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Abstract
The WRKY gene family is widely distributed in plants and is known to play essential roles in stress
response. However, the underlying structure and evolution of WRKY in cotton remains elusive. Herein, 112,
119, 217, and 222 WRKY genes were identi�ed in G. arboreum, G. raimondii, G. hirsutum, and G.
barbadense, respectively. The 670 WRKYs were divided into seven subgroups and unevenly mapped to
chromosomes. Analysis of motifs, domains, cis-acting elements, and gene structure collectively revealed
the evolutionary conservation and diversity of WRKYs in cotton. Synteny and collinearity con�rmed the
expansion, duplication, and deletion of WRKYs during the evolution of cotton. Further, GhWRKY31 was
induced by osmotic and salt stress. Ectopic expression of GhWRKY31 improved osmotic and salt
tolerance in Arabidopsis, while silencing GhWRKY31 in cotton increased sensitivity to drought and
salinity. This was observed through higher germination rates and root length in GhWRKY31 transgenic
Arabidopsis, as well as lower levels of ABA, proline, POD, and SOD in GhWRKY31-VIGS cotton plants
under stress. Additionally, silencing of GhWRKY31 reduced the expression levels of drought- and salt-
related genes, including GhRD29, GhNAC4, GhABF1, GhABF2, GhDREB2, GhP5CS, and GhSOS1. Yeast
one-hybrid and molecular docking experiments con�rmed that the GhWRKY31 domain binds to the W box
of GhABF1, GhDREB2, and GhRD29, and is connected by hydrogen bonds. Collectively, the results provide
a systematic and comprehensive understanding of the evolution of cotton WRKYs, and suggest an
appropriate regulatory network for breeding cotton varieties with improved drought and salinity tolerance.

Key Message
The evolution and expression patterns of WRKY genes in cotton were elucidated. GhWRKY31 positively
regulates cotton resistance to drought and salt stress by controlling the expression of GhABF1, GhDREB2,
and GhRD29.

Introduction
As global temperatures rise, the growth and development of higher plants are challenged by variable
abiotic stresses, such as extreme temperatures, drought, and high salinity, of which not only inhibit plant
growth but also lead to a gradual decline in crop production globally (Peck and Mittler 2020; Gao et al.
2016; Zandalinas et al. 2020). To cope with diverse abiotic stress and adapt to adverse growth
environments, plants have evolved a series of intricate regulatory mechanisms (Devireddy et al. 2021;
Yoon et al. 2020), in which the stress receptor genes, stress-related transcription factors (TFs) and
upstream/downstream target genes together form a complex interconnected network (Agarwal et al.
2019; Chen et al. 2018; Liu and Zhang 2017; Li et al. 2020).

The TFs, which play vital roles in the regulation of gene expression by binding to cis-acting elements
upstream of the transcription start site (TSS), are critical in the molecule network of stress response
(Tariq et al. 2022; Rehman et al. 2021; Zhang et al. 2020). WRKY is one of the largest TF families in
plants, and its members are involved in various responses to abiotic stress (Ye et al. 2021; Wei et al.
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2022). WRKY family members have a highly conserved WRKY domain, which is composed of the
WRKYGQK motif and a CX 4–5 CX 22–23 HXH zinc-�nger motif (Bakshi and Oelmüller 2014). The
WRKYGQK motif binds to the W box (TTGACC/T) on the promoter of downstream gene and regulates its
expression under various abiotic stresses (Rinerson et al. 2015; Chen et al. 2009). WRKY TFs were
typically classi�ed into seven groups based on the number of WRKY domains (two domains in Group I
proteins and one in the others) and the primary amino acid sequence (C2-H2 structure in Group IIa-e
proteins and C2HC structure in Group III proteins) (Bakshi and Oelmüller 2014; Rinerson et al. 2015).

During the development of higher plants, stress is inevitable and requires an effective defense
mechanism to cope with it, wherein WRKY TFs related to plant resistance to abiotic stress have been
widely reported. For instance, the AtWRKY46 was rapidly induced upon water stress. The genes involving
in ROS scavenging and cellular osmoprotection were regulated by AtWRKY46. Overexpression of
AtWRKY46 resulted in hypersensitivity in soil-grown Arabidopsis under osmotic stress (Ding et al. 2014).
The silence of AtWRKY63 inhibited the expression of RD29A and COR47, thereby reducing drought
tolerance in Arabidopsis seedlings (Ren et al. 2010). In wheat, the heterogeneous expression of
TaWRKY146 in Arabidopsis was shown to enhance drought resistance, which was accomplished by
promoting stomatal closure, increasing proline content, and reducing the accumulation of
malondialdehyde (MDA) (Ma et al. 2017). The expression of CsWRKY2 was increased by exogenous ABA
and drought stress, and it enhanced drought tolerance in Camellia sinensis by regulating downstream
genes of the ABA signaling pathway (Wang et al. 2016). The AtWRKY25 and AtWRKY33 double mutants
Arabidopsis showed increased susceptibility to salt stress, while overexpression of AtWRKY25 or
AtWRKY33 resulted in enhanced tolerance to salt stress (Li et al. 2011). In Dendranthema grandi�orum,
the DgWRKY2/3/4 signi�cantly increased the germination rate and root length in both soybean and
Arabidopsis seedlings under high salinity treatment (Liu et al. 2013; Wang et al. 2018; He et al. 2018).
Collectively, the reports demonstrate that under drought and salt stress, WRKY family members have
emerged as pivotal regulators in plants (Jiang et al. 2017).

Cotton, the most vital oilseed and �ber crop, accounts for 35% of the total �ber used worldwide. Previous
studies have suggested that all diploid and tetraploid cotton species have evolved from a common
ancestor, which subsequently diversi�ed to produce 9 groups, including A-G, K, and AD genomes (Zhang
et al. 2008; Wendel et al. 2010). Cultivated cotton mainly consists of four cotton subspecies, including G.
arboretum (A2-genome species), G. raimondii (D5-genome species), G. hirsutum (AD1-genome species),
and G. barbadense (AD2-genome species). Encouragingly, due to the release of high-quality whole-
genome sequences of the 4 cultivated species (Du et al. 2010; Paterson et al. 2012; Yang et al. 2019;
Wang et al. 2019), the genome-wide analysis of WRKY gene family is feasible and will help to elucidate
its regulatory functions in stimuli responses such as osmotic, drought, and salt. However, the accurate
and systematic analysis of WRKY genes in cultivated cotton remains largely unexplored, and the
functional validation of WRKYs under osmotic, drought, and salt stress is still incompletely known
(Abdelraheem et al. 2019).



Page 4/32

In our study, the phylogenetic tree, chromosomal distribution, cis‐acting elements, conserved motifs and
domains, and collinearity relationship of WRKYs were performed in cotton. We next con�rmed that
GhWRKY31 was up-regulated under salt and osmotic stress. Heterologous expression and VIGS assay
revealed that GhWRKY31 conferred salt and drought tolerance in Arabidopsis and cotton. The
dehydration- and salt-induced genes expression, such as GhABF1, GhABF2, GhDREB2, GhRD29, GhNAC4,
GhP5CS, and GhSOS1, was inhibited in GhWRKY31 silencing seedlings. Finally, the YIH assay was
employed to further verify the binding of GhWRKY31 to the W box of GhABF1, GhDREB2, and GhRD29.
Our results not only provide a new overview of cotton WRKY gene family, but also serve as a foundation
for cotton breeding under abiotic stress conditions.

Materials and methods

Identi�cation of WRKY family members
Four cotton genome assembly �le (FASTA format) and genome annotation �le (GFF3 format), including
G. arboreum (CRI version, strain SXY1) (Du et al. 2010), G. raimondii (JGI version, strain Ulbr.) (Paterson et
al. 2012), G. hirsutum (CRI version, strain Tm-1), (Yang et al. 2019)d barbadense (HAU version, strain 3–
79) (Wang et al. 2019), were downloaded from Cotton FGD (https://cottonfgd.net/) (Zhu et al. 2017).
Hidden Markov Model (HMM) �le (PF03106) was downloaded from Pfam database
(http://pfam.xfam.org/) (Finn et al. 2014). The HMMER 3.0 (Mistry et al. 2013) was used to screen the
potential WRKY proteins, and the key parameters were set as default (1e-5). Next, WRKY proteins were
manually screened using SMART (http://smart.emblheidelberg.de/) and NCBI CDD
(https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi/). Finally, non-WRKY domain, incorrect, and
repetitive family members were deleted.

Multiple sequence alignment and phylogenetic tree
construction
The full-length amino acid sequences of WRKY proteins were aligned by the ClustalW program. Based on
the alignments provided, a maximum likelihood tree was constructed using the MEGA 7.0 program
(http://www.megasoftware.net/) (Kumar et al. 2016), and the bootstrap test was carried out with 1000
iterations. Finally, the phylogenetic tree was plotted by interactive tree of life v5.0 (iTOL)
(https://itol.embl.de/) (Letunic and Bork 2021).

Chromosomal locations, gene structure, conserved motifs and domains, and cis-acting elements of
WRKY proteins

To map the chromosomal distribution of WRKY genes in 4 cotton species. The above reference genomes
and annotation �les, and WRKY protein IDs were incorporated into the gene location visualization toolkit
of TBtools (Chen et al. 2020a).
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For the analysis of WRKY gene structure, we extracted information on WRKY gene structures using
reference genomes and annotation �les. We then visualized the WRKY gene structures using gene
structure toolkit of TBtools.

The conserved motifs of WRKY proteins were analyzed using the MEME database (http://meme-
suite.org/), and the conserved domains were obtained through the NCBI CD-Search
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The acquired data was then plotted using
TBtools.

To investigate the cis-acting elements of WRKYs promoter, the 5'-upstream regions of 2000 bp were
downloaded from Cotton FGD. Subsequently, the sequences were analyzed using PlantCARE database
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al. 2002) and visualized with
TBtools.

Duplication and collinearity analysis of WRKY proteins
The MCScan program (Tang et al. 2008) was used to detect gene pairs with a BLASTp search (e-value < 
10− 5). Next, the chromosome length �le, gene density �le, and WRKY ID highlighting �le were created
from the reference genomes and annotation �les, respectively. The prepared �les were separately placed
into the multiple collinear scanning toolkit, dual synteny plotter toolkit, and advance circos toolkit of
TBtools (Chen et al. 2022) for analysis of gene collinearity relationships and duplication events among
the WRKYs in four cotton species.

Cotton materials and stress tests
Upland cotton G. hirsutum (Tm-1) was obtained from Cotton Research of the Chinese Academy of
Agricultural Sciences (Anyang, Henan Province, China). The cotton seeds were sterilized with 3% H2O2 for
12 h and then washed with distilled water. Subsequently, the seedlings were grown in a greenhouse at
28℃ with a 16 h light/8 h dark photoperiod until the second true leaf expanded.

For the validation of expression levels for GhWRKYs under drought and salt stress treatments, two true
leaves of cotton seedlings were subjected to 20% (w/v) PEG6000 (drought-mimicking) and 200 mM NaCl
solution, respectively. Seedlings with water were used as the control group. All leaves were collected at 0,
1, 3, 6, 12, and 24 h, and stored at -80℃ for further experiments.

Transcriptome analysis and qRT-PCR veri�cation of WRKY
genes
The RNA-seq raw data of PEG and NaCl-treated G. hirsutum were downloaded from NCBI
(https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA490626) (Hu et al. 2019). Firstly, we downloaded
the raw sequencing data. Following the removal of adapters by Fastq and Trim Galore, the sequencing
reads were aligned to the genome of G. hirsutum using STAR (Dobin et al. 2013). Next, RSEM (Li and
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Dewey 2011) was employed to obtain the expression quanti�cation (FPKM value) of GhWRKYs. The
FPKM values of WRKY genes were log2-transformed and plotted using TBtools heatmap.

The total RNA of G. hirsutum was extracted using a FastPure Universal Plant Total RNA Isolation Kit
(Vazyme, Nanjing, China). The �rst-strand cDNA was synthesized by TaKaRa kit (TaKaRa, Japan). The
Universal SYBR qPCR Master Mix kit (Vazyme, Nanjing, China) was used for RT-qPCR, and the primers
were designed using Primer Premier 5.0 (Supplementary Table 1). The GhActin7 was used as an internal
control. A total volume of 10 µL was carried out in the Light Cycler® 96 �uorescence quantitative PCR
instrument (ABI7500; Applied Biosystems, America). The expression levels of WRKY genes were
calculated by 2−∆∆Ct method (Livak and Schmittgen 2001).

Heterologous transformation and stress tolerance assay in Arabidopsis

The wild-type (WT) Arabidopsis (Ecotype Col-0) was used as the receptor for GhWRKY31 genetic
transformation. The seeds of WT Arabidopsis were surface-sterilized with 5% sodium hypochlorite and
washed with sterile water 5 times. These seeds were then stored at 4℃ for 24 h. Next, the seeds were
evenly sown on 1/2 MS solid mediums and cultured in a greenhouse (16 h light/8 h dark cycle, 22℃) for
7 days. Next, these seedlings were replanted in a 3:1 mixture of vermiculite and nutrient soil.

The GhWRKY31 CDS was inserted into the XbaI/KpnI restriction enzyme sites of the Super1300 plasmid.
The Super1300:GhWRKY31 vector was transformed into GV3101 (A. tumefaciens strain), and full-
�owering Arabidopsis seedlings were used for genetic transformation by �oral dip method (Clough and
Bent 1998). The GhWRKY31 overexpression (OE) lines were selected using hygromycin. Here, the 4-week-
old OE lines of GhWRKY31 were identi�ed by RT-qPCR. We �nally obtained 5 independent OE lines of
GhWRKY31 and named them OE1, 2, 3, 4 and 5.

The seeds of WT and GhWRKY31 OE lines of Arabidopsis were evenly planted on 1/2 MS solid media
containing different concentrations of mannitol (0, 100, 200, and 300 mM) and NaCl (0, 50, 100, and 150
mM). The germination rate was recorded for 7 consecutive days using a magni�er. To measure root
length, seedlings were initially grown upright on fresh 1/2 MS solid medium for 3 days, and then
transferred to 1/2 MS solid medium supplemented with mannitol (0, 100, 200, and 300 mM) and NaCl (0,
50, and 100 mM) for a period of 5 to 7 days.

Virus-induced gene silencing (VIGS), stress treatments, and
determination of biochemical indexes
As previous study described by Gu et al., the CDS of GhWRKY31 was ampli�ed from G. hirsutum using
RT-PCR. The CDS of GhWRKY31 was inserted into the pYL156 vector to construct pYL156: GhWRKY31
fusion vector. Subsequently, pYL156: 00 (empty vector) and pYL156: GhWRKY31 vector were severally
transformed into A. tumefaciens strain GV3101. The bacterial �uid of recombinant GV3101 was used to
infect the cotyledons of G. hirsutum seedlings through injection. The leaves were collected for RNA
extraction and to detect interference e�ciency using qRT-PCR.
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For the drought and salt tolerance assay, seedlings of ‘TM1’ (no injection), ‘TM1’+pYL156: 00 (empty
vector injection), and ‘TM1’+pYL156: GhWRKY31 (GhWRKY31 injection) were treated for 14 days with
water, water-de�cit, and 200 mM NaCl solution. Additionally, the content of ABA, MDA, and proline, as well
as the activity of POD and SOD, were evaluated using the respective kits (ABA Elisa kit: SIONBESTBIO,
Shanghai; MDA, proline, POD, and SOD kits: Solarbio, Beijing).

Molecular docking simulation
The interaction between the GhWRKY31 protein and the W box of stress-related genes was investigated
using HDOCK v1.1 software. The nucleotide sequence of stress-related genes and the amino acid
sequence of GhWRKY31 were introduced into receptors and ligands modules in HDOCK
(http://hdock.phys.hust.edu.cn/) (Yan et al. 2020). The output interaction model �les were imported into
PyMOL 2.5.0. The center of the docking boxes, which were based on the position of the crystal ligand,
were constructed minutely. Next, the atoms for polarity docking were selected, and the docking
relationship was plotted. In addition, the con�dence score (CS) indicates the likelihood of binding
between two molecules (CS = 1.0 / [1.0 + e0.02*(docking score+150)]). The two molecules would be very likely
to bind if CS > 0.7.

Yeast one-hybrid (Y1H) assay
The Y1H assay was performed as described by Yu et al., the full-length sequence of GhWRKY31 was
cloned into the pGADT7 vector between the EcoRI and BamHI sites. The recombinant plasmid was co-
transformed into yeast Y1HGold with pAbAi-GhP5CS, pAbAi-GhABF1, pAbAi-GhABF2, pAbAi-GhDREB2,
and pAbAi-GhRD29. The pGADT-53 was used as a positive control, and all transformed candidates were
grown on SD/-Ura/-Leu medium with 0 or 100 ng/mL of Aureobasidin A (AbA) for 3–5 days.

Statistical analysis
The data were statistically analyzed using SPSS 10.0 software and plotted by GraphPad Prism 5.0. There
were 3 biological replicates for each experiment, and the data were presented as means ± SD of three
independent experiments. Experimental data were analyzed by one-way ANOVA test, and the bars with
different letters indicate signi�cant differences (P < 0.05).

Results

Identi�cation and phylogenetic analysis of WRKY gene
family
Based on Pfam, Hmmer search, NCBI-CDD, and SMART databases, a total of 112, 119, 217, and 222
WRKY genes were identi�ed in G. arboreum, G. raimondii, G. hirsutum, and G. barbadense, respectively.
The shortest length of the WRKY protein (Gbar_D06G009260.1) was 144 aa, while the longest proteins
(Gbar_D12G019910.1 and Gorai.008G200800.1) were 1340 aa. The isoelectric point (pI) ranged from
4.72 (Gbar_D11G016820.1) to 9.98 (Gorai.004G219300.1 and Gh_D08G210300.1). The maximum value
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of molecular weight (MW) was 151,574.34 (Gorai.008G200800.1), and the minimum was 16,630.56
(Gorai.011G114200.1). The subcellular location of WRKY proteins was predicted using Plant-PLoc
database, and it was found that WRKY proteins are located in the nucleus (Supplementary Table 2). The
phylogenetic tree was constructed using maximum likelihood method to determine the evolutionary
relationship of 670 WRKY proteins in cotton (Fig. 1). The WRKY proteins, including Group I (107), Group
IIa-IIe (134, 74, 122, 86, and 75), and Group III (63), were classi�ed into 7 clades. The WRKY proteins are
unevenly distributed among 7 subgroups.

Chromosome location of WRKY genes
To further analyze the distribution of WRKY genes, the chromosome location was mapped (Fig. 2). In G.
arboretum and G. raimondii, 109 and 119 WRKYs were located in At or Dt sub-genome, respectively. The
Ga14G1656, Ga14G1714, and Ga14G1560 were positioned in contigs (Fig. 2A, B). The number of WRKY
genes in A07 chromosome was the highest (13), while the A03 chromosome had the lowest number (4) in
G. arboreum (Fig. 2A). In G. raimondii, the D01 and D09 chromosomes contained the highest number of
GrWRKYs (13), while the D02 and D05 chromosomes had the lowest number of GrWRKYs (4) (Fig. 2B). In
G. hirsutum, the chrA05 had 16 WRKY members, which was the highest number among all 26
chromosomes, while the chrA03 contained 3 GhWRKYs. The Gh_Contig00579G000600,
Gh_Contig00383G000300, and Gh_Contig01109G001300 were located in contigs that were not observed
in chromosomes (Fig. 2C). In G. barbadense, 4, 5, 3, 3, 17, 10, 12, 11, 6, 7, 14, 9, and 5 WRKYs were
mapped on chrA01-chrA13, and 3, 4, 5, 11, 12, 10, 13, 11, 5, 7, 13, 12, and 5 WRKY genes were located on
chrD01 to chrD13 (Fig. 2D). Therefore, the members of the WRKY family were unevenly distributed across
the cotton chromosomes.

Conserved motifs and domains, cis-acting elements, and gene structure of WRKYs

To further clarify the detailed characteristics of WRKYs, gene structure, conserved motifs and domains,
and cis-acting element were analyzed. 10 conserved motifs of WRKY proteins were identi�ed in 4 cotton
strains. We noted that most WRKY proteins contained more than two motifs, except for 5 GaWRKY, 15
GrWRKY, and 30 GbWRKY proteins. Moreover, motifs 1 and 2 were present in each WRKY member
(Supplementary Table 3). Subsequently, we observed that WRKY proteins contain at least one WRKYGQK
domain, and 107 WRKY proteins belonging to Group I have two WRKYGQK domains (Fig. 3). Additionally,
the basic region-leucine zipper (bZIP) domains (PF00170) were found in 20 WRKY proteins, and the
plant_zn_clust (PF10533) structures were located at the N-terminus of 80 WRKY members (Fig. 3). The
results suggest that the WRKY proteins are evolutionarily stable and diverse in cotton.

To further investigate the biological function of WRKYs, we identi�ed cis-acting elements in the 5'-
upstream regions of 2000 bp (Supplementary Table 4). 12 different functions of cis-elements were
identi�ed, and these cis-acting elements related to stress response were found abundantly in the
promoter of WRKYs (Fig. 3). The cis-acting elements can be divided into 3 categories: hormones
responsive sites (auxin responsive element, gibberellin responsive element and MeJA responsive
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element), transcription factor binding sites (MYB binding site, MYBHv1 binding site, and WRKY binding
site), and growth and development sites (MYB binding site involved in drought-inducibility, light
responsiveness, �avonoid biosynthetic, low-temperature responsive, and defense and stress responsive)
(Fig. 3).

Duplication and collinearity of GaWRKYs, GrWRKYs, GhWRKYs, and GbWRKYs

To gain a better understanding of the expansion pattern of WRKYs, the duplication circos was plotted. In
the diploid genomes of G. raimondii and G. arboretum, 88 and 102 WRKYs, respectively, occurred whole
genome duplication (WGD) or segmental duplication events (Fig. 4A, B). The Ga05G0631, Ga08G2219,
Gorai.001G037800, Gorai.004G219400, and Gorai.009G062400 were tandem duplications and were
distributed on chromosomes A05, A08, D01, D04, and D09, respectively (Fig. 4A, B). Furthermore, 17 and
14 WRKY genes were dispersed in At or Dt sub-genome (Supplementary Table 5). In G. hirsutum, 97.66%
of WRKYs occurred through WGD or segmental duplication events. The 3 WRKY genes (Gh_A08G214800,
Gh_D05G062100, Gh_D08G210400) were tandem duplications, and 2 WRKYs (Gh_D04G011700 and
Gh_D07G055500) were dispersed. These 5 GhWRKYs were located on chromosomes A08, D04, D05, D07,
and D08, respectively (Fig. 4C) (Supplementary Table 5). A total of 213 WRKYs had undergone whole-
genome duplication (WGD) or segmental duplication events in G. barbadense. The Gbar_A08G020300
(ChrA08), Gbar_D08G021260 (ChrD08), Gbar_A03G013230 (ChrA03), and Gbar_A11G020420 (ChrA11)
appeared as tandem duplications or dispersion (Fig. 4D) (Supplementary Table 5).

It is widely known that G. hirsutum and G. barbadense evolved through hybridization between G.
arboreum (A-genome species) and G. raimondii (D-genome species). Herein, a relative syntenic map was
drawn to analyze the evolutionary relationships of WRKYs between G. hirsutum and 3 other species
(Supplementary Table 6). According to MCScan analysis, 571, 621, and 1044 duplicated gene pairs were
found between G. hirsutum and G. arboreum, G. hirsutum and G. raimondii, and G. hirsutum and G.
barbadense (Fig. 5). In G. arboreum and G. raimondii, the highest number of collinear relationships was
found on ChrA11 (85) and ChrD07 (98). The minimum collinear relationships, which were mapped to
ChrA09 and ChrD05, were 17 and 21, respectively (Fig. 5A, B). Meanwhile, there are 87, 75, 73, 65, and 78
collinear relationships located on A05, A11, D05, D07, and D11 of G. barbadense among the 1044 gene
pairs (Fig. 5C). In short, the aforementioned results con�rmed that the collinear relationships were
unevenly distributed across each chromosome, and that deletion and duplication events occurred among
WRKY family members.

Expression pro�ling and qRT-PCR veri�cation of WRKYs response to salt and osmotic stress in G.
hirsutum

The transcriptome data of G. hirsutum was used to detect the expression pro�le of GhWRKYs under salt
and osmotic stress. We found that 3 h of salt treatment, and 3 and 6 h of PEG treatment were grouped
into one clade. The WRKY genes, including Gh_A05G156700.1, Gh_D03G026500.1, Gh_A05G368400.1,
and Gh_A06G109400.1, exhibited higher expression levels in this clade. Furthermore, the expression
levels of Gh_A05G156700.1, Gh_D02G067800.1, Gh_A08G149000.1, Gh_D08G210300.1, and
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Gh_D08G191400.1 reached peak values after 1 h and 6 h salt treatment or 1 h PEG treatment.
Additionally, the Gh_A08G031700.1, Gh_A09G013200.1, and Gh_D03G050200.1 were expressed at the
highest levels after 12 h salt treatment or 12 h PEG treatment. The results showed that partial GhWRKYs
were regulated under salt and osmotic stress (Fig. 6).

To further verify the above results, qRT-PCR was employed to examine the changes in GhWRKYs
expression levels. The Gh_A08G031700.1, Gh_D02G067800.1, and Gh_A05G156700.1 were selected, and
their expression levels were differentially induced by PEG and NaCl solution (Fig. 7). The expression
values of Gh_A08G031700.1 and Gh_D02G067800.1 were variously under PEG and NaCl treatment.
Concretely, the Gh_A08G031700.1 expression was sensitive to both PEG and NaCl treatment, and its
expression level was up-regulated at 3 and 12 h under PEG treatment, and at 1, 12, and 24 h under NaCl
treatment (P < 0.05) (Fig. 7A). The Gh_D02G067800.1 was regulated by salt stress, and its expression
value signi�cantly increased at 6 and 12 h under NaCl treatment (P < 0.05) (Fig. 7B). Additionally, the
expression level of Gh_A05G156700.1 was promoted at 1, 3, and 6 h (P < 0.05) after PEG treatment, and it
was also upregulated after NaCl treatment at 3, 6, and 12 h (Fig. 7C). Therefore, the Gh_A05G156700.1
was selected for the next functional veri�cation under salt and osmotic stress.

GhWRKY31 improved the tolerance of transgenic Arabidopsis to osmotic and salt stress

The qRT-PCR result veri�ed that Gh_A05G156700.1 was positively induced by both osmotic and salt
stress. To further investigate the function of GhWRKY31 (Gh_A05G156700.1), the tolerance to osmotic
and salt stress of GhWRKY31 transgenic Arabidopsis was carried out after homozygote molecular
identi�cation (Supplementary Figure S1). The seed germination and root length both were inhibited by
mannitol and NaCl treatment in WT Arabidopsis. The germination rates of WT were severely suppressed
under 100 mM (83%), 200 mM (76%), and 300 mM (58%) mannitol treatment (Fig. 8A, B), and were
suppressed to 56% and 36% under 100 mM and 150 mM NaCl treatment, respectively (Fig. 8E, F).
Meanwhile, the root length of WT was also inhibited under 100 mM (2.84 cm), 200 mM (2.23 cm), and
300 mM (1.62 cm) mannitol (Fig. 8C, D), and was suppressed to 2.24, and 1.84 cm under 50 mM, and
100 mM salt conditions, respectively (Fig. 8G, H). As expected, the germination rates and root length of
GhWRKY31 OE lines were signi�cantly higher than those of WT. The germination rates were nearly 100%,
100%, and 90% under 100 mM, 200 mM, and 300 mM mannitol. Under 50 mM, 100 mM, and 150 mM
NaCl solution, the germination rates of GhWRKY31 OE lines were almost up to 100% (Fig. 8B, F). In
addition, the root length of OE lines was 3.36 cm, 3.14 cm, 2.33 cm, 3.24 cm, and 2.37 cm under 100 mM,
200 mM, 300 mM mannitol, 50 mM, and 100 mM NaCl treatments, respectively. These measurements
were signi�cantly longer than those of WT (P < 0.05) (Fig. 8D, H). Hence, the heterologous expression of
GhWRKY31 in Arabidopsis signi�cantly improved osmotic and salt tolerance.

VIGS of GhWRKY31 reduced drought and salt tolerance in G. hirsutum

To further elucidate the function of GhWRKY31 in G. hirsutum Tm-1, VIGS was employed to decrease the
transcription level of GhWRKY31. The qRT-PCR was used to evaluate the silencing e�ciency of
GhWRKY31. The expression level of GhWRKY31 was reduced by approximately 75% in pYL156:
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GhWRKY31 plants (Supplementary Figure S2). As expected, no stress-related phenotype was observed in
the seedlings of ‘TM1’, ‘TM1 + pYL156: 00’, and ‘TM1 + pYL156: GhWRKY31’ under water conditions.
Nevertheless, the leaves of ‘TM1 + pYL156: GhWRKY31’ seedlings exhibited shrinkage and yellowing
characteristics compared with ‘TM1’ (WT seedlings) and ‘TM1 + pYL156: 00’ (empty vector seedlings)
under 200 mM NaCl treatment (Fig. 9A). Meanwhile, after a 14-day water-de�cit treatment, the leaves of
'TM1' and 'TM1 + pYL156: 00' showed a healthier phenotype compared to 'TM1 + pYL156: GhWRKY31'
seedlings. The latter exhibited symptoms such as shrinkage, rolling, wilting, and death (Fig. 9A).
Additionally, the ABA and proline contents accumulated less in 'TM1 + pYL156: GhWRKY31' seedlings
than in the control group seedlings under drought and salt stress. Meanwhile, the MDA content was
higher in 'TM1 + pYL156: GhWRKY31' seedlings compared to the seedlings in the control group. Moreover,
the activities of POD and SOD were higher in plants of the control group than in 'TM1 + pYL156:
GhWRKY31' plants under drought and salt stress (Fig. 9B-F).

GhWRKY31 regulates the expression of salt- and dehydration-induced genes

The GhWRKY31-VIGS cotton seedlings showed greater sensitivity to drought and salt stress. To elucidate
the target genes of GhWRKY31 in the cotton drought and salt response, we conducted qRT-PCR analysis
to determine whether GhWRKY31 is essential for the expression of ABA-, dehydration-, and salt-induced
genes. The expression levels of GhRD29, GhNAC4, GhABF1, GhABF2, GhDREB2, GhP5CS, and GhSOS1
were induced in the control group under drought and NaCl stress. However, silencing GhWRKY31 resulted
in a decrease in the induction of the 7 genes under dehydration and salt stress. Speci�cally, the
expression levels of GhABF1, GhABF2, GhP5CS, and GhSOS1 were suppressed to levels lower than those
observed in the control group (Fig. 10A).

The W box (TTGACC/T), which is the minimal sequence required for speci�c DNA binding of WRKY
family members, was explored in the above 7 genes. We found that 1, 2, 2, 1, and 3 W boxes (TTGACC)
were located in the promoter regions of GhP5CS, GhABF1, GhRD29, GhABF2, and GhDREB2, respectively
(Fig. 10B). Additionally, to explore the potential interaction sites between the GhWRKY31 protein and the
W box of these 5 genes, molecular docking was performed using HDOCK and PyMOL software. The
con�dence scores for the combination of GhWRKY31 and GhP5CS, GhABF1, GhRD29, GhABF2, and
GhDREB2 were 0.8611, 0.9525/0.9050, 0.7619/0.8815, 0.8930, and 0.8576/0.8654/0.9492, respectively.
Stable complexes could be formed between the WRKY domain of GhWRKY31 and the adjacent W box
sequence. These complexes were maintained by strong hydrogen bonds (Fig. 10C).

GhWRKY31 binds to the promoter regions of GhABF1, GhDREB2, and GhRD29

The Yeast one-hybrid (Y1H) assay was employed to further investigate the binding a�nity of GhWRKY31
protein to GhP5CS, GhABF1, GhABF2, GhDREB2, and GhRD29. Firstly, we con�rmed that 100 ng/ml of
AbA could inhibit the self-activation of pAbAi-bait. The results showed that the transformation yeast
containing the combination of GhWRKY31 with the W box (TTGACC/T) of GhABF1, GhDREB2, GhRD29,
GhP5CS, and GhABF2 grew on SD/-Leu medium. The GhWRKY31 protein speci�cally bound to the
fragment that contained the core TTGACC/T motif of GhABF1, GhDREB2, and GhRD29 on the SD/-Leu + 
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AbA (100 ng/ml) medium. These �ndings support the conclusion that GhWRKY31 directly binds to the
promoter regions of GhABF1, GhDREB2, and GhRD29 (Fig. 11).

Discussion
WRKY TFs exist across the entire plant kingdom as a highly conserved protein family (Rushton et al.
2010). Currently, Genome-wide of WRKY gene family has been widely identi�ed (Ye et al. 2021; Wei et al.
2022), and the family members have been shown to play the pivotal roles in responding to abiotic stress
(Li et al. 2020, Jiang et al. 2017). Cotton, one of the most important economic crops, has remained
relatively scarce research on WRKY gene family. Hence, the study investigates the evolution and function
of WRKY genes in cotton development based on analysis of genome-wide duplication, qRT-PCR,
heterogenous expression in Arabidopsis, VIGS in G. hirsutum ‘TM1’, molecular docking, and Y1H.

In our study, 112 GaWRKYs, 119 GrWRKYs, 217 GhWRKYs, and 222 GbWRKYs were identi�ed. Since
cotton underwent hybridization and polyploidization 1.5 Mya, the number of WRKY genes in tetraploid
cotton has increased ~ 2-fold greater than that of diploid cotton (Chen et al. 2020b). Next, the 670 WRKYs
were divided into 7 subgroups (Fig. 1) based purely on phylogenetic data (Rushton et al. 2008, Zhang and
Wang 2005) and were unevenly distributed among different subfamilies. The chromosomal location
indicated that WRKY genes on chrD01, chrD09, and chrD10 were lost, while those on chrD05, chrD06, and
chrD11 were added during the formation of tetraploid cotton (Fig. 2). The results reveal the evolutionary
information of cotton WRKY gene family.

To further elucidate the evolutionary relationship of WRKY TFs in cotton, the arrangement of WRKYs
conserved motifs and domains were analyzed. Obviously, each WRKY gene had one or two conserved
WRKYGQK domain(s) and an atypical zinc-�nger structure at the C-terminus, which were composed of
successive conserved motifs (Fig. 3). Almost every WRKY domain is located in the central position of the
protein sequences, and the conserved motifs and domains are similar within the same subgroup for 4
cotton species. The above results suggest that WRKY genes were conserved highly during the evolution
of cotton. Nevertheless, the similarity of sequences in other regions of WRKYs was lower compared to
motif and domain regions, which indicated that the WRKY genes of cotton exhibit complexity and
diversity during the evolutionary process. The cis-acting elements in the promoter region are known to
play an important role in regulating gene expression and can provide insight into gene function. In the
study, the cis-acting elements can be divided into three categories: phytohormone response elements,
development and stress related elements, and TFs binding site elements (Fig. 3). These elements may
have a signi�cant impact on hormonal response, abiotic stress responses, and TF interactions.
Analogously, these cis-acting elements, including the growth and development response element,
hormone response element, and stress response element, have also been widely observed in Vitis vinifera
(Huang et al. 2021a), Calohypnum plumiforme (Wang et al. 2022), and Chrysanthemum lavandulifolium
(Muhammad et al. 2022). In addition, structural analysis indicated that the proportions of UTR and CDS
were signi�cantly different in each cotton species. This difference may be attributed to the homologous
recombination caused by arti�cial domestication of cotton (Du et al. 2018; Huang et al. 2020).
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In general, WGD, segmental duplication, tandem duplication, and transposon-induced duplication are
major mechanisms that can alter the function, evolution, and structure of TFs and give rise to new
subfamilies (De Smet et al. 2017; Lv et al. 2020; Zhou et al. 2020). In our research, the rates of WGD or
segmental duplication were higher than those of tandem duplication, which clari�ed that the expansion
and evolution of WRKY genes are primarily due to the WGD or segmental duplication, while tandem
duplication plays a minor role (Fig. 4). Likewise, the evolutionary events were also found in mung bean
(Tariq et al. 2022), wheat (Ye et al. 2021), and cherry (Ji et al. 2023), and the WGD and segmental
duplication events played the primary-effect. Subsequently, to further explore the underlying evolutionary
of WRKYs, the syntenic relationships were displayed (Fig. 5). Numerous collinear WRKY gene pairs were
found between G. hirsutum and 3 other species, that may be attributed to the absence of signi�cant
changes in the number and arrangement of genes during the 1.5 million years of hybridization,
polyploidy, and evolution in cotton. However, partial WRKY genes were lost during the process of
evolution, possibly due to the arti�cial domestication process that lasted for 8000 years. These preserved
WRKY genes may contribute signi�cantly to improving the survival and adaptability of cotton, as well as
the length and quality of cotton �bers (Du et al. 2018; Wang et al. 2019).

To date, WRKY TFs have been elucidated to be actively involved in the regulation of drought and salt
stress in plants (Ren et al. 2010; Wang et al. 2016; Liu et al. 2013; He et al. 2018). Our research suggested
as well that a group of WRKY genes were up- or down-regulated by PEG or NaCl treatment (Fig. 6). The
GhWRKY31 was identi�ed as a candidate gene involved in the response to salt and drought stress in G.
hirsutum (Fig. 7). Next, in order to further investigate the function of GhWRKY31, we constructed the
Super1300: WRKY31 vector and obtained homozygous GhWRKY31 transgenic Arabidopsis lines.
Phenotype analysis revealed that the germination rate and root length of WT were signi�cantly lower than
those of OE lines under stress conditions (Fig. 8). Similarly, overexpression of GhWRKY39-1 in Nicotiana
benthamiana not only enhanced tolerance to salt stress but also conferred greater resistance to bacterial
pathogen infection (Shi et al. 2014). GhWRKY25 transgenic tobacco enhanced the seedlings tolerance to
salt stress, but the resistance to mannitol-induced osmotic and drought stress decreased (Liu et al. 2016).
Additionally, the WRKY genes have been shown to respond actively to osmotic, drought, and salt stress in
other plants. For instance, overexpressed MbWRKY5 (Han et al. 2019), MfWRKY40 (Huang et al. 2022),
CmWRKY10 (Jaffar et al. 2016), and TaWRKY93 (Qin et al. 2015) in Arabidopsis or tobacco has been
shown to confer increased resistance to osmotic and high salinity stress compared to the WT. On the
other hand, overexpression of ZmWRKY17 (Cai et al. 2017), CdWRKY50 (Huang et al. 2021b), and
VvWRKY50 (Zhang et al. 2022) could result in a susceptible phenotype under PEG, mannitol, or NaCl
treatment. The above results con�rm that the heterologous expression of WRKY genes plays a crucial role
in diverse abiotic stress responses in Arabidopsis and tobacco. Additionally, GhWRKY31 conferred dual
resistance to both salt and osmotic stress in Arabidopsis.

To better evaluate the function of GhWRKY31, drought and salt tolerance tests were performed in G.
hirsutum by VIGS technology. The GhWRKY31-VIGS cotton seedling leaves were more sensitive to water-
de�cit and NaCl conditions. The lower levels of ABA and proline content, along with the higher level of
MDA content, indicated that VIGS seedlings had lower resistance to drought and salt stress. POD and
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SOD activities results con�rmed that the ROS-scavenging capability in WT plants was higher than that of
GhWRKY31-VIGS seedlings (Fig. 9). Notably, the GhABF1/2, GhDREB2, and GhRD29 were found to be
involved in ABA-dependent or ABA-independent responses to drought and salt stress, and these genes
play a positive regulatory role in both dehydration and NaCl conditions. The GhP5CS, which is induced by
dehydration and high salt, catalyzes the rate-limiting enzyme in proline biosynthesis. Our study
demonstrated that the expression levels of GhABF1, GhABF2, GhDREB2, GhRD29, and GhP5CS were
suppressed in GhWRKY31-VIGS cotton leaves. Subsequently, the molecular docking analysis for the
binding of the WRKYGQK domain and the W boxes of these genes indicated the presence of numerous
hydrogen bonds, which contribute to the formation of stable complexes (Fig. 10). Analogously, the virus-
induced gene silencing of GhWRKY46 (Li et al. 2021) and XsWRKY20 (Xiong et al. 2020) also resulted in
drought or salt sensitivity. This was evident through a weak physiological phenotype, increased MDA
content, reduced proline accumulation, and a signi�cant inhibition of stress-related gene expression
levels, such as ABI3, ABF2, DREB1, DREB2, RD22, LEA5, and P5CS in WRKY-silenced seedlings.
Meanwhile, the highly conserved WRKYGQK domain of SlWRKY3/4, CcWRKY1/51/70, and HvWRKY46
could also form hydrogen bonds with the W box of stress-related, and these WRKY subfamily members
appeared various bonding strength (Aamir et al. 2017; Pandey et al. 2018; Singh et al. 2019). In addition,
the Y1H assay con�rmed that GhABF1, GhDREB2, and GhRD29 are direct targets of GhWRKY31 protein
(Fig. 11). Therefore, GhWRKY31 positively regulates the induction of downstream stress response genes
(GhABF1, GhRD29, and GhDREB2), thereby participating in controlling the cotton drought and salt
response network, and endows Arabidopsis and cotton with salt and drought resistance (Fig. 12).
Collectively, the results not only facilitate future studies on WRKY genes involved in stress tolerance in
cotton crops but also provide a foundation for further exploration of the underlying roles of TFs in plants.

Conclusions
In this study, a total of 670 WRKYs were identi�ed in G. arboreum, G. raimondii, G. hirsutum and G.
barbadense. The WRKYs were classi�ed into 7 groups through phylogenetic analysis. Subsequently, the
evolutionary relationship and diversi�cation of WRKY genes were in-depth investigated. Finally, the
positive function of GhWRKY31 was demonstrated under osmotic, drought, and salt stress conditions in
Arabidopsis and cotton Tm-1. GhWRKY31 was found to directly bind to the W box (TTGACC/T) of
GhABF1, GhDREB2, and GhRD29. These results not only suggest a precious resource for gaining a better
understanding of WRKYs in cotton, but also provide a theoretical basis for the growth of plants in drought
and high salinity soil.
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Figure 1

A maximum likelihood (1000 bootstraps) phylogenetic tree of WRKY proteins in G. arboreum, G.
raimondii, G. hirsutum, and G. barbadense. The 7 color modules represent 7 subfamilies of WRKY
proteins, and no background module indicates unclassi�ed WRKY proteins.
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Figure 2

Chromosomal distribution of WRKY genes in G. arboretum (A), G. raimondii(B), G. hirsutum (C), and G.
barbadense (D). The chromosome number is shown at the top of each chromosome, and the scale for the
length of chromosome is mega bases (Mb).
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Figure 3

Analysis of conserved motifs and domains, cis-acting elements, and structures of WRKY members in G.
arboreum (A), G. raimondii (B), G. hirsutum (C), and G. barbadense (D). The identi�cation elements were
represented by distinct colored boxes. The black lines of gene structure indicated non-conserved regions.
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Figure 4

Duplicated WRKY genes based on the collinearity of all chromosomes in G. arboreum (A), G. raimondii
(B), G. hirsutum (C), and G. barbadense (D). The number of genes is presented by a heatmap and a linear
map, of which the red presents regions of high gene density, and yellow means low density region. The
WRKY gene pairs with a syntenic relationship are linked by red lines, and the scale on the boxes above is
in mega bases (Mb).
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Figure 5

Synteny analysis of WRKY genes. Orthologous relationships between G. hirsutum and G. arboretum (A),
G. hirsutum and G. raimondii (B), and G. hirsutum and G. barbadense (C) were investigated. Blue lines
highlight duplicated WRKY gene pairs, while the gray lines in the background indicate all collinear
relationships.

Figure 6

A cluster heatmap of expression patterns of GhWRKYgenes in response to NaCl and PEG treatment. Each
line presents the expression of WRKY gene in different treatments, and the expression values in row scale
were normalized. The color scale varies from red to blue, indicating the high or low expression of each
WRKY gene.
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Figure 7

The expression levels of 3 WRKY genes in the leaves of G. hirsutum seedlings under PEG and NaCl stress.
Gh_A08G037100.1expression in the control group was set to 100% at 0 h. The error bar represents the
standard error of the mean, and the lower letter above the bar indicates a signi�cant difference (P < 0.05).

Figure 8

The germination rates and root length of GhWRKY31 OE lines and WT under mannitol and salt
conditions. A and E Phenotypic comparison of seedlings grown on 1/2 MS with 0 mM, 100 mM, 200 mM
and 300 mM mannitol, or 0 mM, 50 mM, 100 mM, and 150 mM NaCl after 7 days. B and F Germination
rates of seedlings grown under the conditions described in (A) and (E). C, D, G, and H Phenotypic
comparison and root length of seedlings grown on 1/2 MS with 0 mM, 100 mM, 200 mM, and 300 mM
mannitol, or 0 mM, 50 mM and 100 mM NaCl after 7 days. Data presents the means ± SE from three
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independent experiments. The lowercase letters above the bar indicate the signi�cant difference (P <
0.05).

Figure 9

GhWRKY31-VIGS cotton seedlings exhibit increased sensitivity to drought and salt stress. A Leaves
phenotypes were shrinkage, yellowing, wilting, and death under water de�cit and 200 mM NaCl treatment.



Page 29/32

ABA (B), proline (C), MDA (D) content, and POD (E), SOD (F) activity under water-de�cit and 200 mM NaCl
treatment. Data presents the means ± SE from three independent experiments. The lowercase letter above
the bar indicates the signi�cant difference (P< 0.05).

Figure 10
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The gene expression levels induced by salt and dehydration were regulated by GhWRKY31 in G. hirsutum
leaves. A Silencing of GhWRKY31 inhibits salt- and dehydration-induced gene expression. The data is
shown as the mean ± SD from three independent biological replicates. (**, P < 0.01; *, P < 0.05; Student’s
t-test). B The cis-acting elements are located 2000bp upstream of the GhP5CS, GhABF1, GhRD29,
GhABF2, and GhDREB2 promoters. C The 3D structure of molecular docking for the binding of
GhWRKY31 protein and the W boxes of GhP5CS, GhABF1, GhRD29, GhABF2, and GhDREB2. The yellow
dashed line represents hydrogen bonding interactions.

Figure 11

Y1H assay of GhWRKY31 with GhABF1, GhDREB2, GhRD29, GhP5CS, and GhABF2. The promoters of
GhABF1, GhDREB2, GhRD29, GhP5CS, and GhABF2, which contain the putative TTGACC/T
transformation (W box), were constructed in the pAbAi vector. The ORF of GhWRKY31 was constructed in
the pGADT7 vector. Yeast cells were diluted with distilled water (100 to 10-2) and cultured on SD/-Leu
medium supplemented with 100 ng/mL of Aureobasidin A (AbA).



Page 31/32

Figure 12

A working model of the role of the GhWRKY31 module in the drought and salt stress response in cotton.
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