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Unraveling wheat’s response to salt stress
during early growth stages through
transcriptomic analysis and co-expression
network profiling
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Abstract

Background Soil salinization is one of the vital factors threatening the world’s food security. To reveal the biological
mechanism of response to salt stress in wheat, this study was conducted to resolve the transcription level difference
to salt stress between CM6005 (salt-tolerant) and KN9204 (salt-sensitive) at the germination and seedling stage.

Results To investigate the molecular mechanism underlying salt tolerance in wheat, we conducted comprehensive
transcriptome analyses at the seedling and germination stages. Two wheat cultivars, CM6005 (salt-tolerant)

and KN9204 (salt-sensitive) were subjected to salt treatment, resulting in a total of 24 transcriptomes. Through
expression-network analysis, we identified 17 modules, 16 and 13 of which highly correlate with salt tolerance-related
phenotypes in the germination and seedling stages, respectively. Moreover, we identified candidate Hub genes
associated with specific modules and explored their regulatory relationships using co-expression data. Enrichment
analysis revealed specific enrichment of gibberellin-related terms and pathways in CM6005, highlighting the potential
importance of gibberellin regulation in enhancing salt tolerance. In contrast, KN9204 exhibited specific enrichment

in glutathione-related terms and activities, suggesting the involvement of glutathione-mediated antioxidant
mechanisms in conferring resistance to salt stress. Additionally, glucose transport was found to be a fundamental
mechanism for salt tolerance during wheat seedling and germination stages, indicating its potential universality

in wheat. Wheat plants improve their resilience and productivity by utilizing adaptive mechanisms like adjusting
osmoatic balance, bolstering antioxidant defenses, accumulating compatible solutes, altering root morphology, and
regulating hormones, enabling them to better withstand extended periods of salt stress.

Conclusion Through utilizing transcriptome-level analysis employing WGCNA, we have revealed a potential
regulatory mechanism that governs the response to salt stress and recovery in wheat cultivars. Furthermore, we
have identified key candidate central genes that play a crucial role in this mechanism. These central genes are likely
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to be vital components within the gene expression network associated with salt tolerance. The findings of this study
strongly support the molecular breeding of salt-tolerant wheat, particularly by utilizing the genetic advancements

based on CM6005 and KN9204.

Keywords Wheat, Salt stress, RNAseq, Co-expression network

Introduction

Wheat (Triticum aestivum L.) is a significant staple crop,
and its production significantly impacts global food secu-
rity. The global extent of saline soil covers approximately
9.54 million hectares [1]. With the shortage of water
resources and the increasing severity of soil salinization,
wheat production faces severe drought and salt stresses,
which restricts grain yields. Soil salinization can cause
severe infiltration rib, persecution, and ionized toxicity
to plants. Salt stress is usually caused by the high neutral
salt content such as NaCl and Na,SO,, and NaCl is the
leading cause of natural saline lands. On the one hand,
the high salt concentration of soil causes serious infiltra-
tion ribs to plants, resulting in difficulties in root water
absorption and leaf water loss, and subsequently the
decline of cell turgor pressure, and death of cells, tissues,
and even the whole plants [2]. Large amounts of Na*
destroy the ion balance inside plants, causing ion toxicity
to plants. Excessive Na* also destroys the plant’s photo-
synthetic system, inhibits root growth, reduces biomass,
and finally causes leaf drying [3, 4]. It is found that the
number of tillers and spikelets and the weight of straw
and grain were all drastically reduced in compact saline
treatment [5]. Therefore, breeding for salt-tolerant wheat
cultivars has great significance in guaranteeing food
security in front of soil salinization.

Although we have made progress in understanding
the factors determining wheat salt tolerance, the genetic
basis is still unclear. Previous studies have identified
many quantitative trait loci (QTLs) for salt tolerance
[6-8]. Some reported QTLs on chromosomes 3B, 5B, and
5D were found to co-localize with the QTLs detected in
a recent study indicating the stable effects of these loci in
salt tolerance [9-12]. However, genetic studies based on
QTLs are often limited by genetic backgrounds and low
resolution of gene detection. In addition, salt tolerance is
an extremely complex biological trait and is genetically
regulated by multiple genes associated with ion trans-
port, osmotic regulation, antioxidation, and signaling
transduction [13-16]. Salt tolerance breeding requires a
holistic understanding of gene regulatory networks and
salt tolerance phenotypes in crops. High-throughput
transcriptome analysis provides an effective insight into
the pathways related to salt tolerance and their underly-
ing mechanisms.

Wheat grain yield is significantly limited by soil salin-
ity, a critical constraint that intensifies due to factors
like global climate change, seawater intrusion, and

urbanization [17]. Recently, studies on plant resistance
have combined transcriptome and metabolome profiling.
Wheat has investigated responses to salt stress and phos-
phorus deficiency using transcriptomic profiling [17-
21]. However, some studies have used transcriptomic
and metabolomic profiling techniques to investigate the
mechanisms underlying wheat’s ability to withstand salt
stress. Recently, some studies combined transcriptome
and metabolome analyses to investigate how plants react
to abiotic stress [18-20].

In this study, we used Kenong9204 (KN9204) and
Cangmai6005 (CM6005) to study salt tolerance, of which
KN9204 has a diverse genetic basis, high yield potential,
and high nitrogen use efficiency. It is widely used as a
promising parent in wheat breeding [22, 23]. Although
KN9204 is widely used as a promising parent in breed-
ing, it is sensitive to salt tolerance. CM6005 has better
environmental adaption such as drought resistance, salt
tolerance, and stable yield. This study aims at mining salt
tolerance-related gene regulatory networks by comparing
differences between the two wheat cultivars in transcrip-
tion levels. The results of this study will help to reveal the
functional regulation of salt tolerance of CM6005 and
provide the genetic basis and potential valuable loci for
wheat improvement.

Materials and methods

Variety source and phenotype mensuration

Two wheat cultivars were sourced: the salt-resistant vari-
ety CM6005 from the Cangzhou Academy of Agriculture
and Forestry Sciences (CAAFS) and the salt-sensitive
KN9204 from the Hebei Key Laboratory of Crop Salt-
Alkali Tolerance Evaluation and Genetic Improvement,
China. The study was carried out in CAAFS’s artificial
climate chamber. Two types of soils were used for the
experiment: a control soil with a 0.1% salt concentration
and a treated soil with a 0.5% salt concentration. Before
potting, these soils were aerated, crushed, and uniformly
mixed. The soils were then placed into pots measuring
18 cm in length, 11 cm in width, and 6 cm in height, with
each pot containing 400 g of soil. Table 1 provides details
about the physical and chemical characteristics of these
experimental soils. Each treatment was replicated three
times, as detailed in Table S1.

Leaves were collected for RNA-seq analysis at two-
time intervals, 7 and 14 days after treatment (dat), cor-
responding to the germination stage and the seedling
stage, respectively. At the 7-day mark, seven parameters
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Table 1 Physicochemical properties of the test soil

Index control s0il(0.1%) salt s0il(0.5%)
total salt content(gkg™") 1.1210+0.0283 4.4940+0.7947
pH 8.2060+0.0456 8.1280+0.0700
CO5> +HCO; (gkg™ ) 0.2180+00116 0.1660+0.0169
Na*(gkg™ 0.1880+0.0058 1.2580+0.1421
Cl*(gkg™) 0.0820+00116 1.3580+0.1020
Mg®*(gkg™") 0.0220+0.0073 0.1360+0.0614
K'(gkg™") 0.0072+0.0024 0.0087+0.0010
Ca’t(gkg™) 0.0718+0.0035 0.1625+0.0394
50,2 (gkg™") 0.5120+0.0185 1.3660+0.2991
Si0, " (gkg™") 0.0320+0.0020 0.0280+0.0020

associated with salt tolerance were evaluated, including
the germination rate, seedling length, number of roots,
length of the main root, fresh weight of the shoot, fresh
weight of the root, and root-crown ratio. At the 14-day
mark, eight different parameters were assessed, such as
the growth in height, growth in root length, fresh and dry
weights of the above-ground part, as well as the fresh and
dry weights of the underground part.

Biochemical analysis

All the biochemical indices within the leaves were mea-
sured using commercial enzyme-linked immunosorbent
assay (ELISA- Table S9) kits, following the instructions
provided by the manufacturer (MEIMIAN, Jiangsu,
China).

Sequencing sample preparation and mRNA library
construction

Leaf-derived total RNA from both control and experi-
mental sets were meticulously isolated employing the
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). This
was followed by a rigorous DNase I treatment (QIA-
GEN, Shanghai, China) to obliterate any contaminating
genomic DNA. The integrity of the RNA, indicative of
degradation and contamination, was assiduously ascer-
tained on 1% agarose gels. Thereafter, the RNA’s fidel-
ity was gauged via the 2100 Bioanalyzer (Agilent,), and
its concentration was quantified utilizing the ND-2000
(NanoDrop Technologies Inc., Wilmington, DE, USA).
An aliquot of 1 pg RNA from each specimen was ear-
marked as the input material. Only RNA specimens of
impeccable quality (as characterized by OD260/280
values between 1.8 and 2.2, OD260/230 values equal
to or above 2.0, RIN values equal to or above 6.5, and a
28 S:18 S ratio equal to or above 1.0) were harnessed for
the generation of sequencing libraries. Transcriptome
libraries for RNA-seq were meticulously constructed by
the protocols delineated in the TruSeq™ RNA Sample
Preparation Kit from Illumina (San Diego, CA, USA).
In the initial phase, messenger RNA (mRNA) was dili-
gently isolated employing the polyA selection approach,
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facilitated by oligo (CM6005) beads, followed by targeted
fragmentation utilizing a specialized fragmentation buf-
fer. Subsequently, double-stranded complementary DNA
(cDNA) was synthesized by harnessing the capabili-
ties of the SuperScript Double-Stranded cDNA Synthe-
sis Kit (Invitrogen, city, CA, USA), in conjunction with
random hexamer primers. The synthesized cDNA was
then adeptly subjected to a series of intricate molecu-
lar procedures, including end-repair, phosphorylation,
and the addition of an adenine (‘A’) base, all scrupu-
lously executed in alignment with Illumina’s proprietary
library construction guidelines. The libraries were fur-
ther refined through a meticulous size-selection pro-
cess, targeting cDNA fragments of approximately 300 bp
in length, achieved through the use of 2% Low Range
Ultra Agarose. This was succeeded by a PCR amplifica-
tion phase, deploying Phusion DNA polymerase (NEB,
Typically used at a concentration of 0.025 to 0.075 units/
ul), extending through 15 precise PCR cycles. Following
rigorous quantification via the TBS380 instrument, the
final paired-end RNA-seq libraries were prepared for
sequencing, culminating in a sophisticated sequencing
run on the Illumina NovaSeq 6000 sequencer, achieving
an in-depth read (length of 2x150 bp).

Identification of different expression genes and function
enrichment analysis

The initial paired-end raw reads were systematically
trimmed and subjected to rigorous quality control
employing the fastp tool (Version 0.19.5, https://github.
com/OpenGene/fastp) [24], utilizing the default parame-
ters. Subsequently, the resulting high-quality, clean reads
were independently aligned to the reference genome,
with precise orientation, utilizing the HISAT?2 software
(Version 2.1.0, http://ccb.jhu.edu/software/hisat2/index.
shtml) [25]. Transcripts’ expression levels were compre-
hensively computed by the transcripts per million reads
(TPM) metric, and RSEM software (Version 1.3.1, http://
deweylab.biostat.wisc.edu/rsem/) [26] was used to quan-
tify gene abundances.

Simultaneously, raw data were subjected to an initial
processing phase through the employment of SeqPrepl
and Sickle2, utilizing default parameters. Following the
methodical trimming of adapter sequences, excision
of low-quality bases, and filtration of short reads, the
remaining clean reads were independently aligned to
the reference genome of Triticum aestivum (Triticum_
aestivum:https://plants.ensembl.org/Triticum_aesti-
vum/Info/Index), adhering to the orientation mode with
HISAT?2 software. The alignment criteria were stringently
defined: sequencing reads must uniquely correspond to
the genome, with an allowance for up to 2 mismatches,
while precluding any insertions or deletions. Concur-
rently, the clean data were scrutinized for Q20, Q30,
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GC-content, and sequence duplication levels. These
refined, high-integrity reads were then earmarked for
successive analyses. Finally, each transcript’s gene expres-
sion level was meticulously calculated by the fragments
per kilobase of the exon model per million mapped reads
(FPKM) protocol, an approach that takes into account
both the read count mapped to the given transcript and
its length.

To identify differentially expressed genes (DEGs) under
various experimental conditions, specifically compari-
sons between CM6005 vs. KN9204 and control vs. salt
treatment, we first constructed a statistical model based
on observed gene counts. Leveraging the Bayes theorem,
we ascertained the p-value signifying the intergroup dis-
parity for each gene, utilizing the sophisticated DESeq2
package (an empirical framework for digital gene expres-
sion analysis in R) [27]. Genes meeting the rigorous cri-
teria of a p-value (FDR) less than 0.05 and an absolute
fold change (FC) of at least 2 were classified as DEGs.
After this, an in-depth Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment assessment of the identified DEGs was exe-
cuted using the advanced ClusterProfiler software pack-
age [28].

Utilizing co-expression network analysis to establish
modules

To delve deeper into the identification of DEGs asso-
ciated with salt tolerance-associated phenotypes, we
employed the advanced analytical capabilities of the
WGCNA software package to architect co-expression
networks. By rigorously assessing both the indepen-
dence and the mean connectivity degrees across distinct
modules with varying power values, we ascertained the
optimal power value. Modules were discerned using the
intrinsic network construction function of the WGCNA
software package [29], leveraging default parameters.
Genes exhibiting maximal intra-modular connectiv-
ity are categorically designated as hub genes. To achieve
a nuanced understanding of the architecture, we pin-
pointed the paramount 10 hub genes for every mod-
ule, harnessing the analytical prowess of ClusterONE
within the Cytoscape software framework [30, 31]. This
methodical approach underpins a sophisticated analysis,
elucidating the intricate dynamics and pivotal genes gov-
erning salt tolerance in the studied organisms.

gRT-PCR analysis

To validate our findings, we meticulously selected ten
prominently expressed hub genes for quantitative real-
time PCR (qRT-PCR) analysis. Total RNA isolated from
wheat specimens was subsequently reverse-transcribed
to yield the first-strand cDNA using a premier reverse
transcription kit optimized for real-time PCR (TaKaRa).
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The requisite primers, synthesized by the reputable
Majorbio (Shanghai, China), are delineated in Supple-
mentary Table S2 (Additional file 1). qRT-PCR assays
were adeptly executed employing the state-of-the-art
Step One qTOWER 2.0/2.2 Quantitative Real-Time PCR
Thermal Cyclers from Analytik Jena, Germany. Fur-
ther refining our procedure, we utilized the SCILOGEX
D3024R High-Speed Refrigerated Micro-Centrifuge
from the USA, Scandropl00, and pipettes with volumes
of 10uL, 100pL, and 1000puL sourced from Bio-rad, To
ensure homogeneity, we centrifuged the reaction mix-
tures at 6,000 rpm for a duration of 1 min, allowing all
components to settle at the bottom of the tubes. Our
qRT-PCR thermal profile encompassed an initial dena-
turation at 95 °C for 3 min, followed by 39 amplification
cycles of 95 °C for 10 s and 60 °C for 30 s. Post-amplifi-
cation, melt curve analysis was performed, incrementally
raising the temperature from 60 to 95 °C with a ramp rate
of +1 °C per cycle, while sustaining each temperature for
4 s. we conducted three technical replicates for the qRT-
PCR analysis.

For quantifying relative gene expression, one par-
ticular sample was designated as the reference, with the
housekeeping gene GAPDH employed as an internal
normalization control. Utilizing the 2-AACt methodol-
ogy [32], relative gene expression values were deduced
based on the dataset from a single biological replicate
for every treatment (as detailed in Additional file 2).
Notably, the advanced qPCRsoft3.2 software (2.0.0.3/
https://www.bio-rad.com/en-us/category/real-time-pcr-
systems?ID=059db09c-88a4-44ad-99{8-78635d8d54db)
provides an automated avenue for the computation of
relative gene expression.

Results

Phenotypic differences between CM6005 and KN9204 in
the salt-treated condition

Under the salt-treated (0.5% total salt content) condition,
CM6005 showed stronger growth potential than KN9204.
However, the root development of CM6005 appeared to
be more sensitive to salt treatment (Fig. 1A). To further
dissect the phenotypic characteristics of different vari-
eties under treatment, we detected multiple phenotypes
related to salt tolerance (Fig. 1B). By comparing pheno-
typic changes seedling length, main root length, seedling
fresh weight, root fresh weight, root length, and fresh
weight underground were significantly different between
the salt treatment and the control, with an increase in
fresh weight underground and a decrease in other param-
eters under the salt treatment. This result illustrates the
consistent effect of the salt treatment on both varieties.
Notably, the percentage of germination, root length, and
dry weight above ground significantly reduced under the
salt-treatment condition only in CM6005. The height
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and fresh weight of the above-ground part were signifi-
cantly reduced under the salt-treatment condition only in
KN9204, which illustrates the specificity effect of the salt
treatment on different varieties.

Differences in the transcript level between control and salt
treatmentat7and 14d

Owing to early salt tolerance in wheat being affected
by seedling and germination stage, we separately deter-
mined the transcriptomes of CM6005 and KN9204 under
control and salt treatment to reveal the biological basis
of differences related to salt tolerance between the two
varieties. We extracted the first three principal compo-
nents through principal component analysis (PCA) to
distinguish the difference between sample groups. The
corresponding results showed that CM6005 vs. KN9024,
germination stage vs. seedling stage, and control vs. salt
treatment were markedly distinguished (Fig. 2, Table
S3), which indicated that global transcriptional levels
of sample groups had marked differences and samples
within the same group had excellent repeatability. We

detected DEGs between the control and the salt treat-
ment in CM6005 and KN9204 (Fig. 3, Table S4). Whether
CM6005 or KN9204, the number of DEGs at the germi-
nation stage was markedly more than that of the seed-
ling stage, which indicates that the germination stage is
more sensitive to salt stress. These DEGs were divided
into three categories, variety-specific DEGs, common
DEGs, and opposite-trend DEGs. At the germination
stage, there were 1851 genes specifically down-regulated
and 1055 genes specifically up-regulated in CM6005
under the salt-treated condition (Fig. 3, Table S4). There
were 8793 genes specifically down-regulated and 5022
genes specifically up-regulated in KN9204 under the salt-
treated condition. Meanwhile, 5244 genes were signifi-
cantly down-regulated in both CM6005 and KN9204, and
1022 genes were significantly up-regulated in both vari-
eties. Furthermore, 74 DEGs showed opposite trends in
both varieties, where 42 genes were significantly down-
regulated in KN9204 and up-regulated in CM6005, and
32 genes were significantly down-regulated in CM6005
and up-regulated in KN9204.
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Fig. 2 Three-dimensional plot of principal component analysis for wide genomic gene expression

At the seedling stage, there were 593 genes specifically
down-regulated and 231 up-regulated in CM6005 under
the salt-treated condition (Fig. 3, Table S4). Meanwhile,
220 genes were specifically down-regulated and 269
genes were specifically up-regulated in KN9204 under
the salt-treated condition. Twenty-four genes were sig-
nificantly down-regulated and 31 genes were significantly
up-regulated in both varieties. Furthermore, 3 DEGs
showed opposite trends in both varieties.

Differences in the transcript levels between CM6005 and
KN9204

The difference in salt tolerance between CM6005 and
KN9204 was reflected not only in DEGs between con-
trol and salt treatment but also in the relative change of
DEGs between the two cultivars under different condi-
tions. One of the situations was that DEGs associated
with the difference in salt tolerance between CM6005
and KN9204 could be detected under only one condition,
either control or salt treatment, which can be defined
as DEGs based on relative changes. Another situation
was that DEGs between CM6005 and KN9204 could be
detected under both control and salt treatment, but the
direction of DEGs changed was reversed, which can be
defined as DEGs with opposite trends. Therefore, we
detected DEGs between CM6005 and KN9204 under
different conditions (Fig. 3, Table S4). The DEGs asso-
ciated with salt tolerance at the germination stage were
more than those at the seeding stage, which also indi-
cates that the germination stage was more sensitive to

salt stress. At the seedling stage, DEGs between control
and salt treatment were less than DEGs based on rela-
tive changes, which indicates that the relative changes
of DEGs between CM6005 and KN9204 under different
conditions were the major factor related to salt tolerance.

At the germination stage, the expression levels of 3183
genes in CM6005 were significantly higher than those in
KN9204 under the control condition, but there was no
significant difference under salt treatment. Contrarily,
the expression levels of 2101 genes in CM6005 were sig-
nificantly higher than those in KN9204 under the salt-
treated condition, but there was no significant difference
under the control condition. Similarly, there were 6040
genes under the control condition with lower expression
in CM6005 than those in KN9204 but were not signifi-
cant under the salt-treated condition. Correspondingly,
there were 2087 genes with lower expression in CM6005
than those in KN9204 under the salt-treated condition
but were not significant under the control condition.
Moreover, the expression levels of 150 genes in CM6005
were significantly higher than those in KN9204 under the
salt-treated condition. Under the control condition, their
expression levels were significantly lower than those in
KN9204. Contrarily, the expression levels of 74 genes in
CM6005 were significantly lower than those in KN9204
under the salt-treated condition but significantly higher
than those in KN9204 under the control condition.

At the seedling stage, there were expression levels of
1263 genes in CM6005 were significantly higher than
those in KN9204 under the control condition, but there
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was no significant difference under salt treatment. In
addition, there were expression levels of 3311 genes in
CM6005 were significantly higher than those in KN9204
under the salt-treated condition, but there was no sig-
nificant difference under the control condition. Similarly,
there were 1072 genes under the control condition with
lower expression in CM6005 than those in KN9204 and
not significant under the salt-treated condition. Under
the salt-treated condition, there were 2380 genes with
lower expression in CM6005 than in those in KN9204,
but not significantly under the control condition. Fur-
thermore, the expression levels of two genes in CM6005
were significantly higher than those in KN9204 under the
salt-treated condition but significantly lower under the
control condition. In contrast, the expression levels of 7
genes in CM6005 were significantly lower than those in

KN9204 under the salt-treated condition but significantly
higher than KN9204 under the control condition.

Function categories and pathways related to salt tolerance
at germination and seedling stages
Based on the different analyses of the transcriptional
level, we divided all DEGs into five categories: com-
mon DEGs, specific DEGs to CM6005, specific DEGs
to KN9204, DEGs based on relative changes, and DEGs
with opposite trends. These DEGs reflected the biological
basis of salt tolerance in different viewpoints, where com-
mon DEGs reflected consistent features of salt tolerance
in CM6005 and KN9204 and the other DEGs reflected
specific features in one of the varieties.

To reveal the functional category and pathway related
to salt tolerance at the germination and seedling stages,
we performed an enrichment analysis of DEGs (Fig. 4,
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Fig. 4 (a) Comparison of biological process (A), cellular component (B), and molecular function (C) terms among different type DEGs at the germination
stage; (b) Comparison of biological process (A), cellular component (B), and molecular function (C) terms among different DEGs at the seedling stage; (c)
Comparison of KEGG pathway among different types DEGs at germination (A) and seedling (B) stage

Table S5). At the germination stage, these DEGs were cellular component. Based on the common DEGs, we
mainly related to biological processes, followed by enriched oxylipin biosynthetic process (GO:0031408),
molecular functions. Only the specific DEGs in KN9204  glucose transmembrane transport (GO:1,904,659), higher
and the DGEs with opposite trends were related to the hydroperoxide dehydratase activity (GO:0047987),
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Fig. 5 Weighted correlation network analysis for different expression genes. A Difference of metabolons related to salt tolerance at germination and
seedling stage. B The correlation between phenotypes and gene modules at the germination stage. C The correlation between phenotypes and hub
genes at the germination stage. D The correlation between phenotypes and gene modules at the seedling stage. E The correlation between phenotypes

and hub genes at the seedling stage. ¥, P<0.05; **, P<0.001; ***, P<0.0001

response to wounding (GO:0009611), and amino
acid transmembrane transport (GO:0003333), which
indicated that these terms were common features of
CM6005 and KN9024 under salt treatment. The salt
tolerance of CM6005 was specifically associated with
skotomorphogenesis (GO:0009647), response to heat
(GO:0009408), and stem vascular tissue pattern for-
mation (G0:0010222). However, the salt tolerance of
KN9204 was specifically associated with the toxin cata-
bolic process (GO:0009407), response to light stimu-
lus (GO:0009416), and xyloglucan metabolic process

(GO:0010411). Distinctly, the terms enriched by spe-
cific DEGs had a marked difference between CM6005
and KN9024. According to the DEGs based on relative
changes and those with opposite trends, other terms
were detected, such as response to stress (GO:0006950),
protein disulfide oxidoreductase activity (GO:0015035),
etc., by which functional categories associated with salt
tolerance were ambiguity.

At the seedling stage, the terms enriched were different
from those at the germination stage, and only some of the
terms were repeated (Fig. 4, Table S5), for example, such
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as response to wounding (GO:0009611), response to heat
(GO:0009408), response to water (GO:0009415), and
stress response (GO:0006950). Based on the common
DEGs, we enriched cell wall biogenesis (GO:0051260),
photosystem II repair (GO:0010206), and trehalose-
phosphatase activity(GO:0004805). The salt tolerance of
CM6005 was specifically associated with the regulation
of response to stimulus (GO:0009061), gibberellin meta-
bolic process (GO:0009685), and polysaccharide biosyn-
thetic process. However, the salt tolerance of KN9204
was specifically associated with protein disulfide oxido-
reductase activity (GO:0015035), cell redox homeostasis
(GO:0045454), and glyoxysome (GO:0009514). Accord-
ing to the DEGs based on relative changes and those
with opposite trends, other terms associated with salt
tolerance at the seedling stage were detected, including
fatty acid biosynthetic process (GO:0006633), photosys-
tem I (GO:0009522), and glutathione metabolic process
(GO:0006749). These results indicated that the salt tol-
erance at the germination and seedling stages was asso-
ciated with not only different biological terms but also
common terms. These different biological terms indi-
cated the differences in salt tolerance across the germina-
tion and seedling stages. While commons terms revealed
a more general biological basis of salt tolerance.

We identified function pathways associated with salt
tolerance (Fig. 4, Table S6). At the germination stage,
phenylalanine metabolism (ko00360), alpha-Linolenic
acid metabolism (ko00592), and arginine and proline
metabolism (ko00330) were commonly detected as bio-
logical pathways associated with salt tolerance. The circa-
dian rhythm (ko04712) was a specific functional pathway
of CM6005 at the germination stage. The photosynthe-
sis-antenna proteins (ko00196), porphyrin and chloro-
phyll metabolism (ko00860), carotenoid biosynthesis
(ko00906), glycerophospholipid metabolism (ko00564),
and flavone and flavonol biosynthesis (ko00944) were
specific functional pathways of KN9024 at the germina-
tion stage. At the seedling stage, the functional pathways
enriched were less than those at the germination stage.
Most pathways were detected by the DEGs based on rela-
tive changes. Phenylalanine metabolism (ko00360) was
repeatedly detected by multiple types of DEGs. Glyoxyl-
ate and dicarboxylate metabolism (ko00630) was the spe-
cific functional pathway of KN9024. These results further
illustrated that the germination stage was more impor-
tant than the seedling stage for salt tolerance.

Screening of co-expression modules associated with salt
tolerance

To further reveal the relationship between DEGs and salt
tolerance, we filtered six important metabolons related
to salt tolerance, including GSR, APX, ETH, AA, NAD,
and total protein. At the germination stage, AA and NAD
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showed a significant difference between the control and
the salt treatment in KN9204 and CM6005, respectively.
At the seedling stage, GSR, APX, ETH, and total protein
showed a significant difference between control and salt
treatment in KN9204 (Fig. 9A, Table S6).

Based on the expression levels of common DEGs,
specific DEGs in CM6005, specific DEGs in KN9204,
DEGs based on relative changes, and DEGs with oppo-
site trends, we constructed a correlation matrix and
identified software threshold for germination and seed-
ling stages. Using hierarchical clustering, we divided the
DEGs into multiple co-expression modules, of which the
expression patterns were different. Further, we calcu-
lated Pearson correlation coefficients between modules
and phenotypes to identify modules associated with salt
tolerance. At the germination stage, 16 co-expression
modules were identified (Fig. 9B), where MEmagenta,
MEcyan, and MEsalmon modules were significantly
associated with salt tolerance phenotypes. MEmagenta
was associated with GSR (r=0.64, P=0.025). MEcyan-
was associated with germination length and germina-
tion fresh weight (r=0.61, P=0.037 and r=0.69, P=0.014,
respectively). MEsalmon was associated with a root-
shoot ratio (r=0.71, P=0.009). These results indicate that
the DEGs in these modules influence salt tolerance by
acting on these corresponding phenotypes.

At the seedling stage, 13 co-expression modules were
identified (Fig. 9D, Table S6). MEpink, MEgreen, MEpur-
ple, and MEmagenta(seedling) were significantly associ-
ated with phenotypes related to salt tolerance. MEplink
was associated with AA and dry weight above ground
(r=0.78, P=0.003 and r = -0.74, P=0.006, respectively).
MEgreen was associated with dry weight underground
(r=0.59, P=0.04). MEpurple and MEmagenta (seedling)
were associated with height growth (r=0.72, P=0.008
and r=0.67, P=0.002, respectively).

Identification of hub genes associated with salt tolerance

To excavate hub genes, we constructed a co-expression
network for each associated module. Moreover, we cal-
culated the connectivity degree of each gene in the
modules, where the top ten genes with the highest con-
nectivity degrees were considered to be hub genes. At the
germination stage, 30 hub genes associated with GSR,
root/shoot ratio, germination length, and germination
fresh weight were found. At the seedling stage, 40 hub
genes were associated with AA, dry weight above ground,
dry weight underground, and height growth. Then, we
detected the association between hub genes with pheno-
types related to salt tolerance at different stages. At the
germination stage, the hub genes were mainly associated
with AA, germination, germination length, root length,
shoot fresh weight, and root fresh weight (Fig. 9C, Table
S7). At the seedling stage, the hub genes were mainly
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associated with NAD, height, root length, height growth,
root length growth, and fresh weight underground
(Fig. 9E, Table S7). Because the hub genes had high con-
nectivity degrees, changes in hub genes were closely
related to variations of many other genes.

Validation of the hub genes by RT-qPCR

In CM6005 and KN9024, we selected 12 genes for qRT-
PCR verification (Figure S1-2), and the primer informa-
tion is shown in Table S2. The results suggested the high
reliability of the RNA-seq data. To verify the reproduc-
ibility and authenticity of the RNA-seq data, 12 hub
genes with high expression in key modules were selected
for qRT-PCR analysis (Table S2). As shown in Fig. 4,
Table S6, qRT-PCR results of all 12 genes were consistent
with the expression pattern of RNA-seq data. Genes sig-
nificantly up-regulated in RNA-Seq data also exhibited
an up-regulation in qPCR, and vice versa. These results
also confirmed the reliability of the RNA-Seq data.

Discussion

Salt tolerance is a complex and closely related property
to the environment, influencing many physiological pro-
cesses of crops. We measured multiple traits and metab-
olites associated with salt tolerance in wheat cultivars
CM6005 and KN9024 contrasting in the responses to salt
stress. Through quantitative results of RNA-seq, we iden-
tified DEGs under different conditions and detected sev-
eral hub genes associated with salt tolerance phenotypes.
This study reveals gene regulatory networks for salt toler-
ance and provides the basis for molecular breeding of salt
tolerance in wheat.

We selected CM6005 and KN9204 with typical toler-
ance and sensitivity to salt, respectively, which showed
a significant difference in several salt tolerance-related
traits. Through comparing genome-wide transcription
levels between CM6005 and KN9204 at the germination
and seedling stages, we found that the number of DEGs
at the germination stage was more than that at the seed-
ling stage. This indicates that the germination stage was
the most important period of salt tolerance. This result is
consistent with the previous studies [33]. Salt tolerance
at the germination stage is reflected in the water absorp-
tion and expansion capacity of seeds, which is to resist
osmotic stress [34]. While the main salt tolerance mecha-
nism at the seedling stage is the resistance to high con-
centrations of ions.

We identified five types of salt tolerance related DEGs
including common DEGs, specific DEGs in CM6005,
specific DEGs in KN9204, DEGs based on relative
changes and DEGs with opposite trends, by compar-
ing CM6005 vs. KN9204, and control vs. salt treat-
ment. The common DEGs reflected the same responses
to salt stress in CM6005 and KN9204, which may
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explain the general mechanism of salt tolerance in
wheat. For instance, amino acid transmembrane trans-
port (GO:0003333) was enriched in common DEGs
at the germination stage and associated with multiple
abiotic stresses including salt stress in different plants
[35-38]. The terms glucose transmembrane transport
(GO:1,904,659), glucose import (GO:0046323), and glu-
cose transmembrane transporter activity (GO:0046323)
were enriched only in common DEGs at the germination
stage. This indicates the importance of glucose transport
as a fundamental mechanism of salt tolerance in wheat
at the germination stage. Moreover, in some horticultural
crops, glucose transport was closely related to multiple
stresses including cold, heat, salt, and drought [39-42].
When subjected to stresses, plants could maintain cell
turgor pressure through glucose transport to improve
resistance and normal growth. Glucose transport was
the universal mechanism of plant resistance. In addition,
higher hydroperoxide dehydratase activity (GO:0047987)
could accelerate the decomposition of reactive oxygen,
maintain the integrity of the cell membrane and attenu-
ate the destruction of chloroplasts by salt stress, which is
an important mechanism of plant stress resistance [43—
46]. The result of KEGG enrichment analysis for com-
mon DEGs at the germination stage shows that thiamine
metabolism (ko00730) is a common metabolism pathway
associated with salt tolerance in wheat. As an impor-
tant coenzyme, thiamine plays multiple roles in vari-
ous metabolic activities of cells and also in responding
to environmental stress stimuli. Thiamine can improve
the oxidation state of mitochondria in plant cells and
enhance the activity of pyruvate dehydrogenase. It is also
useful for cells to release reactive oxygen species quickly
when they are stimulated by stress factors, activate
downstream signals, and induce plant resistance [47-49].
The pathways, phenylalanine, tyrosine, and tryptophan
biosynthesis (ko00400), nitrogen metabolism (ko00910),
and arginine and proline metabolism (ko00330), were
related to the nitrogen cycle. The relationship between
nitrogen metabolism and plant resistance to stress is
complex, mainly from nitrogen absorption, assimilation,
and amino acid metabolism involved in plant stress resis-
tance. The resistance of plants to abiotic stress is influ-
enced by various physiological mechanisms, such as the
regulation of ion balance, stabilization of cell morphol-
ogy and protein structure, maintenance of hormone bal-
ance and cellular metabolic levels, reduction of reactive
oxygen species generation, and enhancement of chlo-
rophyll synthesis. With the increase in salt concentra-
tion, the sodium and chloridion ingested by plants were
increased, resulting in a decrease in the ratio of potas-
sium to sodium ions. The accumulation of chloride in
the plant would stimulate ethylene synthesis, promote
leaf shedding, and inhibit plant growth [50-52]. Several
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studies showed that nitrogen application under salt stress
could reduce the uptake and accumulation of potassium
and sodium ions, and increase the ratio of potassium to
sodium ions in plants [53-57]. However, the common
DEGs at the seedling stage were different from those at
the germination stage, and the response to salt tolerance
was not sensitive.

The specific DEGs in CM6005 or KN9204 reflected the
variety-specific salt tolerance mechanisms. The enriched
terms and pathways related to salt tolerance were not
overlapped between CM6005 and KN9204. The enriched
terms and pathways in CM6005 could have a greater
effect on salt stress. The terms gibberellin biosynthetic
process (GO:0009686), gibberellic acid mediated signal-
ing pathway (G0O:0009740), and gibberellin metabolic
process (GO:0009685) were specifically enriched in
CM6005 at the germination and seedling stages. As an
important plant hormone, gibberellin not only regulates
seed germination, leaf extension, and elongation of stem
and root but also participates in the process of tolerating
many abiotic stresses in plants. Under salt stress, plants
could improve salt tolerance by reducing gibberellin [13,
58-60]. This result indicates that the regulation of gibber-
ellin may be one of the important mechanisms of higher
salt tolerance of CM6005, and genetic improvement in
gibberellin regulation should be considered in salt-toler-
ant breeding. In KN9204, specific-enriched terms, gluta-
thione metabolic process (GO:0006749) and glutathione
transferase activity (GO:0004364) were related to abiotic
stresses. The glutathione could be able to exert resistance
to salt stress through antopxidationmediated by repairing
membrane phospholipid damage and inhibiting micro-
somal peroxidation reaction [61-64]. Considering the
sensitivity to salt stress of KN9204, the salt resistance
mechanism based on glutathione did not appear to have a
sufficiently positive effect. Xyloglucan could enhance salt
tolerance by regulating the stomatal closure to prevent
excessive water loss [65, 66]. Interestingly, xyloglucan-
related terms were KN9204-specific at the germina-
tion stage under salt stress, but at the seedling stage, it
was enriched by common DEGs, which illustrates that
salt tolerance mechanisms can be transformed at differ-
ent stages, and its importance varies at different stages.
The two DEG types, DEGs based on relative changes and
DEGs with opposite trends, reflect the relative difference
in gene expression under salt stress. These DEGs could
better reflect the corresponding characteristics to salt
stress in wheat, especially DEGs with opposite trends.
At the germination stage, resistance to stress-related
terms, such as response to stress (GO:0006950), regula-
tion of response to stimulus (GO:0048583), and response
to stimulus (GO:0050896), were enriched by these DEGs.
However, at the seedling stage, these terms were enriched
only by specific DEGs in CM6005, which could be a cause
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of salt tolerance in CM6005. Therefore, improving the
stress response at the seedling stage may be important in
salt tolerance breeding. Moreover, CM6005 carries these
genetic factors corresponding to seedling adversity.

By assessing the correlation between gene expression
and their form, we categorized differentially expressed
genes (DEGs) into distinct modules. Within these mod-
ules, we identified hub genes that played a crucial role in
salt tolerance, thereby pinpointing key genes associated
with this trait. At the germination stage, the hub genes
were mainly associated with AA, germination, germina-
tion length, root length, germination fresh weight, and
root fresh weight. TraesCS2D02G094800 is a member of
the bHLH transcription factor family and regulates the
development of lateral roots [67], which is very impor-
tant at the germination stage in wheat. More importantly,
genes in this family regulate multiple abiotic stresses
including low temperature, drought, and salt stresses in
other plants [68-71]. TraesCS3A02G262100 is homolo-
gous to AtLRK10L1.2, which is involved in ABA-medi-
ated signaling and drought resistance in Arabidopsis
thaliana [72]. TraesCS3A02G293700 is a bZIP transcrip-
tion factor. As one of the largest regulatory families of
transcription factors in the plant, it plays an important
role in physiological processes such as abiotic stress
response and development. This transcription factor can
be induced by drought, salt, cold, and abscisic acid, and
interacts with cis-acting elements in the promoter region
of stress-related genes to regulate the transcript level of
target genes, and then regulates plant tolerance [73-75].
TraesCS6D02G304300 is homologous to ROCS8 in rice
(Oryza sativa L.), and ROCS can regulate the direction of
leaf curl by affecting the formation and development [76].
While in wheat it could be related to the development of
germination. TraesCS7B02G077800 is a member of the
GRAS domain family and homologous to Scarecrow-
like protein 9 in Arabidopsis. This protein is involved
in the development of roots and stems. In addition,
TaSCL14, the gene in the same family of wheat, is highly
expressed in stems and roots and is a regulator of anti-
oxidative stress [77]. TraesCS1D02G372800 is a member
of the mitogen-activated protein kinase (MAPK) fam-
ily. This family is closely associated with abiotic stress.
RiceOsMAPK33 maintains plant body homeostasis and
enhances tolerance to high salt by regulating sodium/
potassium ions [78]. At the seedling stage, the hub genes
were mainly associated with NAD, height, root length,
height growth, root length growth, and fresh weight
underground. TraesCS5B02G490500 belongs to the
Zinc finger protein transcript factor and is homologous
to ZAT1 in Arabidopsis. Rice OsZFP182 can activate
the expression of genes, such as OsP5CS and OsLEA3,
and promote the accumulation of osmoregulatory sub-
stances such as proline and soluble sugars under stress
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conditions [79]. TraesCS4B02G030100 codes calcium-
dependent protein kinase (CDPK), which is an important
calcium ion receptor. Biological and abiotic stresses cause
elevated cytosolic calcium ion levels. CDPK can discrimi-
nate calcium single and act on downstream interacting
proteins, causing a range of physiological responses. In
rice, overexpression of OsCDPK7/13/21 increased toler-
ance to salt, drought, and cold stress [80—83]. Similarly,
TraesCS3D02G041400 codes probable calmodulin-like
protein (CML) and is homologous to OsCML16, which is
associated with rice response to low-temperature adver-
sity [84]. In wheat, it can be related to the development
of seedlings under salt stress. TraesCS7B02G418600
is a member of the WRKY transcription factor family,
which plays an important role in plant response to abi-
otic stresses, and expression can be induced by different
abiotic stresses [85, 86].TaWRKY46, a gene in the same
family, can enhance osmotic stress tolerance by regulat-
ing the transduction of the ABA signaling pathway [87].
TraesCS2B02G448100 encodes an ethylene-responsive
transcription factor (ERF), which is an important regu-
lator in the salt stress signaling response pathway. Het-
erologous expression of barley (Hordeum vulgares L.)
HvDREBI in transgenic Arabidopsis enhances toler-
ance to high salt stress [88]. These findings show that
hub genes change between the germination and seedling
stages. In addition, we predict that some new genes are
related to salt tolerance, some of which may play a core
role as hub genes. These hub genes need to be further
resolved and their functions remain to be investigated.

Conclusions

We conducted a comprehensive analysis of transcript-
level differences in response to salt stress between
CM6005 and KN9204 at the germination and seedling
stages. Our investigation revealed that CM6005 exhib-
its a significant advantage in salt tolerance, particularly
during the germination stage. By carefully categorizing
differentially expressed genes (DEGs), we examined the
overall gene networks associated with salt tolerance, as
well as the specific gene networks unique to CM6005 and
KN9204. This in-depth analysis allowed us to uncover
potential mechanisms underlying the divergent salt tol-
erance observed between CM6005 and KN9204. Fur-
thermore, we identified hub genes that serve as central
components within the gene networks related to salt tol-
erance. These findings not only enhance our understand-
ing of the molecular basis of salt tolerance in wheat but
also have significant implications for molecular breed-
ing programs aimed at developing salt-tolerant wheat
varieties. By utilizing the knowledge gained from this
study, researchers and breeders can make informed deci-
sions and apply targeted approaches to improve the salt
tolerance of wheat through genetic advancements and
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breeding strategies. Ultimately, our findings contribute
to the overall goal of ensuring sustainable wheat produc-
tion and global food security in the face of increasing soil
salinity challenges.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512863-024-01221-1.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3
Supplementary Material 4
Supplementary Material 5
Supplementary Material 6
Supplementary Material 7
Supplementary Material 8
Supplementary Material 9
Supplementary Material 10

Supplementary Material 11

Supplementary Material 12

Acknowledgments
Not applicable.

Author contributions

WW and FZW designed the experiments; ZW and PPC collected the

materials of wheat leaves; WW and SFH wrote the main manuscript text and
prepared Figs. 1, 2,3 and 4; Table 1 and Figs. S1-S2; WW and ML analyzed the
transcriptome data and prepared Fig. 5 and Table S1-S10. All authors reviewed
the manuscript.

Funding

The work was supported by Doctoral Foundation of Cangzhou Academy of
Agriculture and Forestry Sciences (D0001) and the Wheat Industry Technology
of Ministry of Agriculture (CARS3-2-5).

Data availability

All datasets generated or assessed during this research are encompassed
within the manuscript and its supplementary files. The datasets pertinent to
this investigation can be accessed in the National Center for Biotechnology
Information (NCBI) BioProject repository with the accession identifier
PRINA906318.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Cangzhou Academy of Agriculture and Forestry Sciences,
061001 Cangzhou, Hebei, China

Hebei Key Laboratory of Drought-Alkali Tolerance in Wheat,
061001 Cangzhou, Hebei, China


https://doi.org/10.1186/s12863-024-01221-1
https://doi.org/10.1186/s12863-024-01221-1

Wang et al. BMC Genomic Data

(2024) 25:36

3Shanghai Majorbio Bio-pharm Technology Co,, Ltd, 200120 Shanghai,
China

Received: 15 August 2023 / Accepted: 14 March 2024
Published online: 12 April 2024

References

1.

20.

Acosta-Motos J, Bernal-Vicente OrtunoM, Diaz-Vivancos A, Sanchez-Blanco P
et al. M,: Plant Responses to Salt Stress: Adaptive Mechanisms. In., vol. 7; 2017:
18.

Jeyasri R, Muthuramalingam P, Satish L, Pandian SK, Chen J-T, Ahmar S, Wang
X, Mora-Poblete F, Ramesh M. An overview of Abiotic Stress in cereal crops:
negative impacts, regulation, Biotechnology and Integrated Omics. In: Plants
10; 2021.

Hasegawa PM. Sodium (Na+) homeostasis and salt tolerance of plants. Envi-
ron Exp Bot. 2013;92:19-31.

Watad A-EA, Reuveni M, Bressan RA, Hasegawa PM. Enhanced net

K< sup>+uptake capacity of NaCl-Adapted cells. Plant Physiol.
1991,95(4):1265-9.

Saqib M, Akhtar J, Qureshi RH. Pot study on wheat growth in saline and
waterlogged compacted soil. Soil Tillage Res. 2004;77(2):169-77.

Hussain B, Lucas SJ, Ozturk L, Budak H. Mapping QTLs conferring salt toler-
ance and micronutrient concentrations at seedling stage in wheat. Sci Rep.
2017,7(1):15662-15662.

Asif MA, Garcia M, Tilbrook J, Brien C, Dowling K, Berger B, Schilling RK,

Short L, Trittermann C, Gilliham M, et al. Identification of salt tolerance QTL

in a wheat RIL mapping population using destructive and non-destructive
phenotyping. Funct Plant Biol. 2021;48(2):131-40.

Asif MA, Schilling RK, Tilbrook J, Brien C, Dowling K, Rabie H, Short L, Trit-
termann C, Garcia A, Barrett-Lennard EG et al. Mapping of novel salt tolerance
QTL in an Excalibur x Kukri doubled haploid wheat population. Theor Appl
Genet 2018, 131(10).

Masoudi B, Mardi M, Hervan EM, Bihamta MR, Naghavi MR, Nakhoda B, Amini
A. QTL mapping of Salt Tolerance traits with different effects at the Seedling
Stage of Bread Wheat. Plant Mol Biology Report. 2015;33(6):1790-803.

Oyiga BC, Sharma RC, Baum M, Ogbonnaya FC, Léon J, Ballvora A. Allelic
variations and differential expressions detected at quantitative trait loci for
salt stress tolerance in wheat. Plant Cell Environ. 2018:41(5):919-35.

Jahani M, Mohammadi-Nejad G, Nakhoda B, Rieseberg LH. Genetic dissec-
tion of epistatic and QTL by environment interaction effects in three bread
wheat genetic backgrounds for yield-related traits under saline conditions.
Euphytica. 2019;215(6):103.

Li L, Peng Z, Mao X, Wang J, Li C, Chang X, Jing R. Genetic insights into natural
variation underlying salt tolerance in wheat. J Exp Bot. 2021;72(4):1135-50.
Zhu M, Shabala L, Cuin TA, Huang X, Zhou M, Munns R, Shabala S. Na loci
affect SOS1-like NaH exchanger expression and activity in wheat. J Exp Bot.
2016;67(3):835-44.

Wang F, Jing W, Zhang W. The mitogen-activated protein kinase cascade
MKK1-MPK4 mediates salt signaling in rice. Plant Sci 2014, 227.

Nadarajah KK. Ros homeostasis in abiotic stress tolerance in plants. In: Int J
Mol Sci vol. 21; 2020.

Zheng J, Lin R, Pu L, Wang Z, Mei Q, Zhang M, Jian S. Ectopic expression of
CrPIP2;3, a plasma membrane intrinsic protein gene from the Halophyte Can-
avalia rosea, enhances Drought and Salt-Alkali stress tolerance in Arabidopsis.
In: Int J Mol Sci 22; 2021.

Munns R, Gilliham M. Salinity tolerance of crops- what is the cost? New
Phytol. 2015;208(3):668-73.

Zhao Y, Wang N, Sui Z, Huang C, Zeng Z, Kong L. The molecular and structural
basis of O-methylation reaction in Coumarin Biosynthesis in Peucedanum
Praeruptorum Dunn. In: Int J Mol Sci 20; 2019.

WeiY, Zhang Y, Meng J, Wang Y, Zhong C, Ma H. Transcriptome and metabo-
lome profiling in naturally infested Casuarina equisetifolia clones by Ralstonia
solanacearum. Genomics. 2021;113(4):1906-18.

Wan H, Qian J, Zhang H, Lu H, Li O, Li R, Yu Y, Wen J, Zhao L, Yi B et al. Com-
bined Transcriptomics and Metabolomics Analysis Reveals the Molecular
Mechanism of Salt Tolerance of Huayouza 62, an Elite Cultivar in Rapeseed
(Brassica napus L.). In: International Journal of Molecular Sciences vol. 23; 2022.
Bi H, Miao J, He J, Chen Q, Qian J, Li H, Xu'Y, Ma D, Zhao Y, Tian X et al. Charac-
terization of the wheat heat shock factor TaHsfA2e-5D conferring Heat and
Drought Tolerance in Arabidopsis. In: Int J Mol Sci vol. 23; 2022.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

Page 14 of 16

Cui Z, Zhang F, Chen X, Li F, Tong Y. Using In-Season Nitrogen Management
and Wheat cultivars to improve Nitrogen Use Efficiency. Soil Sci Soc Am J.
2011;75(3):976-83.

Wang RF, An DG, Hu CS, Li LH, Zhang YM, Jia YG, Tong YP. Relationship
between nitrogen uptake and use efficiency of winter wheat grown in the
North China Plain. In: Crop and Pasture Science: 2011;2011.

Chen S, Zhou Y, Chen Y, Gu J. Fastp: An ultra-fast all-in-one FASTQ preproces-
sor. In: Bioinformatics: 2018; 2018.

Kim D, Langmead B, Salzberg SL. Hisat2. Nat Methods 2015, 12(4).

Li B, Dewey CN. RSEM: Accurate transcript quantification from RNA-Seq data
with or without a reference genome. BMC Bioinformatics 2011, 12.

Love MI, Huber W, Anders S. Moderated estimation of Fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550-550.
WuT, HuE, XuS, Chen M, Guo P, Dai Z, Feng T, Zhou L, Tang W, Zhan L, et al.
clusterProfiler 4.0: a universal enrichment tool for interpreting omics data.
Innov. 2021;2(3):100141-100141.

Langfelder P Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinformatics. 2008;9(1):559-559.

NepuszT, Yu H, Paccanaro A. Detecting overlapping protein complexes in
protein-protein interaction networks. Nat Methods. 2012;9(5):471-2.
Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T. Cytoscape: a Software Environment for Inte-

grated Models of Biomolecular Interaction Networks. Genome Res.
2003;13(11):2498-504.

Heid CA, Stevens J, Livak KJ, Williams PM. Real time quantitative PCR. Genome
Res. 1996;6(10):986-94.

Jovovic M, Tunguz V, Mirosavljevic M, Przulj N. Effect of salinity and drought
stress on germination and early seedlings growth of bread wheat (Triticum
aestivum L). Genetika. 2018;50(1):285-98.

Landjeva S, Karceva T, Korzun V, Ganeva G. Seedling growth under

osmotic stress and agronomic traits in Bulgarian semi-dwarf wheat:
comparison of genotypes with Rht8 and/or Rht-B1 genes. Crop Pasture Sci.
2011;62(12):1017-1017.

Popova OV, Dietz KJ, Golldack D. Salt-dependent expression of a nitrate
transporter and two amino acid transporter genes in Mesembryanthemum
crystallinum. Plant Mol Biol 2003, 52(3).

Ueda A, Shi W, Sanmiya K, Shono M, Takabe T. Functional analysis of
Salt-Inducible Proline Transporter of Barley roots. Plant Cell Physiol.
2001;42(11):1282-9.

Rentsch D, Hirner B, Schmelzer E, Frommer WB8. Salt stress-induced proline
transporters and salt stress-repressed broad specificity amino acid permeases
identified by suppression of a yeast amino acid permease-targeting mutant.
Plant Cell. 1996,8(8):1437-46.

Zhao H, Ma H, Yu L, Wang X, Zhao J. Genome-wide survey and expression
analysis of amino acid transporter Gene Family in Rice (Oryza sativa L). PLoS
ONE. 2012;7(11):e49210.

Conde C, Agasse A, Glissant D, Tavares R, Gerés Hn, Delrot S. Pathways of
glucose regulation of Monosaccharide Transport in grape cells. Plant Physiol.
2006;141(4):1563-77.

Peng W, Ogutu L, Liu, Mollah. Han: functional analysis reveals the Regulatory
Role of PpTST1 Encoding Tonoplast Sugar Transporter in Sugar Accumulation
of Peach Fruit. Int J Mol Sci. 2020;21(3):1112-1112.

FangT, PengY,RaoY, Li S, Zeng L. Genome-Wide Identification and Expres-
sion Analysis of Sugar Transporter (ST) Gene Family in Longan (Dimocarpus
longan L.). In: Plants vol. 9; 2020.

Fan R-C, Peng C-C, Xu Y-H, Wang X-F, LiY, Shang Y, Du S-Y, Zhao R, Zhang

X-Y, Zhang L-Y et al. Apple sucrose transporter SUTT and sorbitol transporter
SOT6 interact with cytochrome b5 to regulate their Affinity for substrate
sugars Plant Physiology 2009, 150(4):1880-901.

Arias-Moreno DM, Jiménez-Bremont JF, Maruri-Lopez |, Delgado-Sanchez

P. Effects of catalase on chloroplast arrangement in Opuntia streptacantha
chlorenchyma cells under salt stress. Sci Rep. 2017;7(1):8656-8656.

Huang B-K, Xu S, Xuan W, Li M, Cao Z-Y, Liu K-L, Ling T-F, Shen W-B. Carbon
Monoxide alleviates Salt-Induced oxidative damage in Wheat Seedling
leaves. New Phytol. 2015;207(3):249-54.

Mittova V. Salinity up-regulates the antioxidative system in root mitochondria
and peroxisomes of the wild salt-tolerant tomato species Lycopersicon Pen-
nellii. J Exp Bot. 2004;55(399):1105-13.

Gondim FA, Gomes-Filho E, Costa JH, Mendes Alencar NL, Prisco JT. Catalase
plays a key role in salt stress acclimation induced by hydrogen peroxide
pretreatment in maize. Plant Physiol Biochem. 2012,56:62-71.



Wang et al. BMC Genomic Data

47.
48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

(2024) 25:36

Ahn I-P, Kim S, Lee Y-H. Vitamin B1 functions as an activator of Plant Disease
Resistance. Plant Physiol. 2005;138(3):1505-15.

Sayed SA, Gadallah MAA. Effects of shoot and root application of thiamin on
salt-stressed sunflower plants. Plant Growth Regul. 2002;36(1):919-53.
Tunc-Ozdemir M, Miller G, Song L, Kim J, Sodek A, Koussevitzky S, Misra AN,
Mittler R, Shintani D. Thiamin confers enhanced tolerance to oxidative stress
in Arabidopsis. Plant Physiol. 2009;151(1):421-32.

Averina NG, Beyzaei Z, Shcherbakov RA, Usatov AV. Role of nitrogen metabo-
lism in the development of salt tolerance in barley plants. Russ J Plant Physiol.
2014,61(1):97-104.

Mansour MMF. Nitrogen Containing compounds and adaptation of plants to
salinity stress. Biol Plant. 2000;43(4):491-500.

Khoshbakht D, Asghari MR, Haghighi M. Influence of foliar application

of polyamines on growth, gas-exchange characteristics, and chlorophyll
fluorescence in Bakraii citrus under saline conditions. Photosynthetica.
2018,56(2):731-42.

Gao L, Liu M, Wang M, Shen Q, Guo S. Enhanced salt tolerance under

Nitrate Nutrition is Associated with Apoplast na < sup>+content in Canola
(<i>Brassica. NapusL.) and Rice (<i>Oryza sativaL.) plants. Plant Cell Physiol.
2016,57(11):2323-33.

Igbal N, Umar S, Khan NA. Nitrogen availability regulates proline and ethylene
production and alleviates salinity stress in mustard (Brassica juncea). J Plant
Physiol. 2015;178:84-91.

Singh M, Singh VP, Prasad SM. Responses of photosynthesis, nitrogen and
proline metabolism to salinity stress in Solanum lycopersicum under different
levels of nitrogen supplementation. Plant Physiol Biochem. 2016;109:72-83.
ZhangY,WangV, Sa G, Zhang Y, Deng J, Deng S, Wang M, Zhang H, Yao J, Ma
X, et al. Populus Euphratica J3 mediates root K+/Na +homeostasis by activat-
ing plasma membrane H+-ATPase in transgenic Arabidopsis under NaCl
salinity. Plant Cell Tissue Organ Cult (PCTOC). 2017;131(1):75-88.

de Souza Miranda R, Gomes-Filho E, Prisco JT, Alvarez-Pizarro JC. Ammonium
improves tolerance to salinity stress in Sorghum bicolor plants. Plant Growth
Regul. 2016;78(1):121-31.

Achard P, Renou J-P, Berthomé R, Harberd NP. Genschik P. Plant DELLAs
restrain growth and promote survival of Adversity by reducing the levels of
reactive oxygen species. Curr Biol. 2008;18(9):656-60.

Magome H, Yamaguchi S, Hanada A, Kamiya Y, Oda K. The DDF1 tran-
scriptional activator upregulates expression of a gibberellin-deactivating
gene, <i>GA20x7, under high-salinity stress in Arabidopsis</i>. Plant J.
2008,56(4):613-26.

Shan C, Mei Z, Duan J, Chen H, Feng H, Cai W. OsGA20x5, a Gibberellin
metabolism enzyme, is involved in Plant Growth, the Root gravity response
and salt stress. PLoS ONE. 2014;,9(1):¢87110-87110.

Chan C, Lam H-M. A putative Lambda class glutathione S-Transferase
enhances plant survival under salinity stress. Plant Cell Physiol.
2014,55(3):570-9.

Jia B, Sun M, Sun X, Li R, Wang Z, Wu J, Wei Z, DuanMu H, Xiao J, Zhu Y. Over-
expression of <i>GsGSTU13and <i>SCMRPin <i>Medicago sativaconfers
increased salt-alkaline tolerance and methionine content. Physiologia Planta-
rum 2016, 156(2):176-189.

Xu J, Tian Y-S, Xing X-J, Peng R-H, Zhu B, Gao J-J, Yao Q-H. Over-expression

of <i>AtGSTU19 provides tolerance to salt, drought and methyl viologen
stresses in <i> Arabidopsis. Physiol Plant. 2016;156(2):164-75.

Yang G, Wang Y, Xia D, Gao C, Wang C, Yang C. Overexpression of a GST gene
(ThGSTZ1) from Tamarix hispida improves drought and salinity tolerance by
enhancing the ability to scavenge reactive oxygen species. Plant Cell Tissue
Organ Cult (PCTOC). 2014;117(1):99-112.

Cho SK, Kim JE, Park J-A, Eom TJ, Kim WT. Constitutive expression of abiotic
stress-inducible hot pepper CaXTH3, which encodes a xyloglucan endo-
transglucosylase/hydrolase homolog, improves drought and salt tolerance in
transgenic Arabidopsis plants. New Phytol. 2015,207(3):3136-44.

HanY, Sa G, Sun J, Shen Z, Zhao R, Ding M, Deng S, Lu Y, Zhang Y, Shen

X, et al. Overexpression of Populus Euphratica Xyloglucan endotransglu-
cosylase/hydrolase gene confers enhanced cadmium tolerance by the
restriction of root cadmium uptake in transgenic tobacco. Environ Exp Bot.
2014;100:74-83.

Zhang Y, Mitsuda N, Yoshizumi T, Horii Y, Oshima Y, Ohme-Takagi M, Matsui M,
Kakimoto T. Two types of bHLH transcription factor determine the compe-
tence of the pericycle for lateral root initiation. Nat Plants. 2021;7(5):633-43.
Dong Y,Wang C, Han X, Tang S, Liu S, Xia X, Yin W. A novel bHLH transcrip-
tion factor PebHLH35 from Populus Euphratica confers drought tolerance

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 15 of 16

through regulating stomatal development, photosynthesis and growth in
Arabidopsis. Biochem Biophys Res Commun. 2014;450(1):453-8.

LiuW,Tai H, Li S, Gao W, Zhao M, Xie C, Li WX. B HLH 122 is important for
drought and osmotic stress resistance in a rabidopsis and in the repression of
ABA catabolism. New Phytol. 2015;207(3):1192-204.

LiuY, Ji X, Nie X, Qu M, Zheng L, Tan Z, Zhao H, Huo L, Liu S, Zhang B, et al.
Arabidopsis AtbHLH112 regulates the expression of genes involved in abiotic
stress tolerance by binding to their E-box and GCG-box motifs. New Phytol.
2015;207(3):692-709.

Tang Y, Wang M, Cao L, Dang Z, Ruan N, Wang Y, Huang Y, Wu J, Zhang M, Xu
Z, et al. OsUGE3-mediated cell wall polysaccharides accumulation improves
biomass production, mechanical strength, and salt tolerance. Plant Cell
Environ. 2022;45(8):2492-507.

Lim CW, Yang SH, Shin KH, Lee SC, Kim SH. The AtLRK10L1.2, Arabidopsis
ortholog of wheat LRK10, is involved in ABA-mediated signaling and drought
resistance. Plant Cell Rep. 2015;34(3):447-55.

Liu C, Mao B, Ou S, Wang W, Liu L, Wu Y, Chu C, Wang X. OsbZIP71, a bZIP
transcription factor, confers salinity and drought tolerance in rice. Plant Mol
Biol. 2014;84(1-2):19-36.

Liu JX, Srivastava R, Che P, Howell SH. Salt stress responses in Arabidopsis
utilize a signal transduction pathway related to endoplasmic reticulum stress
signaling. Plant J 2007, 51(5).

Tang W, Page M, Fei Y, Liu L, Xu F, Cai X, Yuan L, Wu Q-S, Zhou M. Overexpres-
sion of AtbZIP60deltaC gene alleviates Salt-induced oxidative damage in
transgenic cell cultures. Plant Mol Biology Report. 2012;30(5):1183-95.
Xu'Y,Kong W, Wang F, Wang J, Tao Y, LiW, Chen Z, Fan F, Jiang Y, Zhu QH, et al.
Heterodimer formed by ROC8 and ROC5 modulates leaf rolling in rice. Plant
Biotechnol J. 2021;19(12):2662-72.

Chen K, LiH, ChenY, Zheng Q, Li B, Li Z. TaSCL14, a Novel Wheat (Triticum
aestivum L.) GRAS Gene, regulates Plant Growth, Photosynthesis, Tolerance to
photooxidative stress, and Senescence. J Genet Genomics. 2015;42(1):21-32.
Lee S-K, Kim B-G, Kwon T-R, Jeong M-J, Park S-R, Lee J-W, Byun M-O, Kwon
H-B, Matthews BF, Hong C-B, et al. Overexpression of the mitogen-activated
protein kinase gene OsMAPK33 enhances sensitivity to salt stress in rice
(Oryza sativa L). J Biosci. 2011;36(1):139-51.

Huang J, Sun S, Xu D, Lan H, Sun H, Wang Z, Bao Y, Wang J, Tang H, Zhang H.
ATFIlIA-type zinc finger protein confers multiple abiotic stress tolerances in
transgenic rice (Oryza sativa L). Plant Mol Biol. 2012,;80(3):337-50.

Abbasi F, Onodera H, Toki S, Tanaka H, Komatsu S. OsCDPK13, a calcium-
dependent protein kinase gene from rice, is induced by cold and gibberellin
in rice leaf sheath. Plant Mol Biol 2004, 55(4).

Komatsu S, Yang G, Khan M, Onodera H, Toki S, Yamaguchi M. Over-expres-
sion of calcium-dependent protein kinase 13 and calreticulin interacting
protein 1 confers cold tolerance on rice plants. Mol Genet Genomics.
2007;277(6):713-713.

Saijo Y, Hata S, Kyozuka J, Shimamoto K, Izui K. Over-expression of a single
Ca2+-dependent protein kinase confers both cold and salt/drought toler-
ance on rice plants. Plant J 2000, 23(3).

Sukumaran S, Lethin J, Liu X, Pelc J, Zeng P, Hassan S, Aronsson H. Genome-
wide analysis of MYB Transcription Factors in the Wheat Genome and their
roles in salt stress response. In: Cells 12; 2023.

Yang J, Ji L, Zhu B, Yuan X, Jin D, Xie G. OsCML16 interacts with a novel CC-
NBS-LRR protein OsPi304 in the ca 2+ /Mg 2 +dependent and independent
manner in rice. Biochem Biophys Res Commun 2018, 504(1).

YuY,WuY, He L. A wheat WRKY transcription factor TaWRKY17 enhances
tolerance to salt stress in transgenic Arabidopsis and wheat plant. Plant Mol
Biol. 2023;113(4):171-91.

YuY, Song T, Wang Y, Zhang M, Li N, Yu M, Zhang S, Zhou H, Guo S, Bu Y, et al.
The wheat WRKY transcription factor TaWRKY1-2D confers drought resistance
in transgenic Arabidopsis and wheat (Triticum aestivum L). Int J Biol Macro-
mol. 2023,226:1203-17.

Li X, Tang Y, Zhou C, Zhang L, Lv J. A wheat WRKY transcription factor
TaWRKY46 enhances tolerance to osmotic stress in transgenic Arabidopsis
plants. In: Int J Mol Sci vol. 21; 2020.



Wang et al. BMC Genomic Data (2024) 25:36 Page 16 of 16

88. XuZS, NiZY,LiZY, Li LC, Chen M, Gao DY, Yu XD, Liu P, Ma YZ. Isolation and

H 1/
functional characterization of HYDREB1-a gene encoding a dehydration- quHSher s Note ) o o
responsive element binding protein in Hordeum vulgare. J Plant Res 2009, Springer Nature remains neutral with regard to jurisdictional claims in
122(1).

published maps and institutional affiliations.



	﻿Unraveling wheat’s response to salt stress during early growth stages through transcriptomic analysis and co-expression network profiling
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Variety source and phenotype mensuration
	﻿Biochemical analysis
	﻿Sequencing sample preparation and mRNA library construction
	﻿Identification of different expression genes and function enrichment analysis
	﻿Utilizing co-expression network analysis to establish modules
	﻿qRT‑PCR analysis

	﻿Results
	﻿Phenotypic differences between CM6005 and KN9204 in the salt-treated condition
	﻿Differences in the transcript level between control and salt treatment at 7 and 14 d
	﻿Differences in the transcript levels between CM6005 and KN9204
	﻿Function categories and pathways related to salt tolerance at germination and seedling stages
	﻿Screening of co-expression modules associated with salt tolerance
	﻿Identification of hub genes associated with salt tolerance
	﻿Validation of the hub genes by RT-qPCR

	﻿Discussion
	﻿Conclusions
	﻿References


