
olism pathways. This suggests that salt stress affects differ-
ent aspects of the plant’s metabolism, such as the
metabolism of carbohydrates, lipids, secondary metabo-
lites and amino acids. Furthermore, in the metabolism
class, different sub-categories including carbohydrate me-
tabolism (627), amino acid metabolism (251), biosynthesis
of other secondary metabolites (191), metabolism of other
amino acids (159), lipid metabolism (151), metabolism of
terpenoids and polyketides (66), energy metabolism (55),
nucleotide metabolism (48) and metabolism of cofactors
and vitamins (48) were the most abundant. The sub-
category of ‘carbohydrate metabolism’ was overrepre-
sented since several up-regulated genes, involved in ‘gal-
actose metabolism’, ‘pyruvate metabolism’, ‘starch and
sucrose metabolism’, ‘glycolysis/Gluconeogenesis’, ‘glyox-
ylate and dicarboxylate metabolism’, ‘amino sugar and nu-
cleotide sugar metabolism’, ‘ascorbate and aldarate
metabolism’, ‘pentose and glucuronate interconversions’,
‘fructose and mannose metabolism’ and ‘inositol phos-
phate metabolism’, were significantly enriched. It should
be noted that a similar conclusion was reached by Yong
et al. (2014) (online Supplementary Table S10). Overall,
these findings are in accordance with those reported by
Zhang et al. (2015).

The MapMan tool was used to enrich DEGs in the path-
ways related to salt stress conditions (Figs 4 and 5). In
photosynthesis and the Calvin cycle, the adsorption and
conversion of atmospheric carbon dioxide into biomass is
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especially important. Moreover, transketolase (TK) is one
of the enzymes that have been reported to play an effective
and key role in this mechanism (Hu et al., 2011). Although
TK is believed to be the main enzyme in the Calvin cycle, it
is also associated with the plant’s resistance to abiotic stres-
ses, including its role in cold tolerance by increasing carbon
uptake capacity, reducing oxidative damage and stabilizing
the cell structure (Bi et al., 2018). Previous studies on gly-
colate oxidase (GLO), which is known as a major enzyme
involved in the photorespiratory metabolism, have also
shown that the decreased activity of this enzyme reduces
plant growth and inhibits photosynthesis in rice (Cui
et al., 2016). Early light-inducible proteins (ELIPs), pro-
duced in the presence of light, are located in the thylakoid
membrane, and they are responsible for protecting the
plant’s photosynthetic system against various environmen-
tal stresses, while they are also known for converting
chloroplast to chromoplast (Timerbaev and Dolgov, 2019;
Lee et al., 2020). Amino acids, which are the main constitu-
ents of proteins, affect plant growth and the production of
metabolic energy (Goldfarb, 2020). As they contain nitro-
gen storage, they are essentially important in biological ac-
tivities (O’Neill and Lee, 2020). In general, free amino acids
(e.g. valine, leucine, isoleucine, etc.) are known as major
factors in protein metabolism, and their concentration is
low compared to other proteins (Christensen, 1964).
Mannan is involved in the early stages of plant growth
and seed development as a source of carbohydrates, and
it is synthesized in Arabidopsis by cellulose synthase-like
(CSL) proteins as well (Verhertbruggen et al., 2011; Wang
et al., 2012). With regard to tethering proteins and their role
in plants, several functions have been identified, including
plant growth, collaboration in plant adaptation, acting as a
connection mediator in donor and receiver membranes
and indirect response to abiotic stresses; however, some
of them are direct targets of pathogens in response to biotic
stress (Ravikumar et al., 2017). Structural proteins are par-
ticularly important for plants since they are a crucial source
of energy and carbon for seed germination and plant
growth and development. Moreover, they are also respon-
sible for stress responses, lipid metabolism and hormone
signalling. Caleosins and steroleosins belong to the group
of structural proteins. An important role of caleosins in-
volves organelle dynamics and stabilization, while stero-
leosins are involved in metabolism and signalling of
steroid hormone (Shao et al., 2019). Obtusifoliol 14-alpha
demethylase is a member of the cytochrome P450 gene
family, which catalyses the formation of steroid hormones
involved in lipid signalling in plants (O’Brien et al., 2005).
Glycerol-3-phosphate dehydrogenase (GPDH) plays an
important role in glycerolipid metabolism, plant growth
and the response to abiotic stresses. Increased levels of
GPDH accumulation in roots and early stages of Zea
mays seed growth have also been demonstrated in

response to abiotic stresses, including salinity (Zhao
et al., 2018). Asparaginyl endopeptidases (AEPs) catalyse
the biosynthesis of peptides, while they also contribute to
plant defence and grain protein storage (Jackson et al.,
2018; Du et al., 2020). Elimination of damaged proteins
and repairing plant damage, caused by exposure to light le-
vels higher than required for photosynthesis, are the func-
tions of the protein quality control mechanisms in plants
(Kato and Sakamoto, 2018). FtsH protease complexes
play crucial roles in thylakoid membrane biogenesis and
protein quality control mechanisms in photosystem II
(Kato and Sakamoto, 2018). The role of the SnRK1 subfam-
ily has been demonstrated in a number of processes, such
as regulating plant growth and development by the inter-
action between protein kinase 1 (SnRK1) and abscisic
acid (ABA); controlling metabolisms such as carbohydrate
metabolism, regulation of cellular energy (balance and
homeostasis), inhibition of energy consumption in anabol-
ic pathways, and enhanced catabolism; contributing to
stress tolerance through direct phosphorylation of metabol-
ic enzymes; and responding to stresses that deplete plant
ATP (Mohannath et al., 2014; Crepin and Rolland, 2019;
Krasnoperova et al., 2019; Belda-Palazón et al., 2020).

Transcription factors

TFs play major roles in the response to different abiotic
stresses. They are master regulators of abiotic stress re-
sponses in plants (Lindemose et al., 2013). A large number
of studies have been published on the roles of TFs families
in plant responses to different stress conditions, including
GRAS (Bolle, 2004), C2H2 zinc finger (Wang et al., 2018a,
2018b), CAMTAs (Finkler et al., 2007), basic
helix-loop-helix (bHLH) (Kim and Kim, 2006), the
APETALA2/ethylene-responsive factor, AP2/ERF (Mizoi
et al., 2012), basic leucine zipper (bZIP) (Zhu et al.,
2018), calmodulin-binding transcription activators, NAM/
ATAF1/CUC2 and NAC (Nuruzzaman et al., 2013), and
MYB (Dubos et al., 2010). These TFs families play signifi-
cant roles in translating abiotic stress signals into changes
in gene expression (Lindemose et al., 2013). A GRAS pro-
tein was the most abundant TF in the present study.
Different roles of GRAS proteins, such as plant signal trans-
duction, development (Bolle, 2004; Hirsch and Oldroyd,
2009; Sun et al., 2012), plant growth regulation, responses
to multiple stresses (Wang et al., 2018a, 2018b; Chen et al.,
2019; Wang et al., 2019; Li et al., 2020) and adaptation to
unfavourable environmental conditions (Chen et al.,
2019), have been identified. Furthermore, transcriptome
analysis of Roshan revealed 111 down-regulated and 65
up-regulated genes for the CAMTA TF family, which is
one of the fast response stress proteins (Büyük et al.,
2019). Plant CAMTAs (calmodulin-binding transcription
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activators) integrate stress and growth signals, such as in-
creased Ca2+ concentration (Finkler et al., 2007). Bailey
et al. (2003) identified 162 BHLH genes in the
Arabidopsis thaliana genome. They report that this family
is one of the largest transcription factor gene families in A.
thaliana. Another family of TF, which was identified in the
present study, was AP2/ERF. This family has four major
subfamilies (Sakuma et al., 2006), i.e. DREBs and ERFs,
which are involved in plant abiotic stress responses
(Mizoi et al., 2012); AP2, which is involved in floral organ
identity (Dinh et al., 2012), abiotic stress and plant develop-
ment; and RAV, which is involved in leaf senescence (Woo
et al., 2010) and seed germination (Feng et al., 2014). As
noted earlier, two classes of transcription factors include
basic leucine zipper (bZIP) and WRKY. The bZIP genes
act as crucial regulators in ABA-mediated stress response
in plants (Zhu et al., 2018), while the ClWRKY genes play
significant roles in the growth and development of various
tissue in Citrullus lanatus (Yang et al., 2018), signalling
pathways and regulatory networks (Chen et al., 2012)
and plant pathogen responses (Lindemose et al., 2013).
Recently, researchers have shown the effects of abiotic
stress on the WRKY TFs family. For instance, among
WRKY family members in rice, WRKY50 and WRKY72
were reported to be differentially regulated under salt stress
(Çelik et al., 2019). Moreover, 171 TaWRKY TFs were iden-
tified from the entire wheat genome, most of which were
enriched on four chromosomes, especially on chromo-
some 3B (Ning et al., 2017). Another TF family identified
in the present study was NAC. NAC proteins play important
roles in development, abiotic and biotic stress responses
and biosynthesis (Welner et al., 2016).

DEGs involved in transportation

Based on many studies, different kinds of genes are in-
volved in the response to salt stress. The analysis showed
that there were 615 significant DEGs (including up-
regulated and down-regulated genes) involved in different
transportation mechanisms. The plasma membrane Na+/
H+ antiporter (also called exchanger) Salt Overly
Sensitive1 (SOS1) plays a major role by controlling Na+

homeostasis, and possibly contributing to the sensing of so-
dicity stress (EL Mahi et al., 2019). In the present study, this
gene was identified among the significant up-regulated
DEGs. Another plasmamembrane transporter for removing
calcium (Ca2+) from the cell is calcium-transporting
ATPases. In the present study, 13 DEGs for calcium-
transporting ATPases, including 12 up-regulated and 1
down-regulated genes, were detected. We also identified
other significant DEGs involved in cell transportation,
such as the ABC transporter (115 DEGs including 68 up
and 47 down-regulated),HKT genes, potassium transporter

10-like, sucrose transporter, cation-chloride cotransporter,
cationic amino acid transporter, phospholipid-transporting
ATPase, probable copper-transporting ATPase, manga-
nese-transporting ATPase, putative inactive cadmium/
zinc-transporting ATPase, copper-transporting ATPase,
chloroplastic-like, Annexin (10 DEGs including 4 up and
6 down-regulated), and many others. The most significant
up-regulated DEGs (TraesCS3A02G217900) with padj =
7.42 × 10−106 belonged to the ABC transporter family
members. In the case of Na+ transporter genes, nine
HKT genes (i.e. HKT1, HKT2, HKT4, HKT7 and HKT8)
were identified in the local salt-tolerant wheat landrace
(i.e. Roshan), of which HKT8 was the most significant
up-regulated DEG (online Supplementary Table S11).

DEGs related to the synthesis of late
embryogenesis-abundant (LEA) and heat-shock
proteins (Hsps)

Another important gene family involved in the reduction of
salinity stress includes the LEA proteins. Liu et al. (2019)
identified a total of 179 LEA genes in T. aestivum under dif-
ferent abiotic stresses. Comparing DEGs in the present
study with the NCBI databases and the previously pub-
lished report (Liu et al., 2019) led to the identification of
99 LEA genes (online Supplementary Table S12).
Moreover, we discovered 51 Hsp genes (35 up and 16
down-regulated), including Hsp40, Hsp70, Hsp90 and
Hsp101, under salinity stress in wheat (online
Supplementary Table S13). Several studies have investi-
gated the effects of abiotic stress on the synthesis of LEA
and Hsps proteins (Wang et al., 2004; Al-Whaibi, 2011;
Afzal et al., 2016; Liu et al., 2019).

Conclusion

In conclusion, the leaf transcriptome analysis of an Iranian
local salt-tolerant wheat landrace (i.e. Roshan) indicates
that different genes and pathways are involved in achieving
tolerance against salt stress. Our findings will enrich exist-
ing genomic resources and provide incentives for research
into improving salinity tolerance in important wheat spe-
cies. In addition to being helpful in genomic analysis, the
data generated by our study can be effective in identifying
genes and analysing their expression, as well as initiating
functional and comparative genomic studies. These results
will also be a rich and valuable resource for further analysis
of salt tolerance and breeding wheat cultivars through the
use of genes related to salt stress.
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