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Abstract
Upland cotton (Gossypium hirsutum) is a salt-tolerant crop that can endure high salt concentrations without apparent dam-
age. However, the plant’s response to salinity stress is a complex biological process. An analysis of the dynamic changes in 
transcript profiles will provide a global picture of the cotton response to salinity stress. Here, we monitored the transcrip-
tome changes in two cotton genotypes, the salt-tolerant H15, and sensitive ZM12, at 0, 0.25, 1, 3, 6, 12, 24, and 48 h in 
roots exposed to 200-mM NaCl. In total, 13,894 and 5057 differentially expressed genes were identified as being involved 
in salt-stress tolerance in H15 and ZM12, respectively. Of these, 3825 genes were common to both genotypes. A differential 
expression analysis revealed that the number of differentially expressed genes increased significantly during the first 24 h 
after the salt-stress treatment and then significantly decreased at 48 h in both genotypes. A transcription factor (TF) analysis 
revealed three different patterns based on the expression of 45 TFs’ families, with the majority of differentially expressed 
TFs increasing rapidly after the salt-stress treatment in both genotypes. A weighted gene co-expression network analysis 
showed that two gene modules were related to salinity, and genes in these modules were mainly involved in plant–pathogen 
interactions, the plant MAPK signaling pathway, and diterpenoid biosynthesis. Our results increase the understanding of 
cotton metabolic pathways involved in responses to salt stress.
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Introduction

Salinity stress is a main abiotic stress that decreases plant 
growth and crop yield. Plant tolerance to salinity stress is 
a very complex biological process involving various mor-
phological, physiological, biochemical, and molecular pro-
cesses (Munns and Tester 2008). To tolerate salinity stress, 
plants employ various salinity response mechanisms, 
including osmotic adjustment, hormone metabolism, 
antioxidant metabolism, and stress signaling, to main-
tain normal growth or reduce the harm caused by salinity 
stress (Gupta and Huang 2014). Hypertonic saline solu-
tion can lead to a series of changes in plant cells, includ-
ing affecting membrane integrity,  Ca2+ and IP3 signals, 
osmolytes, reactive oxygen species (ROS), and ion balance 
(Konig et al. 2007). An accepted model for determining 
plant responses to NaCl shock are the sharp increases in 
 Ca2+ and ROS concentrations, followed by increases in 
active downstream transcription factor (TF) (CBF/DREB, 
bZIP, NAC, and MYB/MYC) expression levels. These 
activated TFs induce the expression of salt-responsive 
genes, and thereby improve plant salt tolerance (Munns 
and Tester 2008; Pardo 2010). Additionally, the regula-
tory mechanism of the salt overly sensitive (SOS) sign-
aling pathway is activated under NaCl-stress conditions. 
The main function of the SOS pathway is the regulation 
of Na+/K+ homeostasis (Kronzucker and Britto 2011). 
When plants are subjected to a NaCl shock, the concen-
tration of Ca2+ rises sharply, which is perceived by the 
calcium-binding protein SOS3, and then, SOS3 binds with 
SOS2, an Ser/Thr protein kinase, forming the SOS3–SOS2 
complex. This SOS3–SOS2 complex can activate SOS1, 
a plasma membrane Na+/K+ antiporter that mediates 
Na+ transport in the cell (Batelli et al. 2007; Olías et al. 
2009; Qi and Spalding 2004). However, the salinity toler-
ance varies widely among plant species, which implies that 
they may have different regulatory mechanisms. Under-
standing the biochemical and molecular mechanisms of 
salt tolerance will aid in breeding salt-tolerant crops.

Upland cotton (Gossypium hirsutum) is a moderately 
salt-tolerant crop that can endure high salt concentrations 
without apparent damage compared with other major 
crops. However, upland cotton tolerance to salinity var-
ies widely among different varieties. Identifying the key 
genes involved in the response to salinity and understand-
ing their expression patterns could provide insights into 
the molecular mechanisms associated with salinity stress. 
In the recent decades, a large number of salt-responsive 
genes have been identified and characterized from cot-
ton, such as GhDREB (Gao et al. 2009), GhMT3a (Xue 
et al. 2009), GhZFP1 (Guo et al. 2009), GhNAC (Huang 
et al. 2013; Meng et al. 2009), GhRLK (Zhao et al. 2013), 

and GhWRKY (Chu et al. 2016; Shi et al. 2014; Yan et al. 
2014). All of these genes play important roles in responses 
to salt or other abiotic stresses. However, plant responses 
to salinity involve very complex signaling pathways. To 
obtain comprehensive gene expression profiles of salt 
responses in upland cotton, various genome-wide stud-
ies have been conducted. Zhang et al. (2011) constructed 
suppression subtractive hybridization libraries from cotton 
roots under salt-stress conditions and identified 468 uni-
ESTs which were classified into 11 functional categories 
(Zhang et al. 2011). Subsequently, many salt-responsive 
genes were identified by comparison of salt-tolerant and 
-susceptible cotton using microarray analyses (Guo et al. 
2015; Rodriguez-Uribe et al. 2011). However, the disad-
vantage of this technique is that appropriate gene sets need 
to be known in advance (Slonim and Yanai 2009). The 
development of next-generation sequencing technologies 
and bioinformatics has provided more comprehensive and 
powerful approaches to identify differentially expressed 
genes (DEGs). Wang et al. (2012) identified 125 up- and 
171 down-regulated genes, excluding unknown transcripts, 
using Solexa sequencing (Wang et al. 2012). Peng et al. 
(2014) subjected two cotton genotypes to 200-mM NaCl 
to induce salinity stress, and detected 819 DE TF unigenes 
and 108 conserved stress-responsive miRNAs of the leaves 
of both genotypes using Illumina sequencing technology 
(Peng et al. 2014).

Previous research has provided useful information on 
salt-responsive genes and miRNAs in upland cotton. How-
ever, although several studies of transcriptomic responses 
to salinity stress have been performed in upland cotton 
using high-throughput sequencing technology, the tem-
poral transcriptional responses to salinity stress in differ-
ent cotton genotypes have not been sufficiently examined. 
Additionally, most of the studies mainly focused on tran-
scriptome analyses of the leaves. Previous studies sug-
gested that plant roots and leaves have different mecha-
nisms in responses to salt-stress conditions (Brinker et al. 
2010; Diaz-Lopez et al. 2012). Furthermore, the previ-
ous studies suffered from the lack of a complete reference 
genome and extensive annotation database. With the com-
pletion of an allotetraploid cotton genome sequence, there 
is now a high-quality reference genome of G. hirsutum 
that provides comprehensive information for transcrip-
tional analyses (Li et al. 2015a, b). In the present study, we 
investigated temporal expression patterns of roots in two 
upland cotton genotypes (salt-tolerant and salt-sensitive) 
under salt-stress conditions using transcriptome sequenc-
ing. Our findings provide a comprehensive understanding 
of the transcriptomic dynamics of upland cotton response 
to salinity stress. Moreover, using a weighted gene co-
expression network analysis (WGCNA), we identified 
modules of coexpressed and candidate hub genes based on 
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common DEGs and constructed two networks from salt-
related modules using Cytoscape (Shannon et al. 2003).

Materials and methods

Plant materials and salinity treatment

Two varieties of upland cotton with contrasting sensitivities 
to salt stress, ZM12 (salt-sensitive) and H15 (salt-tolerant), 
were used in this study. Seeds of the two varieties were ger-
minated in sand at 29 °C. After 5 days, uniformly developed 
seedlings were transferred to 1 × Hoagland’s nutrient solu-
tion and placed in a greenhouse with an average day/night 
temperature of 29 °C/25 °C. Because 200 mM of NaCl is the 
most frequently used concentration for salt-tolerance studies 
in cotton, this concentration was used as the salt-stress treat-
ment in our experiments (Bibi et al. 2016; Li et al. 2015a, b; 
Peng et al. 2014; Rodriguez-Uribe et al. 2011).

The seedlings (approximately 30-cm tall, with four 
leaves) were placed in nutrient solution containing 200-mM 
NaCl. The roots of the seedlings were harvested at 0, 0.25, 
1, 3, 6, 12, 24, and 48 h after the 200-mM NaCl treatment, 
immediately frozen in liquid nitrogen, and stored at − 80 °C 
for sequencing and physiological tests. For each material at 
each time point, three independent biological replicates were 
collected, resulting in 48 samples.

Physiological tests

To measure the relative water content (RWC) under salt-
stress conditions, fresh leaf weight (FW) was measured 
immediately after harvest. The leaves were then floated 
on distilled water overnight at room temperature to restore 
turgidity. The turgid leaves were blotted dry and quickly 
weighed (TW), and their dry weights (DWs) were measured 
after oven-drying at 80 °C for 48 h. RWC was calculated as 
follows: RWC (%) = [(FW − DW)/(TW − DW)] × 100.

Relative electrical conductivity (REC) was measured as 
described previously with minor modifications (Peng et al. 
2014). First, 0.2 g of fresh roots were rinsed with  ddH2O and 
placed in a test tube with 10 mL of  ddH2O. After a 2 h of 
incubation at room temperature, the electrical conductivity 
of the solution (C1) was measured using a DDS-11A con-
ductivity meter (KANG-YI, China). The solution was then 
boiled for 30 min and cooled to room temperature, and the 
electrical conductivity (C2) was measured again. REC was 
calculated as C1/C2 × 100%.

RNA‑seq library construction and sequencing

Total RNA was extracted from frozen roots using the TRIzol 
Reagent kit (Sigma, USA) according to the manufacturer’s 

instructions and dissolved in RNase-free water. cDNA 
libraries of all the samples were constructed and sequenced 
on an Illumina HiSeq 2500 platform in 150-bp paired-end 
mode (Annoroad, China). All the libraries were named fol-
lowing the pattern variety_time_repeat. All the sequencing 
data obtained in this study have been deposited at NCBI 
(https ://www.ncbi.nlm.nih.gov/) under the SRA accession 
SRP157859.

RNA‑seq analysis and identification of DEGs

After removing adapters and discarding low-quality 
sequences, the clean reads were aligned against the G. 
hirsutum genome (NAU, version 1.1, https ://www.cotto 
ngen.org) using the Hisat2.0 software with default param-
eters (Kim et al. 2015), and the quantitation of transcripts 
was performed using the StringTie software (Pertea et al. 
2016). Differential expression was determined using two 
different R packages, edgeR (Robinson et al. 2010) and 
DESeq2 (Love et al. 2014). Genes confirmed by both com-
putational methods to have fold-changes ≥ 2 and false dis-
covery rates ≤ 0.001 were regarded as reliable DEGs. The 
DESeq2 results were used for further downstream analy-
ses. The functional annotation of genes was based on the 
genome annotation file of G. hirsutum in the cotton gene 
database. A GO enrichment analysis was performed with 
agriGO (https ://bioin fo.cau.edu.cn/agriG O/). The whole G. 
hirsutum genome was used as the background reference, but 
only GO terms for biological process were examined. For the 
KEGG metabolic pathway annotation, we used the KEGG.

Automatic Annotation Server (KAAS: https ://www.
genom e.jp/kegg/kaas) and the bi-directional best hit assign-
ment method. The KEGG pathway enrichment analysis was 
performed using TBtools (Chen et al. 2018a, b).

WGCNA correlation network construction

The normalized expression data of common DEGs were 
extracted to construct a weighted gene co-expression net-
work using WGCNA package (v1.63) (Langfelder and Hor-
vath 2008) with a soft threshold of 18. Expression modules 
were obtained using the automatic network construction 
function blockwiseModules with default settings. The mod-
ules were grouped using a stringency threshold of 0.75. The 
co-expression network was visualized using the Cytoscape 
program (v3.6.1) (Shannon et al. 2003).

Validation and quantification of DEGs

To confirm the reliability and accuracy of the analysis 
results, 12 DEGs were randomly selected for expression val-
idation using qRT-PCR. The primers used for the validation 
of DEGs are shown in Supplementary Table S1. qRT-PCR 

https://www.ncbi.nlm.nih.gov/
https://www.cottongen.org
https://www.cottongen.org
https://bioinfo.cau.edu.cn/agriGO/
https://www.genome.jp/kegg/kaas
https://www.genome.jp/kegg/kaas
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was performed using TransStart Top Green qPCR Super-
Mix (TransGen, China) on a Real-Time PCR System (Bio-
Rad CFX96 Touch, USA), according to the manufacturer’s 
instructions. Histone 3 was used as an internal reference 
gene for normalization. The relative expression levels of the 
target genes were calculated using the  2−ΔΔCt method. All 
the reactions were performed with three replicates.

Results

Phenotypic and physiological analyses of two 
upland cotton cultivars

The phenotypic changes in the two cultivars exposed to 
200-mM NaCl are illustrated in Supplementary Figure S1. 
After 15 min (0.25 h) of salt stress, the leaves of both geno-
types began to lose water and soften. After treatment for 1 h, 
both genotypes showed some wilting and their stems began 
to lose their upright form. From 3 to 12 h after salt-stress 
exposure, both genotypes showed more severe wilting and 
the stems became more curved. At this stage, H15 showed 
relatively better growth with less wilting and curving. At 
24 h, the plants began to recover.

The changes in leaf RWC and root REC are shown 
in Fig. 1. In both genotypes, the RWC of leaves sharply 
declined under salt-stress conditions, and then remained at 
a low level. After 24 h of treatment, the RWC gradually 
increased and the RWC of H15 was relatively higher than 
that of ZM12 throughout the stress period. The changes in 
root REC were similar between the two genotypes. There 
were no significant changes in the early stages of salt stress, 
but after 3 h, the REC began to rise and remained at a high 

level, although the REC of H15 was lower than that of ZM12 
after 12 h. According to the phenotypic and physiological 
differences during salt stress, there were significant physi-
ological and morphological differences between the two 
varieties in their responses to salt stress.

Global analysis of RNA‑seq data

The cotton plants were sampled at 0, 0.25, 1, 3, 6, 12, 24, 
and 48 h after salt shock, and the roots were subjected to 
RNA extraction and high-throughput sequencing. The 48 
libraries each generated 41.25–48.43 million raw reads. 
After filtering out low-quality and contaminating reads, an 
average of 40.9 million clean reads per library was obtained, 
with a Q30 percentage > 88%. Of these reads, 80–94% were 
mapped to the reference genome sequence of G. hirsutum 
(Supplementary Table. S2). Gene expression was quantified 
using the ballgown software and measured as FPKM. Only 
genes with FPKM values > 0.5 in any sample were consid-
ered expressed. Comparisons to the G. hirsutum reference 
genome revealed that approximately 78.7% (55,458/70,478) 
of the genes were expressed in all the samples.

Genome‑wide identification of DEGs in the two 
upland cotton genotypes in response to salt stress

To gain a better understanding of salt-tolerance mechanisms, 
we performed pair-wise comparisons of control (0 h) and 
salt-stressed samples at different time points, and 13,895 
and 5075 genes were differentially regulated after salt stress 
in the roots of H15 and ZM12, respectively (Supplemen-
tary Table S3-S4). Among these, 3825 DEGs were com-
mon to both genotypes, and 10,070 and 1250 DEGs had 

Fig. 1  The changes in the leaf relative water content (RWC, in a) and root relative electric conductivity (REC, in b) of two cotton genotypes 
under 200-mM NaCl
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genotype-specific expression levels in H15 and ZM12 dur-
ing salt stress, respectively (Fig. 2a). For each comparison, 
the numbers of up- and down-regulated genes, as well as 
common DEGs between the two genotypes are shown in 
Fig. 2b. The numbers of DEGs tended to increase and then 
decrease with the increasing salt-stress duration in both 
genotypes. To validate the RNA-seq results, 12 genes were 
randomly selected, including six genes for H15 and six genes 
for ZM12, and qPCR was performed on the same RNA pools 
that had been used for the next-generation sequencing. The 
qRT-PCR data for the selected genes are shown in Supple-
mentary Table S5. There was a strong correlation between 
the qPCR and RNA-seq results (R2 = 0.718), suggesting that 
the transcriptome sequencing results were reliable (Supple-
mentary Figure S2).

Comparisons of all the DEGs revealed that 67 and 41 
genes were common across all the salt stress time points in 
H15 and ZM12, respectively (Supplementary Figure S3). 
Among these, nine genes, ERF, GLTP, RING/U-box, two 
genes encoding EEIG1/EHBP1 N-terminal domain proteins, 
and four unknown genes, were common to both genotypes 
and showed similar expression patterns under salt-stress 
conditions in the two genotypes, indicating that these genes 
were conserved in responses to salt stress. Notably, these 
nine genes were expressed at low levels in control samples; 
however, they were all significantly up-regulated with  log2 
fold-changes > 2 at all the salt-stress time points (Fig. 3). 
Thus, these genes were rapidly and persistently induced by 
salt stress, suggesting that they play essential roles in cot-
ton’s salt stress tolerance.

To achieve a comprehensive overview of the DEG expres-
sion patterns in both genotypes under salt-stress conditions, 
we created a heat map using normalized FPKM data of all 
the DEGs to display relative gene expression levels. As 

shown in Fig. 4a, the DEG expression profiles were more 
similar at the same time points, rather than between geno-
types under salt-stress conditions. The results of the cor-
relation analysis among different samples were clearer. The 
Pearson’s correlation coefficients between the two genotypes 
at the same salt-stress time points had a strong correlation 
(r > 0.89). However, the correlation between control and 
salt-stress treatment samples tended to decrease as the salt-
stress duration increased in both genotypes (Fig. 4b). Thus, 
the salt condition had a greater effect on gene expression 
patterns than the genotype. In addition, the biological pro-
cesses of the cotton responses to salt stress were divided into 
three typical phases 0–1 h, 3–12 h, and 24–48 h, based on 
the cluster analysis.

Functional roles of DEGs in response to salt stress

To gain insights into the functions of the salt-responsive 
genes, all the DEGs were annotated and subjected to enrich-
ment analysis by agriGO (https ://bioin fo.cau.edu.cn/agriG 
O/) with default parameters. DEGs with GO annotations 
were used as query, and the complete set of annotated G. hir-
sutum genes was used as the background. The GO term “reg-
ulation of transcription, DNA-dependent” was commonly 
enriched in both genotypes across all salt-stress time points. 
Notably, at the early time points of 15 min (0.25 h) and 
1 h, only two GO terms (“regulation of transcription, DNA-
dependent” and “protein ubiquitination”) were enriched in 
each genotype, and the GO term “oxidation reduction” had 
a much higher enrichment score and gene number in H15 
compared with in ZM12 from 6 to 48 h. In addition, only 
the “coenzyme A metabolic process” GO term was highly 
enriched in H15 from 3 to 48 h (Fig. 5a).

Fig. 2  DE genes in the two cotton genotypes in response to salt stress. 
a Venn diagrams showing overlap of DE genes between two geno-
types. b A number of up-regulated (red) and down-regulated (blue) 

genes are shown for each comparison of control and salt-stressed 
samples at different time points in two genotypes

https://bioinfo.cau.edu.cn/agriGO/
https://bioinfo.cau.edu.cn/agriGO/
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Fig. 3  The heat map shows the expression levels of the nine common DEGs at different time points under salt stress in both genotypes

Fig. 4  Comprehensive overview of the DE genes expression pattern 
in both genotypes under salt stress. a Hierarchial clustering analysis 
and heat map of gene expression based on averaged FPKM. b Corre-

lation between the transcriptomes of different time point of salt stress 
in the two cotton genotypes
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To further investigate the biological functions of the 
DEGs, a KEGG enrichment analysis was conducted. As 
shown in Fig. 5b, some salt-related pathways were signif-
icantly enriched in each genotype, such as “Plant–patho-
gen interaction”, “alpha-Linolenic acid metabolism”, 
“MAPK signaling pathway-plant”, and “Phenylpropanoid 
biosynthesis”.

We also performed GO and KEGG enrichment analyses 
of the genotype-specific DEGs. The 10,070 of H15-specific 
DEGs were enriched in six biological process GO terms 
including some salt stress-related terms, such as “coenzyme 
A metabolic process” and “oxidation reduction”. The KEGG 
pathway enrichment analysis showed that the H15-specific 
DEGs were enriched in nine pathways, “Ribosome”, “Fatty 
acid degradation”, “Butanoate metabolism”, “alpha-Lino-
lenic acid metabolism”, “Synthesis and degradation of 
ketone bodies”, “Valine, leucine and isoleucine degrada-
tion”, “Terpenoid backbone biosynthesis”, “Sesquiterpenoid 
and triterpenoid biosynthesis”, and “Steroid biosynthesis”, 
while the 1250 ZM12-specific DEGs were enriched in only 
two KEGG pathways, “Galactose metabolism” and “Phenyl-
propanoid biosynthesis”.

Dynamic responses of TFs to salt stress in cotton

TFs play key roles in plant adaptation to abiotic stress. Based 
on the information from PlantTFDB v4.0 (Jin et al. 2017), 
1286 DE TFs belonging to 45 families were identified as 
being expressed during a 48-h time course in both geno-
types (1158 and 586 TFs for H15 and ZM12 respectively). 
Among these, ERF, WRKY, MYB, and GRAS TFs were 
predominant in both genotypes (Fig. 6). There were similar 
numbers of TFs at the early stage (15 min–1 h) between 
the two genotypes, and most of them were up-regulated. 

However, after 3 h of the salt treatment, the numbers of each 
TF in each family increased significantly in H15 compared 
with ZM12 at each time point.

To reveal the dynamic changes in the expression levels of 
these TF genes in response to salt stress, we performed tem-
poral gene expression analyses of the two genotypes using 
the TCseq R package (Mengjun Wu 2018). The TF genes 
were divided into three clusters and heat maps correspond-
ing to these clusters are shown in Fig. 7. The expression of 
the TF genes belonging to cluster 1 exhibited a gradual rise 
up to 12 h, followed by a sharp decline at 24 h. Cluster 1 
predominantly contained ERF (102), WRKY (48), and MYB 
(45) TFs. The TF genes in cluster 2 were mainly WRKYs 
(60), MYBs (59), and NACs (53), and they had different 
expression patterns between the two genotypes. The gene 
expression levels showed gradual upward trends in H15, 
while they showed steady increases until 12 h, followed 
by gradual declines in ZM12. The genes in cluster 3 had 
a decreasing pattern, although their transcriptional levels 
increased after 24 h in ZM12. This cluster mainly contained 
MYB (56), bHLH (45), and GRAS (33) TFs.

DEGs involved in oxidation–reduction processes 
in response to salt stress

Salinity stress induces the accumulation of ROS, which 
are harmful to plant cells at high concentrations. To cope 
with ROS damage, plants have evolved a variety of anti-
oxidant protective mechanisms to minimize ROS produc-
tion and maintain ROS balance within cells. In the present 
study, 105 antioxidant genes, including those encoding 
catalase (CAT), peroxidase (POD), glutathione peroxi-
dase (GPX), and glutathione reductase (GR), showed sig-
nificant expression changes in the two genotypes under 

Fig. 5  GO enrichment and KEGG pathway analysis of differentially 
expressed genes at different time points under salt stress in both geno-
types. a Significantly enriched GO biological processes of DE genes. 

b Significantly enriched KEGG pathways of DE genes. The size of 
the dot represents the number of DE genes and color indicates p value 
(− log10 p value)
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Fig. 6  Expression analysis of 
the DE transcription fac-
tors (TFs) in two genotypes. 
The size of dot represents the 
number of DE TFs in each TF 
family and the color of the dot 
represents the percentage of DE 
TFs in each TF family
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salt-stress conditions. In total, 76 and 52 POD genes were 
deferentially expressed in H15 and ZM12, respectively, 
and among them, 13 POD genes were up-regulated in 
both genotypes. In addition, six and one GPX genes were 
up-regulated in H15 and ZM12, respectively. Moreover, 
two CAT  genes were up-regulated only in H15 and two 
CAT  genes were down-regulated in both genotypes (Sup-
plementary Figure S4). However, superoxide dismutase 
(SOD), which is an important antioxidant enzyme, showed 
no change in either genotypes, which was consistent with 
the previous studies (Wei et al. 2017; Zhang et al. 2016). 
Thus, POD may play a major role in the cotton response 

to salt-induced oxidative stress compared with other anti-
oxidant enzymes.

Co‑expression network analysis

To explore the mechanisms of salt tolerance and reveal the 
key genes involved in the salt stress response, we performed 
a WGCNA using all the common DEGs (genes that were 
differentially expressed in both genotypes after the salt treat-
ment). This analysis classified the 3825 common DEGs into 
nine co-expression modules of 89–1467 genes. To deter-
mine whether any of these modules were associated with 

Fig. 7  Dynamic changes of the DE TF genes in response to salt stress. Clustering analysis of the DE TFs in response to salt stress by TCseq and 
averaged log FPKM of genes in each cluster was used to generate the heat map
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salinity or genotype, we tested the correlations of the mod-
ule eigengenes with salt-stress time points and genotype. 
The analysis showed that “green” and “blue” modules were 
positively correlated with salt stress, while no module was 
correlated with genotype (Fig. 8).

To identify the functional features of these two modules, 
a KEGG enrichment analysis was performed. The genes in 
the “blue” module were mapped to 14 biological pathways. 
Among of them, eight pathways showed significant enrich-
ments (q < 0.05), “MAPK signaling pathway-plant”, “Plant-
pathogen interaction”, Alanine, aspartate and glutamate 
metabolism”, “Nitrogen metabolism”, “Diterpenoid biosyn-
thesis”, “Valine, leucine and isoleucine degradation”, “ABC 
transporters”, and “Cysteine and methionine metabolism” 
(Supplementary Table S6). The “green” module had sig-
nificant enrichments in “Glycerolipid metabolism”, “Fatty 
acid elongation”, “Cutin, suberine and wax biosynthesis”, 
and “Glycerophospholipid metabolism”. Gene expression 
profiles of these two modules are shown in Fig. 9. All of 
these genes were up-regulated.

To identify the hub genes, we calculated their in-mod-
ule connectivity and depicted the top 10% of the hub gene 

Fig. 8  Weighted gene co-expression network analysis (WGCNA) of 
salt-responsive genes. Colors to the left represent the nine modules 
in the network. The number of genes in each module is indicated on 
the left. For each module, the heat map shows ME correlations to salt 
stress and genotypes

Fig. 9  Co-expression network analysis of blue and green modules. a1 
The gene network in blue module. a2 The heatmap of genes expres-
sion of the blue module. a3 The pathway enrichment in KEGG path-
ways in blue module. b1 The gene network in GREEN module. b2 
The heatmap of genes expression of the green module. b3 The path-
way enrichment in KEGG pathways in green module. For better dis-

play, the top 10% most highly connected genes of each module are 
visualized by Cytoscape software. Circle nodes represent genes and 
the size of nodes represents the number of edges. Colors represents 
neighborhood connectivity, bright colors are used for lower values, 
and the dark colors are used for higher values
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interactions in each module using Cytoscape software 
(Fig. 9). The top ten hub genes with the most connected 
edges in each module are illustrated in Supplementary 
Table S7. In the “blue” module, the hub gene with the high-
est edge number, Gh_A10G0204, was annotated as F-box 
protein SKIP27. F-box proteins are involved in the protein 
ubiquitination pathway and play multiple roles in plant 
development and stress responses. The F-box gene was at 
the center of the “blue” network and induced by salt stress, 
suggesting that it may play an important role in responses to 
salt stress. However, the function of this gene is still unclear 
and further research is needed. Other highly connected hub 
genes, such as BCAT2, ACX2, and Tim family genes, play 
important roles in the salt stress. In the “green” module, 
the top ten hub genes were mainly related to membrane and 
cell wall synthesis, including glycerol-3-phosphate acyl-
transferases (GPAT) and hydroxyproline-rich glycoprotein 
family proteins (HRGPs). GPAT may enhance salt tolerance 
by improving the unsaturated fatty acid content of phosphati-
dylglycerol (Sui et al. 2017), and HRGPs are important plant 
cell wall components that are involved in defense responses 
to low temperature and salt stress (Qin et al. 2013).

Discussion

The cotton response process to salt stress

Plant responses to salt stress involve two phases: osmotic 
and ionic (Munns and Tester 2008). The exposure to a high 
NaCl concentration immediately induces osmotic stress in 
plants, and then, ionic stress is induced when the  Na+ ion 
concentration reaches a toxic level in the plant cell cyto-
plasm (Shavrukov 2012). The cotton response process to 
salt stress may be divided into two phases: dehydration stress 
(0–4 h) and ionic stress (4–24 h) (Peng et al. 2014). In this 
study, we investigated seven time points after salt-stress 
exposure in two cotton genotypes. The cotton response to 
salinity was divided into three typical phases, 0–1 h, 3–12 h, 
and 24–48 h, at the transcriptome level, and the changes in 
leaf RWC and root REC also supported these divisions.

In the initial phase (0–1 h), the RWC of leaves declined 
sharply; however, the variation in REC was not signifi-
cant, suggesting cotton suddenly exposed to a high NaCl 
concentration experienced an ‘osmotic shock’ and that the 
plants mainly suffered from osmotic stress. Many genes 
involved in TF activity/DNA binding, protein ubiquitina-
tion, and Ca+ binding were predominantly up-regulated in 
this phase. Most of the TFs, such as CBF4/DREB1D (Haake 
2002), HB-7(HD-ZIP) (Soderman et al. 1996) and MYB15 
(Ding et al. 2009), are directly involved in drought-stress 
responses.

In the middle phase (3–12 h), there was no significant 
change in the RWC of leaves compared with at 1 h, which 
suggested that the plants were still suffering from osmotic 
stress. The REC of the roots gradually increased in this 
phase, and some genes associated with ions were identified, 
such as a high-affinity K+ transporter, which is critical for 
plant adaption to salt stress by controlling the ion balance 
through ion transport (Hamamoto et al. 2015; Sunarpi et al. 
2005). In this study, Gh_D01G1760, encoding a high-affin-
ity K+ transporter 5 protein, was repressed during the 3–12 h 
salt-stress period in both genotypes. As mentioned in the 
previous reports, this repression is a strategy to limit toxic 
Na+ uptake through transporters (Alemán et al. 2009). Thus, 
there appear to be overlapping changes in the expression 
levels of genes related to ionic and osmotic stress responses 
during the middle response phase.

In the later phase (24–48 h), the plants began to recover, 
and the RWC of leaves gradually increased; however, the 
REC of the roots remained at a high level. A transcriptome 
analysis showed that a large number of genes thought to be 
related to the ionic phase, such as Na+/H+ antiporter 6 (Wu 
et al. 2004; Zhang et al. 2015), respiratory burst oxidase 
protein (Chen et al. 2017), Expansin (Chen et al. 2018a, 
b; Kwon et al. 2008), and some salt stress-responsive TFs. 
According to morphology, physiology, and gene expres-
sion, the plants were mainly subjected to ionic stress during 
this phase. Further investigations into the cotton response 
process to salt stress will improve our understanding of the 
molecular mechanisms of salt tolerance.

Genotype‑specific gene expression in response 
to salt stress

The two cotton genotypes showed different expression pat-
terns under the same salt-stress conditions. The identifi-
cation of DEGs in the salt-tolerant genotype may provide 
important information about the metabolic and cellular 
processes that are responsible for stress tolerance. In this 
study, we identified 10,070 H15-specific DEGs and 1250 
ZM12-specific DEGs. A GO analysis revealed that the 
H15-specific DEGs were mainly enriched in two GO terms 
“protein phosphorylation process” and “oxidation–reduction 
process” terms. Oxidation reduction processes are critical 
for salinity tolerance in plants. A direct result of salt stress is 
the enhanced accumulation of ROS, which, at high concen-
trations, causes damage to plant cells (Pang and Wang 2008; 
Vaidyanathan et al. 2003). In response to oxidative stress, 
plants increase the activity levels of antioxidant enzymes to 
protect their cells (Çiçek and Çakirlar 2008). In this study, 
significantly more antioxidant DEGs, such as POD, GPX, 
and GR genes, were found in the salt-tolerant genotype, and 
most of them were up-regulated (Supplementary Figure. S4). 
In addition, 67 H15-specific DEGs encoding Cytochrome 
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P450 (CyP450) enzymes were up-regulated (Supplementary 
Table S8). CyP450 enzymes catalyze a variety of oxidation 
and some reduction reactions, and play important roles in 
metabolic processes and stress responses (Guengerich 2007; 
Werckreichhart and Feyereisen 2000). The increased expres-
sion of the CyP450 family CYP94C2b gene in rice plants 
alleviates jasmonate responses and enhances salt tolerance 
(Kurotani et al. 2015). The overexpression of a spinach 
CyP450 gene, SoCYP85A1, in transgenic tobacco enhances 
root development, and drought- and salt-stress tolerance lev-
els (Duan et al. 2017). These results suggest that salt-tolerant 
cotton varieties may better protect themselves against ROS 
by increasing the activities of antioxidant enzymes under 
salt-stress conditions.

Protein phosphorylation is a reversible post-translational 
modification of proteins performed by protein kinases. Many 
of the cellular responses triggered by abiotic stress are medi-
ated by protein phosphorylation (Kline et al. 2010; Zhang 
et al. 2001). In particular, calcium-dependent protein kinases 
(CPKs), which are regarded as hubs in plant stress signaling, 
have crucial roles in the high-salinity responses of plants 
(Schulz et al. 2013). The overexpression of CPK32 in Arabi-
dopsis thaliana results in abscisic acid- and salt-insensitive 
phenotypes (Karve 2009), and AtCPK32 interacts with 
and phosphorylates ABF4 in vitro, suggesting that CPK32 
responds to ABA and salt stress by regulating ABA-respon-
sive gene expression through ABF4 (Asano et al. 2012; Choi 
et al. 2005). In our study, two H15-specific CPK32 DEGs 
were identified, and they were induced after 1 and 6 h of salt 
stress, and were up-regulated until 48 h. In addition, two 
CPK6 (CDPK3) genes showed similar expression patterns, 
being induced after 6 h. CPK6 (CDPK3) positively regulates 
salt-stress responses (Xu et al. 2010). CPK17 was signifi-
cantly up-regulated after 3 h in H15, but showed no change 
in ZM12 after the salt treatment (Supplementary Table S9). 
The role of AtCPK17 is generally thought to be related to 
the regulation of pollen tube growth (Myers et al. 2009).
However, a recent study suggested that CPK17 plays a role 
in rice cold-stress responses (Almadanim et al. 2017). In this 
study, CDK17 responded to salt stress, but this role needs to 
be further studied.

The GO term “Coenzyme A metabolic process” was 
only enriched in H15 DEGs (Fig. 5a). Among the H15 
genotype-specific-DEGs, three pantothenate kinase genes 
(PANK2) and eight hydroxy methylglutaryl CoA reductase 
genes (HMGRs) were annotated with the enriched GO term 
“Coenzyme A metabolic process”, and all of these genes 
were up-regulated (Supplementary Table S10). Coenzyme 
A (CoA) is an essential cofactor in numerous metabolic and 
energy-yielding reactions. CoA biosynthetic enzymes play 
a crucial roles in plant growth and osmotic stress resistance, 
and higher levels of CoA actually improve salt tolerance 
in plants by altering lipid metabolism (Rubio et al. 2008). 

Studies in mammals have suggested that the pantothenate 
kinase catalytic rate is a limiting step in CoA biosynthesis 
(Rock et al. 2000). In addition, the enzyme HMGR has a key 
regulatory role in the mevalonate pathway for isoprenoid 
biosynthesis, which is critical for adaptation to demanding 
environmental conditions (Antolín-Llovera et al. 2014). 
The overexpression of HMGR in birch-leaf pear increased 
the salt tolerance of transgenic tobacco seeds (Huang et al. 
2015). We inferred that the H15 variety may have a greater 
capability to synthesize CoA and HMGR, which increases 
salt tolerance.

Metabolic pathways involved in the response to salt 
stress

In this study, we used a WGCNA to construct a gene co-
expression network using common DEGs. Two major mod-
ules involved in the salt-stress response were identified. A 
KEGG analysis revealed that the genes in the “blue” mod-
ule were strongly enriched in “Plant–pathogen interaction” 
and “MAPK signaling pathway-plant”, and the genes in the 
“green” module were mainly enriched in lipid metabolism. 
Combined with the gene expression, and KEGG analyses at 
each time point after salt-stress exposure, our study increases 
the understanding of cotton metabolic pathways involved in 
the response to salt stress.

The plant–pathogen interaction pathway is significantly 
enriched at almost each salt-stress time point. The available 
evidence suggested that the presence of abiotic stress has a 
positive or negative impact on a plant’s ability to resist path-
ogen infection. For example, salt stress could increase the 
tolerance of Hordeum vulgare plants to Blumeria graminis 
(Wiese et al. 2004), and chilling increased the susceptibil-
ity of Gossypium spp. to Alternaria alternate (Zhao et al. 
2012). Similarly, pathogen-infected plants can exhibit either 
increased susceptibility to abiotic stress or an enhanced abi-
otic tolerance (Ramegowda and Senthil-Kumar 2015). There 
is crosstalk between biotic and abiotic stress responses, 
and several signaling pathways involving MAPK, Ca2+, 
ROS, phospholipids, mitochondrial functions, vesicle traf-
ficking, and apoptosis are induced under biotic as well as 
abiotic stresses (Ma and Bohnert 2007). In this study, the 
“Plant–pathogen interaction” pathway in the “blue” mod-
ule mainly included MYB family members, WRKY family 
members, MAPK and Ca2+-binding protein genes (Supple-
mentary Table S6), suggesting that they play a crucial roles 
in regulating the biotic and abiotic stress responses of plants.

The MAPK pathway, which plays a major role in develop-
ment, hormone physiology and responses to various environ-
mental stresses, was significantly enriched after exposure to 
salt stress. MPK3 and MPK6 in Arabidopsis are involved in 
regulating ROS metabolism (Liu and He 2017). MPK4 and 
MPK6 are activated by cold, salt, drought, and wounding 
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(Ichimura et  al. 2000). MPK3 can also be activated by 
osmotic stress (Droillard et al. 2002). MAPK cascades play 
key roles in pathogen defenses in plants. This suggested that 
the MAPK pathway plays a central role in regulating diverse 
stimulated cellular processes. In this study, three MPK7 
genes and one MPK4 gene of the MAPK signaling path-
way were identified in the “blue” module (Supplementary 
Table S6). All of them were up-regulated in both genotypes 
after exposure to salt stress. MPK7 is up-regulated under 
salt-stress conditions in many species, indicating that it has 
an important role in responses to salt stress. However, little 
is known about MPK7 functions. Therefore, more studies 
are necessary to clarify the function of MPK7 in response 
to salt stress.

In the “Diterpenoid biosynthesis” pathway, six genes 
encoding gibberellin 2-oxidase (GA2ox) were strongly up-
regulated. GA2oxs are enzymes that catalyze the 2-oxida-
tion inactivation of both bioactive GAs and some of their 
precursors. Previous studies in Arabidopsis thaliana have 
demonstrated that salt causes a reduction in GA levels by 
activating genes encoding GA2ox (Achard et al. 2006). GA‐
deficient rice are more tolerant to abiotic stress than the wild 
type (Lo et al. 2017), and the overexpression of OsGA2ox5 
improves high-salinity–stress tolerance in transgenic rice 
and Arabidopsis (Shan et al. 2014). Thus, plants can actively 
reduce endogenous GA levels by inducing GA2ox, leading 
to growth repression of growth as an adaptation to stress.

Many studies have demonstrated that amino acid 
metabolism is related to abiotic stress tolerance. In this 
study, eight DEGs, including aldehyde dehydrogenase 7B4 
(ALDH7B4), branched-chain amino acid transaminase 2 
(BCAT2), thiolase family protein, 2-oxoacid dehydroge-
nases acyltransferase family protein, and thiamin diphos-
phate-binding fold superfamily protein, were enriched in 
the “Valine, leucine and isoleucine degradation” pathway 
in the “blue” module (Supplementary Table S6). The gene 
encoding ALDH7B4 plays important roles in the detoxi-
fication of excessive aldehydes, elimination of ROS, and 
inhibition of lipid peroxidation when plants are exposed to 
abiotic stresses. Kotchoni et al (2006) reported that over‐
expression of the ALDH7B4 gene confers osmotic and 
oxidative stress tolerance in transgenic plants and T-DNA 
insertion mutants of ALDH7B4 showed a greater sensi-
tivity to salt and dehydration treatments (Kotchoni et al. 
2006). An expression analysis revealed that ALDH7B4 was 
strongly induced by wounding, dehydration, and salt, and 
this induction is likely mediated by lipid and ABA signal-
ing (Missihoun et al. 2014). In our study, ALDH7B4 was 
up-regulated in both genotypes. BCATs catalyze the first 
step of branched-chain amino acids(BCAAs) catabolism 
(Schuster and Binder 2005), and the degradation of BCAA 
may provide an alternative carbon source for the tricarbo-
xylic acid cycle or serve as a detoxification mechanism 

by maintaining the pool of free BCAAs at levels compat-
ible with cellular homeostasis (Malatrasi et al. 2006). The 
BCAT2 gene is expressed at a very low level, but its tran-
script levels significantly rise under various stresses and 
hormone treatments in Arabidopsis (Matsui et al. 2008). 
In this study, BCAT2 as one of top ten hub genes in “blue” 
module was significantly up-regulated after exposure to 
salt stress in both genotypes, indicating that BCAT2 plays 
a vital role in the cotton response to salt stress.

Furthermore, genes involved in the metabolism of 
glycerolipids, glycerophospholipids, alpha-linolenic acid, 
starch, sucrose, and galactose, as well as other metabolic 
pathways associated with salt stress, were also identified. 
Plant tolerance to salinity involves complex metabolic 
pathways and molecular networks. Understanding salt-
related metabolic pathways will aid in developing new 
salt-tolerant cotton varieties.

Conclusions

In this study, we explored time courses of transcriptomic 
changes in two cotton genotypes in response to salt stress 
and identified numerous DEGs. The salt-tolerant genotype 
showed a higher number of DEGs. We also identified 1254 
TF families and 105 antioxidant genes that were involved in 
salt regulation. Co-expression analyses suggested that salt-
responsive genes were highly enriched in “Plant–pathogen 
interaction”, “MAPK signaling pathway-plant”, and path-
ways involved in lipid metabolism. Moreover, various struc-
tural hub genes, such as F-box, BCAT2, GPAT, and HRGPs, 
were identified, suggesting that these genes were crucial for 
salt tolerance. Our results provide valuable information for 
understanding the mechanisms of salt tolerance in cotton and 
lay a solid foundation for future research.
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