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Abstract

Background Astragalus cicer L. is a perennial rhizomatous legume forage known for its quality, high biomass yield,
and strong tolerance to saline-alkaline soils. Soil salinization is a widespread environmental pressure. To use A. cicer L.
more scientifically and environmentally in agriculture and ecosystems, it is highly important to study the molecular
response mechanism of A. cicer L. to salt stress.

Results In this study, we used RNA-seq technology and weighted gene coexpression network analysis (WGCNA)
were performed. The results showed 4 key modules were closely related to the physiological response of A. cicer.

L. to salt stress. The differentially expressed genes (DEGs) of key modules were mapped into the KEGG database,

and found that the most abundant pathways were the plant hormone signal transduction pathway and carbon
metabolism pathway. The potential regulatory networks of the cytokinin signal transduction pathway, the ethylene
signal transduction pathway, and carbon metabolism related pathways were constructed according to the expression
pathways of the DEGs. Seven hub genes in the key modules were selected and distributed among these pathways.
They may involved in the positive regulation of cytokinin signaling and carbon metabolism in plant leaves, but limited
the positive expression of ethylene signaling. Thus endowing the plant with salt tolerance in the early stage of salt
stress.

Conclusions Based on the phenotypic and physiological responses of A. cicer L. to salt stress, this study constructed
the gene coexpression network of potential regulation to salt stress in key modules, which provided a new reference
for exploring the response mechanism of legumes to abiotic stress.
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Background
Soil salinization is a widespread environmental stress
in natural and agricultural ecosystems. The total area
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root system, causing plants to have higher water potential
than that of their growing soil. Therefore, limiting their
absorption and utilization of water and leading to water
deficiency in the plants’ cells [5]. A decrease in plant cell
water induces stomatal closure which affects CO, fixa-
tion, resulting in reduced efficiency of photosynthesis
and increased accumulation of reactive oxygen species
(ROS). Therefore, photosynthesis and ROS changes affect
the fixation and assimilation of carbohydrates by altering
enzyme activity and plant hormone levels and causing
disturbances in other metabolic systems [6]. Plants main-
tain the balance of K" and Na™ in the cytoplasm through
K*/Nat transport proteins and H™ pumps. When salt
stress occurs, the absorption rate of Kt in plant cells is
inhibited by excessive Na* ions in the soil, which affects
the activity of Kt dependent enzymes in the cytoplasm
[7]. Under high salt stress, the influx of Na* through non-
selective cation channels (NSCCs) and cation transporter
proteins may also inhibit the inward flow of K* and Ca*.
The high concentrations of Na™ may cause depolariza-
tion of the cytoplasmic membrane, leading to the efflux
of K* and Ca®>" and thereby affecting the signal transduc-
tion process of the plant and leading to nutrient element
deficiency [8]. Additionally, the absorption and accumu-
lation of CI™ also antagonize NO3~ uptake, resulting in a
lack of essential nitrogen [9].

Through long-term evolution, plants have also devel-
oped a series of response mechanisms to abiotic stress
such as altering the ratio of osmotic substances [5],
activating antioxidant enzyme systems, redistributing
ions [10], and accumulating carbohydrates [11]. Fur-
thermore, salt stress also triggers plant stress responses
and gene activation, osmotic proteins, water channel
proteins, genes related to signal transduction, energy
metabolism, and hormone signaling [12]. In the salt
overly sensitive pathway (SOS) in response to salt stress,
abnormally changing intracellular Ca®* signals are sensed
by SOS3, which activates SOS2 kinase [13]. After SOS2
is activated, it further phosphorylating SOS1 to medi-
ate Na% efflux, enabling plants to achieve salt tolerance
[13]. Genes related to the endogenous protein PIP in the
plasma membrane enhance photosynthesis by increasing
the conductivity rate of chloroplastic CO, in the phloem
system [14]. And the protein also increasing the sucrose
transport rate, root hydraulic conductivity, water use effi-
ciency, and accumulation of hydrophilic metabolites to
alleviate salt stress [14]. The abscisic acid (ABA) signal-
ing pathway promotes salt secretion in the leaf salt gland
by inducing the expression of downstream MYB tran-
scription factors. The accumulation of ABA indirectly
enhances leaf salt tolerance by affecting deterrent pro-
teins, increasing the content of jasmonic acid (JA), con-
tributing to the production of a small amount of ethylene
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(ETH) and ROS, and enhancing the activity of plant anti-
oxidant enzymes [15].

Astragalus cicer L. is a perennial herbaceous plant
belonging to the genus Astragalus in the family Legu-
minosae. It has high-quality, high-yield, high-nutritional
value, amino acid-rich and widely adapted perennial rhi-
zomatous legume forage [16, 17]. Its developed and sinu-
ous roots and stems allow it to grow not only in rough
soils but also in saline, drought, and acidic soils. It also
has nodules, which improve soil fertility, nitrogen fixa-
tion, and other soil properties. Thus, A. cicer L. is a good
grass species for soil and water conservation and the
establishment of long-term artificial grasslands [17],
and suitable for planting in sandy wasteland, low yield
field and saline alkali land. The transcriptomic analysis is
currently one of the most widely used high-throughput
sequencing analysis techniques and is used to find DEGs,
marker genes, and synergistic change genes by compar-
ing different transcripts. Additionally, transcriptomic
analysis results are functionally annotated and visually
displayed [18]. Weighted gene coexpression network
analysis (WGCNA) is a systems biology method that ana-
lyzes the gene expression patterns of multiple samples.
This method aims to identify expression modules associ-
ated with specific traits or phenotypes and is an effective
approach for studying gene regulatory networks [19]. A
comprehensive analysis of these two methods can aid in
more accurately understanding the dynamic response
process of plants to external environmental changes and
determining the key regulatory mechanisms of plant
resistance [20].

In this study, based on evaluating the phenotypic and
physiological responses of A. cicer L. to salt stress. We
used Illumina NovaSeq " 6000 to perform transcriptomic
sequencing analysis of A. cicer L. under salt stress at dif-
ferent times and used WGCNA to explore the response
of A. cicer L. to salt treatment in key modules and con-
structed potential regulatory networks of the cytokinin
signal transduction pathway, ethylene signal transduction
pathway, and carbon metabolism-related pathways, and
the potential regulatory relationships between the hub
genes and salt stress in each subnetwork were analyzed.
This investigation provided a new reference for explor-
ing the response mechanism of leguminous plants in
response to abiotic stress.

Results

Effect of salt stress treatment on the physiological
characteristics of A.cicer L.

We found that the phenotypic traits of the A. cicer L.
leaves at 1-7 d after treatment with 150 mmol-L™ NaCl
stress were similar to those at 0 d (CK). Few old leaves
began to curl slightly at 7 d, a few new leaves turned
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yellow at 14 d and some leaves began to curl, and nearly
half of the leaves curled and accompanied by the plant
lateral drooping and wilting at 21 d (Fig. 1). The rela-
tive electrical conductivity (REC) and malondialdehyde
(MDA) content indicate the severity of oxidative damage
in plants under salt stress [21]. The results of this study
showed that with increasing stress duration, the REC and
MDA content of the A. cicer L. seedlings showed a pat-
tern of initially increasing, then decreasing, followed by
another increase. Both REC and MDA decreased to their
lowest levels at 7 d of stress. At this time, the REC did
not significantly differ between 7 and 5 d. In contrast,
the MDA content was significantly lower than that in the
other time points (P<0.05) (Fig. 2A and B).

ROS mainly exists in the form of O, and H,O,, which
can act as signaling molecules to induce plant resistance
responses. However, their increase can also cause dam-
age to plant somatic cells and other important physi-
ological process systems [22]. The results showed that the
changes in O, and H,0, content in the seedlings varied
with different stress durations. At 1 d of NaCl stress, O,
increased compared to that in the CK group (0 d), then
slowly decreased to the minimum value at 5 d, and then
slowly increased again and was significantly greater than
that in the CK group at 14 d and 21 d (P<0.05) (Fig. 2C).
However, the H,0, content was significantly lower than
that in the CK group at 1 d of NaCl stress (P<0.05) and
then increased to the maximum value at 7 d before slowly
decreasing (Fig. 2D).

The antioxidant system of plants is composed of super-
oxide dismutase (SOD, EC 1.15.1.1), peroxidase (POD,
EC 1.11.1.7), and catalase (CAT, EC 1.11.1.6), which
together control the accumulation of ROS and regu-
late plant tolerance to environmental pressure [23]. The
results of this study revealed that the activity trends of
the three antioxidant enzymes were different. Specifi-
cally, SOD activity was significantly greater in the salt
stress treatment group than in the CK group at 1 d and
3 d of NaCl stress (P<0.05) and then slowly decreased to
50.56% of that in the CK group at 21 d (Fig. 2E). Although

1d 3d
Fig. 1 Phenotypes of A.cicer L. under salt stress at different times
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POD activity increased from 1 to 7 d under salt stress,
there was no significant difference between adjacent
treatment times; however, POD activity significantly
increased from 14 d and was 2.83 times greater than that
in the CK group at 21 d (Fig. 2F). The CAT activity of the
plants in the salt stress treatment group was greater than
that in the CK group from 1 to 14 d and reached its maxi-
mum at 7 d but lower than that in the CK group at 21 d,
but the difference was not significant (Fig. 2G).

Proline (Pro), soluble sugars (SS), and soluble proteins
(SP) are three common organic osmoregulatory sub-
stances in plant cells; under salt stress, Pro is a key sub-
stance used by plants to regulate osmotic balance; and SS
and SP are crucial for the water retention ability of plant
cells [24, 25]. The Pro and SS contents of A. cicer L. con-
tinued to increase with increasing salt stress duration,
and the contents of both were greater than those in the
CK after NaCl stress treatment. The Pro and SS contents
were 4.19 times and 1.84 times greater, respectively than
those in the CK at 21 d (Fig. 2H and I); the SP content
showed an overall upward trend in the early stage of NaCl
stress, reached its maximum value at 5 d, which was 1.30
times that of the CK, and then gradually decreased until
reaching its minimum value at 21 d, which was 84.17% of
that of the CK (Fig. 2J).

Statistics of sequencing results

To comprehensively understand the transcriptome and
gene expression profile of A. cicer L. under salt stress at
different times, the Illumina HiSeq 6000 platform was
used to sequence 15 cDNA samples extracted from the
leaves of A. cicer L.. A total of 605,219,946 raw reads were
obtained from 15 samples. After removing the splices,
poly-A/T sequences, and low-quality sequencing reads, a
total of 576,956,974 valid reads were obtained which were
84.9 G (Gbase, Gb) in size (Additional file 1: Table S1).
There were more than 36 million raw reads and valid
reads generated from each sample, with more than 90%
valid bases above 5.0 G (Gbase, Gb), more than 95.00%
valid bases, more than 90.00% Q30, and between 42.25%

14d
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Fig. 3 Statistical analysis of differentially expressed genes (DEGs) in response to salt stress in A.cicer L

and 43.19% GC content. Unigenes were assembled
from scratch by using Trinity software, and the assem-
bly results were evaluated. A total of 116,712 unigenes
were obtained from 15 samples with a median length of
405 bp and an N50 length of 1,242 bp (Additional file 2:
Table S2). The maximum length distribution of the uni-
genes was between 200 and 500 bp, with 68,517 bp,
accounting for 58.71% of the unigenes (Additional file 2:
Table S2 and Additional file 3: Figure S1).

Feature annotations of Unigenes

To obtain possible functional information on the Uni-
genes, six authoritative databases (NCBI-NR, GO, KEGG,
Pfam, SwissProt, and eggNOG) were used for annota-
tion. The results showed that the maximum number of
annotations generated in the NR database accounted for
55.18%, while another 53.62%, 48.47%, 41.94%, 40.51%,
and 17.65% of the unigenes were matched to the egg-
NOG, GO, Pfam, SwissProt, and KEGG databases,
respectively (Additional file 4: Table S3).

Statistics and analysis of DEGs

The differentially expressed upregulated and downregu-
lated genes were summarized by |log2 (fold change)
|>1 and FDR<0.05 as the standard [1]. The expression
of genes in A. cicer L. significantly changed after differ-
ent NaCl stress treatments, and the number of genes
whose expression changed varied. Compared with those
in the control (C_0 d), 387 DEGs were upregulated and
833 were downregulated after 1 d of NaCl stress treat-
ment; 1,521 DEGs were upregulated and 1,343 DEGs
were downregulated after 5 d of treatment; 775 DEGs
were upregulated and 1,051 DEGs were downregulated
after 7 d; and 4,089 and 3,791 DEGs were upregulated
and downregulated after 21 d, respectively (Fig. 3 A). The
Venn diagram was constructed to display the number of
unique and shared DEGs at different processing times, a
total of 193 DEGs were common to the four treatment

time points, 199 DEGs appeared at only 1 d, and 509
DEGs appeared at only 5 d of treatment. In addition, 637
and 5,259 DEGs were specific to the 7 d and 21 d NaCl
stress treatments, respectively (Fig. 3B).

GO functional enrichment analysis of DEGs

All DEGs were mapped to the entries of the GO anno-
tation results, and all DEGs were categorized into three
categories: “biological processes’, “cellular components’,
and “molecular functions” (Additional file 5: Figure S2A).
Based on the corrected p value, the top 20 entries were
selected for enrichment analysis, and the main enriched
terms for all DEGs were “photosynthesis’, “chloroplast’,
“response to water deprivation’, “response to abscisic
acid’, and “DNA binding transcription factor activity”

(Additional file 5: Figure S2B).

KEGG pathway enrichment analysis of DEGs

The DEGs were mapped to the reference canonical path-
ways. Among the enriched DEGs in the KEGG database,
the top 20 pathways were “plant hormone signal trans-
duction (ko04075)", “starch and sucrose metabolism
(ko00500), “carbon fixation in photosynthetic organisms
(ko00710)’; “flavonoid biosynthesis (ko00941)” and “thia-
mine metabolism (ko00730)” (Additional file 6: Figure
S3).

Construction of the A. cicer L. coexpression network

in response to salt stress

Based on the gene expression data and physiological
index response data of A. cicer L. after salt stress, we
conducted weighted gene coexpression network analysis
(WGCNA) and found that the soft threshold in the net-
work was ‘power=18" (Additional file 7: Figure S4). The
imported gene data were optimized and merged to finally
obtain 16 modules, of which the MEturquoise, MEblue,
MEbrown, MEyellow and MEgreen modules contained
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more specific genes (Fig. 4). We analyzed the correla-
tions among modules and found that the MEgreen mod-
ule was significantly correlated with the MEblue, MEpink
and MEbrown modules; the MEbrown module was sig-
nificantly correlated with the MEpurple, MEred and
MEsalmon modules; the MEmidnightblue module was
significantly correlated with the MEyellow and MEcyan
modules; and the MEtan module was significantly cor-
related with the MEturquoise, MEblack and MEmagenta
modules (Additional File 8: Figure S5). In addition, the
correlation analysis revealed a significant positive corre-
lation (R>0.5, P<0.05) or negative correlation (R<-0.5,
P<0.05) between the MEturquoise, MEbrown, MEblue,
MEgreen, and MEpink modules and most indicators,
such as SOD, Pro, SS, H,0, and POD (Fig. 5). In sum-
mary, the MEturquoise, MEgreen, MEblue and MEpink
modules were selected as key modules for further analy-
sis and mining.

KEGG enrichment pathway analysis of key module genes

Through KEGG pathway enrichment analysis of genes in
the MEturquoise, MEgreen, MEblue, and MEpink mod-
ules, we found that there were genes enriched in the
“plant hormone signal transduction (ko04075)” pathway
in both the MEturquoise and MEpink modules (Fig. 6A
and D); the MEgreen and MEblue modules both had
more genes enriched in “carbon fixation in photosyn-
thetic organisms (ko00710)” and “carbon metabolism

(ko01200)” (Fig. 6B and C). Therefore, the “plant hor-
mone signal transduction” and “carbon metabolism”
pathways were used as the main targets for analysis.

Plant hormone signal transduction in A. cicer L. under salt
stress

Visual analysis of the hub genes in the MEturquoise and
MEpink modules revealed that the key genes involved in
the “plant hormone signal transduction” pathway in these
two modules were MKKI (TRINITY-DN1966_c0_gl) in
the ethylene signal transduction pathway (Fig. 7A) and
AcRRs (TRINITY-DN1012_c0_gl) in the cytokinin signal
transduction pathway (Fig. 7B).

Based on the log;((TPM+1) values of enzymes and
corresponding DEGs in the ethylene signal transduc-
tion pathway, a heatmap was constructed, and the results
showed that most genes in the ethylene signal transduc-
tion pathway of A. cicer L. were highly expressed at 1 d
and 7 d after salt treatment, but the number of highly
expressed genes at 7 d was greater than that at 1 d; more-
over, except for ERF1/2, the ETR, CTR, SIMKK, EIN2,
EIN3 and EBF1/2 response regulator related genes all
had multiple related genes with relatively high expression
levels (Fig. 8). Therefore, the pattern of ethylene signal
transduction pathway regulation in A. cicer L. after salt
stress was as follows: the ethylene receptor ETR sensed
the ethylene signal and induced high expression of some
genes of the downstream receptor CTR, which activated
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the increase in the expression of the SIMKK, MPK6 and
EIN2 response regulator related genes in the downstream
cytoplasm, and then transmitted the signal to the EIN3
receptor in the nucleus. The high expression of most
genes in EIN3 promoted an increase in the expression of
the EBF1/2 genes, but the lower expression of the ERF1/2
genes influenced the subsequent transcription and
translation of the genes related to the ethylene response
(Fig. 8).

Similarly, analysis of the heatmap of the expression lev-
els of enzymes and related genes in the cytokinin signal-
ing pathway revealed that, similar to the ethylene signal
transduction pathway, which was also highly expressed
at 1 d and 7 d, the expression levels of most of the AHP
and B-ARR genes increased in response to salt stress,
and the expression of some CRE1 and A-ARR genes also
increased (Fig. 9). Therefore, under salt stress, the cyto-
kinin signal of A. cicer L. was transferred to the AHP
protein by phosphorylation after being sensed by the
transmembrane receptor CRE1, and the high expres-
sion of AHP-related genes caused the cytokinin signal
to be positively transmitted to B class ARRs. The high

expression of B-ARR genes not only activated the expres-
sion of the response factors of A class ARRs but also
inhibited the activity of B class ARRs to maintain the bal-
ance of signal transduction processes and contributed to
the expression of the downstream genes and transcrip-
tion factors involved in the cytokinin response (Fig. 9).

Carbon metabolism and related pathways under salt stress
Analysis of carbon metabolism in the MEgreen and
MEblue modules of A. cicer L. under salt stress revealed
that a total of 41 genes were differentially expressed in
this pathway, mainly distributed in the “Photorespira-
tion (M00532)’, “Glycolysis (M00001)” and “TCA cycle
(M00009)” of carbohydrate metabolism and the “Calvin
cycle (M00009)” of carbon fixation metabolism, which
are involved in the regulation of 17 key enzymes (Fig. 10).
Based on the heatmap of TPMs, the expression peaks of
these genes mainly appeared at 1 d, 0 d and 7 d; by clus-
tering the genes at different treatment times, it was found
that the expression levels of the genes at 1 d were similar
to those at 0 d, 7 d and 5 d; and most of the genes were
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significantly reduced at 21 d, thus clustering into one
group separately (Fig. 10).

Visualization of the hub genes in the MEgreen and
MEblue modules revealed that the key genes involved
in the above four carbon metabolic pathways were PGK
(TRINITY_DN2162_c0_g2), encoding phosphoglycerate

kinase (PGK); GAPA (TRINITY_DN66_c0_g2), encoding
glyceraldehyde-3-phosphate dehydrogenase (GADPH)
in the glycolysis pathway; PRK (TRINITY-DN3867_
c0_gl), encoding phosphoribokinase (PRK); and rbcS
(TRINITY-DN53050_c0_gl1), encoding ribose-diphos-
phate carboxylase (RBC) in the Calvin cycle; and HAO
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(TRINITY-DN1739_c0_gl), encoding hydroxy acid oxi-
dase (HAO) during photorespiration (Fig. 11).

Validation of qRT-PCR for transcriptome analysis

To verify the reliability of the RNA-seq results and specu-
late about the mechanism of the response to salt stress
in A. cicer L., qRT-PCR analysis was performed on 8
DEGs in the carbon metabolism pathway, 4 DEGs in the
cytokinin signaling pathway, and 6 DEGs in the ethylene
signaling pathway (Additional file 9: Table S4); the results
showed that the expression patterns of 18 DEGs identi-
fied via qRT-PCR analysis were similar to those identi-
fied via transcriptome sequencing (Fig. 12). Through the
linear correlation analysis between qRT-PCR results and
RNA-seq results of each gene with different processing
time, the results showed that the R? of 80% genes were
greater than 0.8, showing a good correlation, which fur-
ther confirmed the reliability of RNA-seq data (Fig. 12).

Discussion

Salt stress is one of the major abiotic stresses affecting
plant growth and distribution [1]. Salt ion stress is often
sensed first by the cell membrane, and the enrichment
of ions causes oxidative damage to the cell membrane
structure, increased permeability, and extravasation of
intracellular electrolytes, leading to an increase in the
REC and MDA content [26]. In the salt stress adapta-
tion strategy of plants, the synthesis and accumulation of
osmoregulatory substances such as Pro, SS, SP, betaine

and PAs are induced, thereby reducing the cellular
osmotic potential, reducing water loss under short-term
osmotic stress, enhancing cell expansion and cell scaling
under long-term stress, and stabilizing cell structure [27,
28]. Salt stress-induced stomatal closure limits photosyn-
thesis and enhances ROS production [29], and low ROS
concentrations can be used as a signal to activate the salt
stress response; conversely, high concentrations of active
ROS can damage proteins, lipids, DNA, and carbohy-
drates [30]. SOD is the most effective ROS scavenger in
the antioxidant enzyme system, serving as the first line of
defense against ROS damage under environmental stress
by converting O, ~ to H,0,, which is further detoxified
into H,O through CAT, POD, and ascorbate peroxidase
(APX, EC.1.11.1.11), leading to the scavenging of ROS
and the control and repair of damage [31]. In this study,
the effects of salt stress on the REC, MDA, and ROS in
the leaves of A. cicer L. were relatively small in the early
stage and decreased in the middle stage; however, the
increase in the content of these substances in the leaves
in the later stage led to plant wilting (Fig. 2A, B, C and
D). The antioxidant enzymes SOD, POD and CAT, as
well as the osmotic regulators Pro, SS and SP, maintained
a relatively stable state in the early stage and showed
an upward trend in the later stage, except for SOD. The
reason may be that under long-term salt stress, plants
produce lipid peroxidation, which destroys the integ-
rity of the intimal system and organelle function, result-
ing in irreversible damage to the cell membranes [32].
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In addition, metabolic dysregulation in the late stage of
salt stress induce a toxic accumulation of ROS to pro-
duce toxicity effect and reduce SOD activity [29]. All of
the above findings showed that antioxidant enzymes
and osmotic substances were actively participated in the
response to salt stress in the leaves of A. cicer L..
Cytokinins are involved in the regulation of a series of
physiological processes in plants, such as cell division,
stomatal opening, chloroplast development, leaf senes-
cence, legume nodule formation and response to abiotic
stresses, and play a crucial regulatory role in plant growth
and development [33, 34]. Plants respond to cytokinin
through the two-component signaling pathway, which is
sensed by His kinase receptors (AHK1-4, WOL1, CRE1,
and CRF) and triggers multistep phosphorylation, which
delivers phosphate to class B or class A response regula-
tors (ARRs) through phosphotransferase proteins (AHPs)
to trigger the cytokinin response [35]. In this study, the
expression levels of most genes regulating the response
regulator AHP, B-ARR, CRE1 and A-ARR in cytokinin
transduction pathway changed after salt stress (Fig. 9);
therefore, the cytokinin transduction pathway was closely
related to the response of A. cicer L. to salt stress. Yin
et al. [36] reported that the A-type response regulator
ZmRRI regulated the exclusion of CI™ from maize stems,
which is the basis for the natural variation in maize salt
tolerance. However, in this study, the hub genes in the
specific module were visualized, and two-component
response regulator AcRRs involved in the regulation of
B-ARRs were found to be specifically expressed dur-
ing salt stress in A. cicer L. (Fig. 7B). Normally, after the
cytokinin signal is transmitted from the membrane to
the nucleus, B-type ARRs positively regulate cytokinin
signal transduction by regulating the transcription of
downstream genes [37], whereas A-type ARRs negatively
regulate cytokinin signal transduction by interacting
with HPs and inhibiting their function; moreover, when
A-type ARRs are activated, they inhibit the activity of
B-type ARRs to affect signal transduction [38]. B-type
ARRs play a crucial role in the early response of plants
to cytokinins, regulating root and shoot conduit develop-
ment, photosensitivity, chlorophyll production, hypoco-
tyl elongation, and cell division [39]. One study has found
that B-type response regulators ARRI and ARRI2 regu-
late Nat accumulation in aboveground parts of plants by
encoding high affinity K* transporters [40]. Nguyen et al.
[41] also reported that Arabidopsis thaliana lines trans-
formed with ARRI, ARRIO and ARRI2 exhibited signifi-
cantly greater drought tolerance than did WT plants and
that their enhanced drought tolerance may be related to
enhanced cell membrane integrity, increased anthocya-
nin biosynthesis, increased abscisic acid (ABA) hyper-
sensitivity and reduced stomatal aperture. Therefore, in

Page 13 of 20

our study, the good salt tolerance of A. cicer L. seedlings
in the early stage may be related to the positive regulation
of cytokinin signaling by B-ARRs.

Ethylene is an important signaling molecule in the
plant response to abiotic stress, and stress-induced ethyl-
ene production is sensed by ethylene receptors and trig-
gers downstream cellular responses through the ethylene
signal transduction pathway [42]. The ethylene signaling
pathway involves the ETR of ethylene receptors, CTR,
SIMKK, EIN2, EIN3 and other components [43]. Previ-
ous studies have shown that ethylene signaling plays a
positive regulatory role in plant resistance to salt stress
by studying mutants of the key membrane localization
proteins ETRI and EIN2 in A. thaliana [44]. This study
revealed that during the occurrence of salt stress, the
ethylene signaling pathway of A. cicer L. was upregu-
lated by only a few ERF1/2-related genes, while multiple
related genes, such as ETR, CTR, SIMKK, EIN2, EIN3,
and EBFI1/2, exhibited high expression levels, indicat-
ing that salt stress activated the response of the ethylene
signaling pathway. EBF1/2 is an F-box protein 1 and 2
commonly present in plants that negatively regulates the
ethylene signaling pathway by mediating the degradation
of the EIN3 protein [45], controlling many key processes
in plants, such as hormone response, seed germination,
seedling development, lateral root formation, and abi-
otic stress response [46]. Guo et al. [47] reported that
overexpression of the SIEBF2 gene promoted the nutri-
tional growth of tomato plants and strongly delayed fruit
development and ripening. The ethylene response fac-
tor (ERF) protein enhances tolerance to environmental
stress by regulating the biosynthesis of plant metabolites
such as jasmonate, gibberellin, ethylene and lipids [48,
49]. Zhang et al. [50] found that the ectopic expression
of GmERF3 gene isolated from Glycine max into tobacco
plants not only induced the expression of some PR genes,
enhanced the resistance of plants to biological stress, but
also gave them the tolerance to high salinity and dehy-
dration stress. However, some studies have found that
under normal environment, plant ethylene content was
low, while under salt stress, ethylene synthesis increased,
accelerating leaf senescence and abscission, causing plant
death [51]. Therefore, in this study, only a few ERF1/2
related genes were upregulated during salt stress (Fig. 8),
which may also be related to promote the cytokinin accu-
mulation in leaves and reduce the content of salt ions in
leaves by salt stress, thus inhibiting the positive regula-
tion of ethylene synthesis signal and slowing down the
senescence of leaves. Extracellular stimuli are perceived
by plasma membrane receptors and activate the mito-
gen-activated protein kinase (MAPK) cascade through
sequential phosphorylation of MAPK [52]. Studies have
shown that in plants, MKKs positively regulate ethylene
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biosynthesis by activating MPKs [53]. Our study revealed
that the expression level of MKK1 in the ethylene signal-
ing pathway increased with increasing salt stress time in
the early stage but decreased at 7 d of salt stress (Fig. 8).
Previous research has shown that MKKI, MKK2 and
MKK3 mediate the MAPK signaling cascade response
to plant salt tolerance by participating in transcriptional
regulation, ABA signal transduction, cellular defense,
and stress metabolism during plant salt stress [54, 55].
The plant hormone ABA induces the expression of plant
resistance genes through complex signaling cascades,
thereby tolerating environmental stress factors such as
cold, drought, and salt. Xiong et al. [56] reported that
overexpression of OsMAPKS5 could enhance plant toler-
ance to drought, salt, and cold stress, and the addition of
exogenous ABA to rice could also induce high expression
of the OsMAPKS gene and its protein and enzyme activ-
ity in cells, thereby positively regulating drought, salt,
and cold tolerance and negatively regulating the expres-
sion of disease progression-related (PR) genes. The ethyl-
ene receptor ETR is also a part of the His kinase receptor
family [57], previous reports have shown that the ethyl-
ene receptor ETRI interacts with several His-contain-
ing phosphate transfer (AHP) and ARR proteins in the
cytokinin pathway, causing phosphate transfer from the
ethylene receptor to the cytokinin pathway to regulate
plant responses [58]. Mutation of the ethylene recep-
tor ETRI gene reduced the ethylene response, result-
ing in increased dormancy and delayed germination, as
well as increased ABA inhibition, but the addition of the
cytokinin N-6 benzyladenine (BA) reversed the sensitiv-
ity of A. thaliana mutants to ABA [59]. These findings
indicated that the role of cytokinin in promoting germi-
nation was at least partially related to the production of
ABA and ethylene. In addition, ethylene receptors ETRI
and ETR2 have also been confirmed to be independent
of ethylene signal, affecting ABA signal and cytokinin
signal transduction and causing germination changes
during salt stress [60]. Under drought stress, it was also
observed that genes related to ethylene and ABA signal
transduction were significantly induced in the leaves
of Ammopiptanthus mongolicus, and as a unique ethyl-
ene response factor of the plant, its ectopic expression
significantly improved the drought tolerance of trans-
genic plants [61]. Therefore, in this study, the regulatory
effect of promoting the cytokinin pathway and inhibiting
the ethylene signaling pathway in the early stage of salt
stress in A. cicer L. may also be related to the ABA sign-
aling pathway; therefore, the mechanism by which ABA
influences and interacts with ethylene and cytokinin to
control the response of A. cicer L. to salt stress still needs
further research.
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In plants, carbon metabolism is closely related to other
metabolic pathways and is sensitive to environmental
stress; carbon not only provides the necessary carbon
source and energy for plant growth and development
but also produces signaling molecules such as sucrose
and glucose to act on downstream transduction path-
ways [62]. The increase in soil osmotic pressure caused
by salt stress makes it difficult for plants to absorb water
and nutrients and induces stomatal closure to reduce the
net photosynthetic rate [63]. In addition, salt stress can
also damage chloroplast structure and the photosynthetic
membrane system, leading to a weakening of carbon
sequestration in the Calvin cycle and a decrease in car-
bon assimilation capacity [64]. The Calvin cycle occurs in
the chloroplast matrix, which is the basic carbon assimi-
lation process of both C3 and C4 plants; through this
pathway, green plants reduce and fix CO, to triose phos-
phate or hexose phosphate, which are used as substrates
for respiration and participate in other metabolic reac-
tions [65, 66]. One study reported that the upregulated
expression of the protein CBL-interacting protein kinase
(CIPK) of the Ca*" signaling pathway in halophytes sig-
nificantly increased the expression of genes encoding
GAPDHs and Rubisco in the Calvin cycle in plants [67].
In this study, we also found that the expression of the
hub genes PRK and rbcS in the Calvin cycle of A. cicer
L. remained relatively stable from 1 to 14 d of salt stress
but decreased at 21 d of salt stress (Figs. 10 and 11). PRK
and rbcS rely on ATP to catalyze the phosphorylation
of ribose-5-phosphate (Ru5P) to ribose-1,5-phosphate
(RuBP) and the carboxylation of Rubisco to synthesize
3-phosphoglycerate (PGA) in the Calvin cycle, which is
a key step in the regeneration phase of the Calvin cycle
[68]. High expression of the PRK and rbcS genes can
significantly improve the carboxylation of Rubisco and
the regeneration of RuBP, thereby enhancing the pho-
tosynthesis of tomato plants [69]. These results indi-
cated that the expression levels of these genes regulate
the photosynthetic capacity of plants; therefore, short-
and medium-term salt tolerance in this study may have
decreased the photosynthetic ability of A. cicer L. The
glycolysis pathway is an important carbohydrate metabo-
lism pathway that decomposes hexose into pyruvate and
releases energy [70]. After pyruvate, the end product of
glycolysis, enters the mitochondria, the tricarboxylic
acid cycle (TCA cycle) finally oxidizes carbohydrates to
CO, and water through a series of physiological and bio-
chemical reactions and releases the energy required for
biological activities [71]. Through visual analysis of hub
genes in the MEgreen and MEblue modules, our study
revealed that PGK and GAPA, involved in the glycolysis
pathway, were differentially expressed, and the expres-
sion levels of the 2-OGDH gene encoding 2-oxoglutarate
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dehydrogenase and MDH-related genes encoding malate
dehydrogenase in the TCA cycle also changed at the time
of salt stress and were significantly greater than those at
21 d (Figs. 10 and 11). The photosynthetic capacity of
crops is highly regulated by GAPA, and exists in Pisum
sativum, Vicia faba, Phaseolus vulgaris and other leg-
umes to promote the redox regulation level of GAPDH
activity in the form of homologous tetramer A4 or het-
erotetramer A2B2 [72]. Existing studies have confirmed
that PGK exists in the cytosol and plastid, one of which
may participate in photosynthesis and the other in glyco-
lysis in the form of GAPDH subtype [73]. In addition, the
determination of the functional localization signal of pea
PGK in the leaf nucleus also showed that PGK may act
as moonlighting proteins, which not only participate in
metabolism, but also play a role in abiotic tolerance [74,
75]. Wu et al. [76] reported that the GAPA1 and PGK1
proteins in A. thaliana interact with the enolase-encoded
protein ENO2, which catalyzes the dehydration of
2-phosphate-D-glycerate (2-PGA) to phosphoenolpyru-
vate (PEP), thereby regulating the expression of plant
hormone signal transduction pathways, stress response
factors and ROS-related genes and proteins under salt
stress and subsequently affecting seed germination. In
addition, Wang et al. [77] reported that the overexpres-
sion of MDH in apple leaves could change the metabo-
lism of mitochondria and chloroplasts and increase the
levels of reducing power, ascorbic acid, glutathione and
salicylic acid (SA), increasing the salt tolerance and cold
tolerance of transgenic apple plants. 2-OGDH catalyzes
the oxidative decarboxylation of 2-oxoglutarate (2-OG)
to succinyl-CoA in the TCA cycle, and its regulatory role
includes the allosteric reaction of the second messenger
Ca** and ATP/ADP, NADH/NAD, acetyl-CoA and other
metabolic indicators, playing a role in regulating plant
growth in a highly interactive manner [78, 79]. Stud-
ies have shown that phosphorus deficiency can reduce
the content of the 2-OGDH cofactor thiamine diphos-
phate (ThDP) in aboveground tissues and roots [80].
Because ThDP is an essential 2-OGDH cofactor, insuf-
ficient ThDP levels prevent 2-OG from being oxidized
to succinyl-CoA by 2-OGDH, thus limiting circulation
flux and cell respiration in the TCA cycle [81]. Accord-
ingly, this finding also proves that the glycolysis pathway
and its downstream TCA cycle play important roles in
the response to abiotic stress in plants. Photorespiration
is a reaction involving Rubisco, a product of the Calvin
cycle. Green plant cells use light energy to absorb O,
and release CO, [82]. Under conditions of water deficit
or high light, the stomata of leaves are closed, and the
CO, released by photorespiration can be fixed, which
can protect the reaction center of photosynthesis from
being damaged by strong light [83]. As a key enzyme of
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photorespiration, hydroacid oxidase converts glycolate
to glyoxylate; studies have shown that the gene 1HAOX,
encoding the enzyme, is highly active in autotrophic and
heterotrophic organs and is involved in the metabolism
of serine and fatty acids or amino acids [84]. One study
reported that increasing photorespiratory capacity may
reduce the negative feedback of photorespiratory metab-
olites on the Calvin cycle, thereby enhancing CO, assimi-
lation [85]. Hoshida et al. [86] studied the potential role
of photorespiration in preventing salt stress in transgenic
rice and confirmed that the enhancement of photorespi-
ration endows rice plants with salt resistance. Our study
revealed that the expression of the HAO gene in A. cicer
L. after 21 d of salt stress was significantly lower than that
after 21 d of salt stress (Fig. 10), which indicates that the
HAO gene also regulates the response of A. cicer L. to salt
stress via positive feedback.

Interestingly, among the four key modules of this study;,
both the carbon metabolism pathway and the plant hor-
mone signaling pathway were specifically involved in the
response of A. cicer L. to salt stress. Carbohydrates can
be integrated into the plant hormone pathway as sig-
nal molecules and interact with plant hormones such as
ABA, ethylene, cytokinin and gibberellin [87]. During the
germination of plant seeds, carbohydrates can be used
as regulators of ABA synthesis-related gene activation to
jointly improve the germination rate [88]. Ethylene can
antagonize the inhibitory effect of high concentrations of
sugars on seed germination [87], and cytokinins reduce
the accumulation of carbohydrates by inducing the trans-
formation of enzymes, thus making full use of carbohy-
drates and ultimately delaying aging [89]. This further
indicates that there may be some connection between the
carbon metabolism pathway and plant hormone signal-
ing pathway in response to abiotic stress in plants, and
the specific response mechanism needs to be further
studied.

Conclusions

In this study, we conducted a comparative transcriptomic
analysis of A. cicer L. under salt stress and performed
WGCNA combined with a physiological response analy-
sis. We found that the physiological response of A. cicer
L. to salt stress was closely related to four modules, and
KEGG analysis of key modules revealed that plant hor-
mone signal transduction and carbon metabolism were
significantly enriched. In addition, the hub genes of these
two pathways were identified, and the AcRRs of the cyto-
kinin signal transduction pathway, MKKI of the ethylene
signal transduction pathway and PGK, GAPA, PRK, rbcS
and HAO of the carbon metabolism pathway were shown
to play important roles in the regulation of salt stress in
A. cicer L.. Although more studies are needed to discover
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the mechanism of the response to salt stress in A. cicer
L., this study has preliminarily identified many candidate
genes that can be used in salt tolerance breeding, pro-
viding new gene sources for germplasm innovation in A.
cicer L..

Methods

Cultivation of seedlings and salt stress treatment

Seeds of uniform size of A. cicer L. ‘Ganlv 2’ (stored
in the herbarium of the college of grassland science,
Gansu agricultural university; bred variety Registra-
tion No.: Guo S-BV-AC-002-2021, applicant: Gansu
Chuanglv Grass Industry Technology Co., Ltd and
Gansu Agricultural University) were selected and
evenly sown in a nursery bowl (10x10Xx 12 cm) after
disinfection with 10% NaClO and 75% alcohol. The
substrate in the seedling bowl was high-temperature
and high-pressure sterilized sand. When the seedlings
grew their first true leaf, they were transplanted to a
hydroponic box (12x9X 12 cm) containing Hoagland’s
nutrient solution. Each hydroponic box included 12
plants, which were subsequently placed in an artificial
climate incubator for cultivation at a day/night tem-
perature of 25+1°C, a light/dark cycle of 16 h/8 h, a
light intensity of 5000 lx, and a humidity of 50%-70%.
Each group consisted of 6 boxes of seedlings, with 3
biological replicates for each group for the next step of
the experiment. When the A. cicer L. seedlings grew to
approximately 20 cm, 150 mmol-L ™! NaCl stress treat-
ment was applied. During the stress period, the lost
water was supplemented in a timely manner with nutri-
ent solution to ensure a constant salt concentration.
Next, samples were taken at 0, 1, 3, 5, 7, 14 and 21 days
after salt stress, and relevant physiological indicators
were measured.

Determination of physiological indicators of A. cicer L.

Leaves were randomly collected from different samples
of A. cicer L. plants, and 3 biological replicates were
performed for each physiological indicator; 0.2 g of
each replicate was collected, except for fresh samples
for REC, and the other samples were quickly frozen in
liquid nitrogen and stored in an ultralow temperature
refrigerator at -80°C for physiological indicator meas-
urement. The REC was measured by a conductivity
meter [90], the MDA content was determined by the
thiobarbituric acid method [91], the Pro content was
determined by the sulfosalicylic acid extraction method
[92], the SS content was measured using the anthrone
method [93], and the SP content was measured by the
Coomassie brilliant blue staining method [94]. SOD
activity was measured using the nitrogen blue tetrazole
colorimetric method [95], POD activity was measured
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by the guaiacol method [96], and CAT activity was
measured by UV colorimetry [97]. The rate of O, pro-
duction was determined by the hydroxylamine oxida-
tion method [98], and the H,0, content was measured
using the UV spectrophotometer [99].

Extraction and quality testing of total RNA

The trends of most physiological indexes, such as REC,
H,0,, POD, CAT, Pro, and SP, turned at 1, 5, 7, and
21 days of 150 mmol-L™' NaCl treatment. So based on
the data changes of growth phenotypic characteristics
and physiological and biochemical indexes of A. cicer L.,
we selected 0, 1, 5, 7, and 21 days of NaCl treatment as
the main time points for transcriptomics sequencing. The
Plant Total RNA Extraction Kit (Tianjin Biotech, Beijing,
China) was used to extract total RNA from the leaves.
Agarose gel electrophoresis (1.0%) was used to identify
the degradation or contamination of the extracted RNA
samples, an ultramicro spectrophotometer was used
to evaluate the purity of the RNA, and an Agilent 2100
biological analyzer (Agilent, Palo Alto, MA) was used to
detect the integrity of the RNA.

Library construction and lllumina sequencing

After qualifying the total RNA samples, eukaryotic
mRNA was enriched with magnetic beads containing
oligo (dT), and fragmentation buffer was added to break
the mRNA into short fragments. The fragmented mRNA
was used as a template, and cDNA was synthesized by
six-base random hexamers, dNTPs, RNaseH, and DNA
polymerase I. The double-stranded product was purified
using AMPure XP beads. The sticky end of the purified
double-stranded cDNA was repaired to a flat end, base
‘A’ was added at the 3’ end, and the cDNA was connected
to the sequencing adapter. AMPureXP beads were used
for fragment selection, the second strand of cDNA con-
taining ‘U’ was degraded, and PCR amplification was
performed to obtain the final sequencing library. After
quality inspection of the library, an Illumina NovaSeqTM
6000 was used for sequencing.

Sequence assembly and functional annotation

The raw data obtained from Illumina (deposited in NCBI,
the accession number is PRINA1079516) high-through-
put sequencing were obtained by removing connector
sequences and filtering out unqualified sequences to
obtain high-quality and effective data (Clean data). Due
to the lack of publicly available whole-genome sequenc-
ing information for A. cicer L., this study used Trinity
software (v 2.15) to mix and assemble all the samples
after obtaining the clean reads. After normalization,
the unigenes were obtained and used as the basis for
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subsequent bioinformatics analysis. Using DIAMOND
software (v 2.0.15), the transcripts and unigenes obtained
from transcriptome sequencing were functionally anno-
tated with six authoritative databases (NCBI-NR, GO,
KEGG, Pfam, SwissProt, and eggNOG) to obtain anno-
tation information for each library. The NR, Pfam, Swis-
sProt, and eggNOG datasets all retained the best match
results (meeting the E-value threshold of 10~° and retain-
ing the annotation with the smallest E-value); the GO
and KEGG databases retained all annotation results that
met the set threshold (E-value <107°).

Unigene differential expression analysis

The expression level of Unigenes was standardized using
TPM, and difference multiple of [log2(fold change)|>1
and the false discovery rate (FDR)<0.05 were used as
the standards for identifying DEGs [1]. All significantly
expressed DEGs were mapped to the GO annotation and
KEGG annotation results of each entry (pathway) of uni-
genes, the number of unigenes for each entry (pathway)
was calculated, and hypergeometric tests were applied
to identify the enriched GO pathways and KEGG path-
ways in unigenes with significant differential expression
(P value <0.05).

Construction of the coexpression network module

The online tool ImageGP (http://www.bic.ac.cn/BIC/#/)
was used for WGCNA [100]. The standardized gene
expression data from 15 samples subjected to different
salt stress treatments were input into a scale-free net-
work dataset, and 9 sets of physiological indicator data
processed at the same time as the transcriptome were
imported as the phenotypic data for module association
analysis. The soft threshold value was determined by the
scale-free topology fit index curve, ‘Pearson’ test was used
to calculate the correlation coefficient between the mod-
ule and each phenotypic index, and the other parameters
were set to their default values. The data were analyzed
via the Majorbio Cloud Platform (https://cloud.majorbio.
com/page/tools/) for GO and KEGG enrichment analysis
of DEGs in the module [101]; the corrected P value was
set at a threshold of 0.05 to determine the GO functions
and KEGG pathways significantly enriched in the genes.
At the same time, specific modules that were highly cor-
related with phenotypes were screened, and a weighted
gene coexpression network diagram was drawn with
Cytoscape (v 3.10.1).

Real-time quantitative PCR (qRT-PCR) verification

To verify the reliability of the transcriptome data, 18
DEGs were randomly selected for validation by qRT-
PCR. The extraction method for total RNA was the same
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as above, and the PrimeScriptTM II 1st Strand ¢cDNA
Synthesis Kit (Solarbio, Beijing, China) was used to
reverse transcribe RNA into cDNA. cDNA was used as
the template, and the actin gene was used as the inter-
nal reference [102]. Real-time fluorescence quantitative
analysis was performed with a LightCycle 96 real-time
fluorescence quantitative PCR instrument (Roche, Basel,
Switzerland), with 4 technical replicates included in the
experiment. Premier 6.0 software was used to design
DEG-specific primers (Additional file 9: Table S4). The
real-time fluorescence quantitative PCR system was 20
pL. The two-step method was used for amplification, and
the reaction conditions were as follows: predenaturation
at 95°C for 30 s, followed by 40 cycles of denaturation at
95°C for 15 s and annealing/extension at 60°C for 30 s.
The relative expression levels of each gene were calcu-
lated using the 2724t method [103].

Statistical analysis

SPSS 26.0 statistical software (SPSS Inc., Chicago, IL,
USA) was used for statistical analysis, one-way ANOVA
and Duncan’s test were used to analyze significant differ-
ences in physiological parameters, and GraphPad Prism
8.0 software (GraphPad Software, Boston, USA) was used
for drawing.
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