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Abstract

Background
WRKY transcription factors have various functions in leaf senescence, plant maturation, adaptation to
stress and regulation of secondary metabolism. However, the relationship between WRKY family and
cotton pigment gland development remains unclear.

Result
In this study, 36 WRKY group I genes were identi�ed in G. hirsutum L. Expression pattern analysis showed
that GhWRKY138 of WRKY group I had a large difference in expression between glanded and glandless
plants. Virus-induced gene silencing experiments showed that the number of glands decreased
signi�cantly with gene silencing. At the same time, we found that the expression of GhMYC2-like, a key
gene regulating pigment gland development, also decreased with the decrease of GhWRKY138.

Conclusion
GhWRKY138 may involved in the formation and development of cotton glands. This study explored the
possible relationship between the WRKY transcription factor family and gland development, which further
enriched the connotation of the biological function of WRKY genes. These studies provide new insights
into the mechanism of gland development.

Background
Cotton is a very critical resource in the world, and it has a very pivotal strategic signi�cance. It has been
cultivated around the world for more than 7,000 years. Cotton can not only be used as an important raw
material for textile industry, but also a nutrition resource. For every kilogram of cotton �ber produced,
about 1.65kg of seeds will be produced. And cottonseed is not only rich in oil, but also contains 23%
protein[1]. But common cotton varieties contain pigment glands, which contain a toxic yellow dimeric
sesquiterpene compound called gossypol, monogastric animals and humans are very sensitive to this
toxicity[2, 3]. Besides, it should not be overlooked that gossypol acts as a natural plant defender to reduce
the damage of pests and diseases and external abiotic stresses[4–7]. According to the characteristics of
the two-sidedness of gossypol, it is of great signi�cance to improve the economic value of cotton to
cultivate cotton varieties with high content of gossypol in plants and low content of gossypol in
cottonseeds.

Pigment glands, also known as gossypol glands, are unique structure on the surface of Gossypium.
Cotton glands consist of a cavity and secretory cell mass formed through programmed cell death (PCD)
[8, 9]. Gossypol is stored in the mature pigment glands as main component[10]. Previous studies have
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shown that the number of pigment glands and gossypol content are closely related. The synthetic
pathway of gossypol is relatively complete, but the mechanism of gland formation is still unclear.
Previous studies have identi�ed 6 loci involved in cotton gland formation: Gl1, Gl2, Gl3, Gl4, Gl5 and Gl6.
McMichael �rst discovered the recessive gene gl1, which controls the trait that almost no glands in cotton
bolls and stalks but a normal number of glands in cotton leaves[11]. Subsequently, gl2gl3 was reported to
be a double recessive gene that controls the absence of glands in the whole plant[12, 13]. gl4 and gl5 were
found to regulate the number and density of glands, but not the complete absence of glands[14]. gl6 is a
gene with a similar but weak function to gl1[15]. Then, a whole glandless plant was isolated from

“Giza45” (G. barbadense L.). The glandless phenotype was controlled by a dominant gene Gl2e, which is
an allele of Gl2[16, 17]. Since then, efforts were made to map and isolate the genes involved in gland

formation. In 2016, Cheng mapped Gl2e to a 15KB region on chromosome A12, in which a transcription
factor called GhMYC2-like was identi�ed and the presence of an amino acid substitution in the conserved
domain may be associated with glandless phenotype[18]. The function of the transcription factor was
veri�ed by VIGS and it was named as Gossypium Gland Formation (GoPGF)[19].

Gl 2 and Gl3 genes are located on chromosomes A12 and D12, respectively. gl2 and gl3 were found to be
derived from premature translation termination and monomer mutation of Gl2 and Gl3. Subsequently,
three CGF genes were identi�ed by transcriptome analysis of gland and glandless cotton embryos and
function veri�cation by virus-induced gene silencing (VIGS). Gene knockout mediated by CRISPR/ Cas9
further con�rmed the role of CGF2 and CGF3 synonymous with GhMYC2-like/GoPGF  in gland
formation[20].

WRKY proteins are a family of transcription factors unique to plants. WRKY transcription factors
generally contain one or two conserve WRKY domains, with about 60 amino acid residues including
WRKYGQK sequence and a C2H2 or C2HC zinc �nger motif[21, 22]. With the cloning of the �rst WRKY
gene SPF1 in sweet potatoes[23], WRKY genes have been studied and reported in more and more species,
including Arabidopsis thaliana[24], maize[25], wheat[26], tomato[27], cotton[28], rice[29], castorbean[30],
cassava[31], cucumber[32], pineapple[33],etc. WRKY transcription factors play important roles in a variety
of complex physiological and biochemical processes, especially in the �eld of plant resistance to abiotic
and biological stresses[34]. BcWRKY46 could reduce the sensitivity of tobacco to freezing stress, ABA
stress, salt stress and dehydration stress[35]. SbWRKY50 can be involved in plant salt response by
regulating ion homeostasis[36]. WRKY71 were found to be involved in ethylene mediated regulation of
leaf senescence[37]. Recently, WRKY2 and WRKY10 were reported that involved in molecular
mechanisms that regulate plant light signal transduction[38]. In addition, WRKY is involved in the
accumulation of secondary metabolites in a variety of plants. Maize terpenoid phytoalexins (MTPs)
biosynthesis is regulated by ZmWRKY79 which is highly correlated with expression of MTPs[39].
GaWRKY1 was found to be involved in the regulation of gossypol biosynthesis in cotton[40]. All these
indicate that WRKY is widely involved in a variety of plant biological processes, and the study of WRKY
family has special production signi�cance and application value.
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The mechanism of gland development is very important for the application of cotton. GhMYC2-like has
been studied as a star gene in gland development. As one of the largest transcription factor families in
plants, WRKY plays an important role in various plant stress resistance processes. However, the study of
the WRKY family in gland development is not clear and it is unknown whether WRKY genes participate in
pigment gland development regulation.

In this study, we identi�ed 36 WRKY group I genes and screened out one gene- GhWRKY138 from the
transcriptome. GhWRKY138 expression was signi�cantly different in glanded and glandless strains. We
performed a virus-induced gene silencing assay on GhWRKY138 to obtain a phenotype with reduced
number of pigment glands in cotton. Further analysis showed that the expression of GhMYC2-like
decreased with the decrease of the gene expression level.

This study provides important information for improving the network between the WRKY family and
gland development, and also extends the key role of WRKY in stress tolerance due to the important role of
the gland in cotton stress tolerance.

Results

Result 1
Identi�cation and characteristic information of WRKY group I genes in G. hirsutum L.

Previous studies on WRKY transcription factors have shown that there are 239 WRKY family members in
upland cotton, of which 36 are group I family members[41]. This conclusion was veri�ed by
bioinformatics analysis and analyzed for 36 members of WRKY Group I. The characteristic information
of 36 genes of the group I were listed in Supplementary Table S1, including genomic DNA length (bp),
coding sequence CDS length (bp), GC content (%), coding protein length (aa), exon number, gene start and
end sites on chromosomes, isoelectric point (PI), protein molecular weight (MW). The genomic DNA
length of these WRKY group I genes ranged from 1,518 bp (GhWRKY211) to 4,926 bp (GhWRKY232). The
range of CDS coding sequences is from 1215bp (GhWRKY211) to 2292 bp (GhWRKY232). The GC
content of CDS sequences varies from 41.8% (GhWRKY54) to 50.1% (GhWRKY229). The number of
exons in candidate genes varies from 4 to 6. In addition, the isoelectric point of them was between 5.671
and 9.308, and the molecular weight ranged from 44.261 to 82.043. GhWRKY138 was located in the
region from 48,694,888 to 48696787 of the D04 chromosome. The genomic DNA length was 1,900bp,
which had 5 exons and 43.4% GC content. Its predicted molecular weight and isoelectric point are
55.929kDa and 6.706, respectively (Supplementary Table S1).

Result 2
Phylogenetic and structure analysis of WRKY group I protieins in G. hirsutum L.

In order to further analyze the evolutionary relationship of WRKY group I genes, we constructed a
phylogenetic tree of 36 group I genes in G. hirsutum L. that have been identi�ed (Fig. 1A). The
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phylogenetic tree is divided into three clades. There are 28 putative group I genes in the �rst clade, and 4
genes in the second and third clade respectively. Among them, the putative subgenome A genes and its
corresponding homologous subgenome D genes can be well clustered in the same �ne clade.

According to the results of sequence alignment, it can be found that similar to WRKY genes of other
groups, the WRKY group I has one or two highly conserved structure (WRKYGQK) and C2H2 zinc �nger
motif (Fig. 1B). Of these, the �rst clade and the second clade have two WRKY domains (WRKYGQK), but
the third clade has only one domain. We analyzed the gene structure and conserved domain of the genes
in group I (Fig. 1C). The members within each clade have similar intron and exon structure and gene
length. They have four to seven exons and three to six introns. GhWRKY138 belongs to the �rst clade, it
contains two WRKY conserved domains and �ve exons.

Result 3
Expression pattern analysis of WRKY group I genes in glanded and glandless cotton.

To explore the role of the WRKY group I genes in gland development, the transcriptome of glanded and
glandless cotton were used to investigate the gene expression. The expression heatmap of 36 genes was
drawn (Fig. 2A). Based on transcriptome data, We found signi�cant differences in the expression levels of
some genes in glanded and glandless materials. These genes were selected for real-time �uorescence
quanti�cation PCR (qRT-PCR) to further verify the accuracy of transcriptome (Fig. 2B). The expression
levels of these genes were consistent with transcriptome data.

We screened the differentially expressed genes and obtained a gene named GhWRKY138. As shown in
Fig. 2B, GhWRKY138 was highly expressed in L7, but low in Dgl-L7. We suggest that this interesting
phenomenon may be related to gossypol synthesis and gland development. As we know, transcription
factors usually function in the nucleus, and here we validated the subcellular localization of GhWRKY138.
The �uorescence was only visible in the nucleus of tobacco mesophyll cells (Fig. 2C). This result is
consistent with the properties of transcription factors.

Result 4
GhWRKY138 -silencing results in gland number reduction

To further assess the connection between GhWRKY138 and cotton glands, virus induced gene silencing
(VIGS) which have a silencing effect on the target gene was performed. A 245 bp fragment was selected
and designed with low similarity between GhWRKY138 and the other group I gene sequences.
Furthermore, the PDS gene was silenced with the GhWRKY138 as a speci�c phenotypic marker for VIGS.
The transcripts of GhWRKY138 in the GhWRKY138 -silenced leaves were signi�cantly reduced compared
to the untreated leaves, manifesting that GhWRKY138 was effectively silenced in VIGS plants. As shown
in Fig. 3A, silencing GhWRKY138 also reduced the number of glands in leaves greatly. It is evident that
the gland has decreased as the expression level has decreased (Fig. 3B). This result suggests that there is
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a link between the gene and the number of glands, and the speci�c mechanism needs to be further
veri�ed.

Result 5
The expression of GhMYC2-like was signi�cantly decreased in the GhWRKY138 -silenced plants.

In recent years, GhMYC2-like has become the most important gene in the study of glandless cotton. Since
GhMYC2-like plays a key role in gland development, it is of great signi�cance to explore the relationship
between GhWRKY138 and GhMYC2-like. We found an interesting phenomenon in GhWRKY138-silenced
leaves, with the decrease of GhWRKY138 expression, the expression of GhMYC2-like also decreased
signi�cantly (Fig. 4A). Similarly, we also obtained RNAi plants of GhMYC2-like. To further explore this
phenomenon in expression, we performed qRT-PCR experiments on RNAi plants of GhMYC2-like gene.
Along with suppressed expression of GhMYC2-like, GhWRKY138 was also decreased dramatically.
(Fig. 4B)

Similarly, since gossypol is an important component of cotton glands, genes associated with gossypol
was also studied. We also performed qRT-PCR analysis on 6 key enzyme genes in the gossypol synthesis
pathway[42]. In GhWRKY138-silenced leaves, the expression levels of 4 genes decreased and 2 genes
increased conversely ( Fig.S1).

Discussion
Pigment glands are the storage organs of gossypol and there is an inseparable and close relationship
between the glands and gossypol. It is of great signi�cance to study the genes related to gland
development and formation in low gossypol cotton breeding. As one of the largest transcription factor
families, WRKY proteins plays an important role in various physiological processes in plants, such as
stress resistance and regulation of secondary metabolite accumulation. However, the effect of WRKY
gene on cotton gland development has not been reported. Based on previous research, the cotton gland
also plays an important role in plant resistance to natural stress such as insect pests. It is therefore not
di�cult to link WRKY transcription factors to glands. However, the effect of WRKY gene on cotton gland
development has not been reported.

With advances in next-generation sequencing technology, more accurate genomic information has been
annotated, providing a better basis for determining the function of genes. In this study, we identi�ed the
WRKY group I genes in G. hirsutum L. and constructed the phylogenetic tree of WRKY group I. The group
has a total of 36 members and can be divided into three clades. These WRKY group I genes are predicted
to be localized in the nucleus, which is consistent with the properties of transcription factors.
GhWRKY138 is a target gene screened by transcriptome expression analysis. GhWRKY138 belongs to
WRKY group I, and its expression level is high in glanded cotton, but low in glandless cotton.
Subsequently, we veri�ed that the experimental results were consistent with transcriptome data by qRT-
PCR. Based on these results, we performed a virus-induced gene silencing (VIGS) experiment. In the
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GhWRKY138-silenced leaves, we found that the number of pigment glands was signi�cantly reduced, and
there was a signi�cant positive correlation between the expression level and the number of glands. Thus,
we speculated that GhWRKY138 was involved in the pathway of gland development and it has a positive
regulatory effect. Subsequently, we found that the expression of GhMYC2-like (GoPGF/CGF3) gene
decreased in the leaves with reduced glands by qRT-PCR. At the same time, the gene expression was also
decreased in GhMYC2-like knockout plants, suggesting that there may be a feedback mechanism
between GhWRKY138 and GhMYC2-like. This suggests that GhWRKY138 may involved in the formation
and development of cotton glands or interact directly with GhMYC2-like. These speculations need to be
further veri�ed by other experiments.

Due to the special relationship between glands and gossypol, we found that the expression levels of
some key enzymes in the gossypol synthesis pathway also showed different trends. Therefore,
GhWRKY138 may also affect the synthesis of gossypol. Whether this means that GhWRKY138 is also
involved in the gossypol synthesis pathway needs further veri�cation. Similarly, whether WRKY
transcription factors bind the action element of relevant enzyme target gene remains to be investigated.
These evidences further con�rms that GhWRKY138 may be involved in the formation and development of
cotton glands, but the relationship with gossypol is unclear.

Through this experiment, the biological function of GhWRKY138 in cotton pigment gland was veri�ed,
and the content of WRKY transcription factor family for stress was further enriched. These results may
help to further complete the glandular development network and increase the economic value of cotton
production.

Methods

Plant Materials and Strains
The plant materials we used were from National Medium-term Gene Bank of Cotton (Anyang, Henan,
China) and maintained by sel�ng in our lab, including glanded and glandless cotton such as L7, CCRI12
(glanded cotton), Dgl − L7(dominant glandless cotton) ,Rgl − CCRI12(dominant glandless cotton) RNAi
transgenic plants. Among them, RNAi transgenic plants interfere with the accumulation of GhMYC2-like
transcripts.

Identi�cation and nature analysis of WRKY group I genes in G. hirsutum L.

The upland cotton genomic database (G. hirsutum L) (NAU version) we need was downloaded from the
Cotton Functional Genomics Database (CottonFGD) (https://cottonfgd.org/). The hidden Markov model
(HMM) pro�le of the conserved WRKY domain (Pfam: PF03106) was downloaded from the Pfam
database (http://pfam.xfam.org). HMMER 3.0 and BLASTP were used to search for candidate genes of
WRKY family in upland cotton. Then, through comparison, we arti�cially remove duplicate genes. The
remaining genes were further searched and con�rmed on SMART (http://smart.embl.de/), NCBI
Conserved Domain Search database(http://smart.embl.de/), and Pfam(http://pfam.xfam.org/).The
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protein length and isoelectric point of the WRKY group I members were all retrieved from the Cotton
Functional Genomics Database (CottonFGD) (https://cottonfgd.org/).

Phylogenetic and structure analysis of WRKY group I genes in G. hirsutum L.

The speci�c phylogenetic tree of the WRKY Genome of upland cotton is constructed through the MEGA-X
program adopting neighbor-joining method. Then, we analysed the members of the WRKY group I
selected from the phylogenetic tree. The structure information of introns and exons of group I was
obtained from CottonFGD, and the gene structures were graphically visualized using the GSDS2.0 web
server(http://gsds.gao-lab.org/). The conserved motifs of the WRKY group I genes in upland cotton were
analyzed using the MEME program(https://meme-suite.org/meme/).

Expression pattern analysis
To investigate the relationship between WRKY group I and gland development, a gland-related G.
hirustum transcriptome data was analyzed (determined by our group and unpublished now). Multiple
species with and without glands are included in the transcriptome data. The heatmap of the
transcriptome was drawn by using the Lianchuan Biocloud platform (https://www.omicstudio.cn/).

Subcellular Localization
Predictive analysis of subcellular location of GhWRKY138 by using ProtComp tool and Wolf-PSORT. To
examine the subcellular localization of GhWRKY138 in cells, the PCR fragment ampli�ed from cDNA from
L7 and inserted into transient expression vector pBI121-GFP and generated the constructs
35S:GhWRKY138-GFP. The constructs were introduced into Agrobacterium tumefaciens strain GV3101.
The recombinant plasmid was introduced into N. tabacum blade cells through acupuncture, Green
�uorescent signals were detected under aconfocal microscope after 72 hours.

Virus Induced Gene Silencing (VIGS)
A 245-bp speci�c fragment of GhWRKY138 and a 327-bp fragment of PDS from L7 was PCR-ampli�ed
and inserted to pTRV2 named pTRV2- GhWRKY138 -PDS. The vectors pTRV1 and pTRV2- GhWRKY138
were introduced into the Agrobacterium strain GV3101 by electroporation. Transformants were selected
on LB plate containing kanamycin (50 mg/L), rifampicin (50 mg/L). Silencing the PDS gene can lead to
albino effect on leaves, which can be used as a marker for the phenotype of VIGS plants. The CCRI12
plants grew in a constant temperature growth room(23℃) under a 16-h light per 8-h dark cycle.

RNA isolation and Quantitative Real-time PCR (qRT-PCR)
Total RNA was extracted from leaves using RNAprep Pure Plant Kit (Tiangen), followed by reverse
transcription using PrimeScript II 1st Strand cDNA Synthesis Kit (TAKARA). Real-time PCR was performed
using gene-speci�c primers and 2X RealStar Green Fast Mixture with ROX II (GenStar). The qRT-PCRs
were performed in triplicate for each sample and performed on ABI QuantStudio5 RT-PCR system (USA).
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Figure 1

Phylogenetic and structure analysis.(A)The phylogenetic tree of WRKY group I proteins inG. hirsutum L.
andA. thaliana.According to phylogenetic tree clustering, it can be divided into three Clades. (B) Multiple
alignment of the amino acid sequences of WRKY group I in G. hirsutum L. and A. thaliana. The blue box
represents the conserved domain (WRKYGQK) and the C2H2 zinc �nger motif of WRKY group I in G.
hirsutum L. andA.thaliana,respectively. (C) Phylogenetic relationship, motifs, and gene structures of
WRKY group I in G. hirsutum L.
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Figure 2

Expression pattern analysis  (A) Expression heatmap of WRKY group I genes in glanded and glandless
cotton. Dgl: dominant glandless, Rgl:recessive glandless, CCRI12 and L7 are glanded cotton (B)
Expression analysis of GhWRKY138 and other 3 genes in glanded and glandless cotton.Dgl: dominant
glandless, L7 are glanded cotton. (C) Subcellular localization in tobacco leave cell.
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Figure 3

Silencing GhWRKY138 causes glandless phenotype. (A) Phenotype of GhWRKY138-silenced plants (B)
The number of pigment glands and expression level in plants before and after VIGS.
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Figure 4

Expression levels of GhMYC2-likeand GhWRKY138 in different strains.(a) GhMYC2-like expression in
GHWRKY138-silenced plants. (b)GhWRKY138 expression in RNAi-GhMYC2-like plants.
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