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Abstract
Cotton fibers are specialized single-cell trichomes derived from epidermal cells, 
similar to root hairs and trichomes in Arabidopsis. While the MYB-bHLH-WD40 
(MBW) complex has been shown to regulate initiation of both root hairs and tri-
chomes in Arabidopsis, the role of their homologous gene in cotton fiber initiation 
remains unknown. In this study, we identified a R2R3 MYB transcription factor 
(TF), GhWER, which exhibited a significant increase in expression within the outer 
integument of ovule at -1.5 DPA (days post anthesis). Its expression peaked at -1 
DPA and then gradually decreased. Knockout of GhWER using CRISPR technology 
inhibited the initiation and early elongation of fiber initials, resulting in the shorter 
mature fiber length. Additionally, GhWER interacted with two bHLH TF, GhDEL65 
and GhbHLH121, suggesting a potential regulatory complex for fiber development. 
RNA-seq analysis of the outer integument of the ovule at -1.5 DPA revealed that 
the signal transduction pathways of ethylene, auxin and gibberellin were affected in 
the GhWER knockout lines. Further examination demonstrated that GhWER directly 
activated ethylene signaling genes, including ACS1 and ETR2. These findings high-
lighted the biological function of GhWER in regulating cotton fiber initiation and 
early elongation, which has practical significance for improving fiber quality and 
yield.
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Introduction

Cotton is a valuable cash crop and a major source of natural fiber for the global 
textile industry. The cotton fibers, specialized trichomes derived from ovule epi-
dermal cells (Stewart 1975), have been a focus of cotton breeding efforts that pri-
oritize high yield (Naoumkina et al. 2020). However, only 20–30% of ovule epi-
dermal cells can differentiate into fiber cells (Applequist et al. 2001). Therefore, 
substantial potential exists for enhancing the yield of mature fiber by increasing 
the number of fiber cells.

Both cotton fibers and Arabidopsis root hairs, as unicellular, unbranched, and 
elongated specialized trichomes originating from epidermal cells, may share sim-
ilar mechanisms in cell-fate determination(Lee et  al. 2007). The cell-fate deter-
mination of Arabidopsis has been studied for several decades, culminating in the 
identification of a conservative MYB-bHLH-WD40 (MBW) ternary complex con-
trolling root hairs and trichomes formation. In Arabidopsis, the R2R3 MYB tran-
scription factor (TF) WEREWOLF (WER) exerts negative regulation on root hair 
development, whereas GLABRA1 (GL1), another MYB TF, acts as a positive reg-
ulator for trichome initiation, as identified in previous research (Lee and Schie-
felbein 1999; Oppenheimer et al. 1991). These proteins, together with the bHLH 
TF GLABRA 3 / ENHANCER OF GLABRA 3 (GL3/EGL3) and the WD repeat 
protein TRANSPARENT TESTA GLABRA 1 (TTG1), form the MBW complex 
that regulates the expression of HD-ZIP TF GLABRA 2 (GL2), thus determin-
ing epidermal cell differentiation (Payne et al. 2000; Zhang et al. 2003; Walker 
et al. 1999; Rerie et al. 1994). Studying the functions of homologous genes to the 
MBW complex may provide valuable insights into the regulatory mechanisms of 
cotton fiber initiation.

Recent research has highlighted the importance of pivotal TFs such as the 
R2R3 MYB TF GhMYB25-like and GhMYB25 in cotton fiber initiation, empha-
sizing their significant roles (Machado et al. 2009; Walford et al. 2011; Qin et al. 
2022). Evidence indicates that silencing the expression of GhMYB25-like in cot-
ton using an RNAi approach results in the production of only a few fibers on 
seeds, while CRISPR-mediated knockout of GhMYB25-like_At/Dt leads to a com-
plete absence of fibers on seeds (Qin et al. 2022; Walford et al. 2011). Addition-
ally, MYB2 and GhMYB109 exhibit high sequence similarity with GL1 and WER, 
and have been reported to be involved in fiber development (Guan et al. 2014; Suo 
et al. 2003).While ectopically expressing GaMYB2/GbMYB2/GhMYB2 in Arabi-
dopsis could complement the phenotype of glabrous mutants gl1, the functions 
of these homologous genes of MBW complex in cotton fiber initiation has been 
scarcely documented (Guan et  al. 2014; Huang et  al. 2013; Wang et  al. 2004). 
The involvement of GhMYB109 has been reported in fiber initiation and elonga-
tion, but the details of its mechanisms remain undiscovered (Pu et al. 2008). The 
function of GL1/WER homologous genes in the regulation of cotton fiber initia-
tion is thus not fully understood.

Plant hormones such as auxin, gibberellin acid (GA), and ethylene play 
pivotal roles in the initiation and elongation of cotton fiber. An increase in 
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cytokinin (CTK) levels enhances fiber yield without compromising fiber qual-
ity (Zhao et al. 2015). Auxin, considered as the most crucial hormone for fiber 
initiation, significantly increases the IAA content in cotton ovules when epider-
mal-specific promoter (Floral Binding Protein7, FBP7) drives the expression 
of IAA biosynthetic genes iaaM, resulting in a 15% increase in lint fiber yield 
(Zhang et al.2011). In addition to auxin biosynthesis, genes involved in transport 
and signaling pathway, such as the auxin efflux carrier genes PINs and auxin 
response factors GhARF2/GhARF18, are also implicated in cotton initiation 
(Zhang et  al. 2017; Xiao et  al. 2018). Another hormone, GA, positively regu-
lates fiber initiation and elongation. For instance, the overexpression of the GA 
20-oxidase gene GhGA20ox in cotton significantly increases the fiber initials and 
promotes the elongation of fiber cells (Xiao et al. 2010). Moreover, research has 
revealed that the crosstalk between auxin and GA significantly affect fiber ini-
tiation and elongation, with overexpressing of GhARF18 leading to increased 
GA content that promotes fiber growth through the upregulation of GA 3-beta-
hydroxylase gene GA3OX and the GA 20-oxidase gene GA20OX (Zhu et  al. 
2022). Ethylene, another vital hormone, promotes cell wall extension and thus 
fiber elongation (Shi et  al. 2006). Despite the established importance of these 
plant hormones in fiber development, the regulatory mechanisms of their action 
during fiber initiation and early elongation remain unclear.

This study aims to identify the gene function of WER homologous gene, 
GhWER, in cotton fiber initiation and early elongation. By integrating gene 
expression analysis with CRISPR mutants of GhWER, we propose that GhWER 
is predominantly expressed during fiber initiation and early elongation and con-
tributes positively to the length of mature fibers by influencing the timing of 
fiber initiation. Additionally, our findings indicate that GhWER interacts with 
the bHLH TF GhDEL65 and GhbHLH121 as shown by yeast two-hybrid assays. 
We also reveal that GhWER modulates fiber initiation and early elongation 
through the regulation of the ethylene signaling pathway. These results offer new 
insights into the mechanisms of fiber initiation and early elongation, with poten-
tial implications for improving cotton fiber quality.

Materials and methods

Plant Materials

The receptor for transformation was Gossypium hirsutum acc. Jin668. Both the 
wildtype Jin668 and GhWER transgenic lines were cultivated in the experimen-
tal field at Huazhong Agricultural University in Wuhan, Hubei, China following 
standard agricultural practices. The tobacco (Nicotiana benthamiana) used for 
the LUC assay was grown in a climate-controlled growth chamber at 25℃ with 
16 h of light and 8 h of dark.
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Identification of MYB TFs in cotton and construction of phylogenetic tree

The gene and protein sequences of cotton were retrieved from CottonFGD (https://​
cotto​nfgd.​net), and those of Arabidopsis were download from TAIR (https://​www.​
arabi​dopsis.​org). Sequence alignment was performed using ClustalX software 
and ESPript (https://​espri​pt.​ibcp.​fr). The aligned sequences were then imported 
into MEGA-X software for phylogenetic tree construction. The phylogenetic tree 
was annotated using the iTOL tool (https://​itol.​embl.​de) while domain and gene 
structure analysis were conducted using the online platform GSDS (http://​gsds.​
gao-​lab.​org).

qRT‑PCR

Tissue samples used for qRT-PCR analysis were collected from G. hirsu-
tum acc. Jin668. Root, stem, and leaf samples were obtained from hydroponic 
plant, and ovule samples at -1.5 DPA (days post anthesis), -1 DPA, -0.5 DPA, 0 
DPA, 3 DPA, and 5 DPA, along with fiber samples at 5 DPA, 10 DPA, 15 DPA, 
and 20 DPA, were collected from field-grown plants. Three biological repli-
cates were processed for each sample. Subsequently, total RNA from these tis-
sues was extracted using the RNAprep Pure Plant Plus Kit (Tiangen, DP441), 
and reverse transcription was performed using Reverse Transcriptase M-MLV 
(Takara, 2641Q). The cotton gene GhUB7 was used as reference gene (Hao et al. 
2012). Primer sequences for qRT-PCR were designed referencing the qRT Primer 
Database (qPrimerDB, https://​biodb.​swu.​edu.​cn/​qprim​erdb) and can be found 
in Table S3. Gene expression was detected using the ABI 7500 Real-Time PCR 
system.

Vector construction and transformation

Two sgRNAs targeting GhWER CDS were designed using CRISPR-P (http://​cbi.​
hzau.​edu.​cn/​crispr) and cloned into the pRGEB32-GhU6.9 vector (Wang et  al. 
2018). The primers used for vector construction can be found in Table S3. The 
recombinant vector was then transformed into Agrobacterium tumefaciens strain 
EHA105, which was used to infect the hypocotyl of the Jin668 receptor for trans-
formation (Jin et al. 2006a, 2006b).

Detection of gene editing efficiency

To detect the genotype of target sites in T2 transgenic plants, genomic DNA was 
extracted from young leaves using the CTAB method. The DNA sequence sur-
rounding the target sites was then determined using high-throughput tracking 
(HiTOM) (Liu et  al. 2019). The process included the following steps: (1) the 
first round of PCR amplified the target site and its upstream and downstream 
sequences in a 96-well PCR plate; (2) the second round of PCR added a barcode 

https://cottonfgd.net
https://cottonfgd.net
https://www.arabidopsis.org
https://www.arabidopsis.org
https://espript.ibcp.fr
https://itol.embl.de
http://gsds.gao-lab.org
http://gsds.gao-lab.org
https://biodb.swu.edu.cn/qprimerdb
http://cbi.hzau.edu.cn/crispr
http://cbi.hzau.edu.cn/crispr
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to the first round of PCR products; (3) the PCR products from the 96-well PCR 
plate were combined and purified with a DNA purification kit (Tiangen, DP204); 
(4) the purified DNA were sequenced using high-throughput sequencing from 
Novogene, and the obtained sequences were analyzed through the Hi-TOM online 
website (http://​www.​hi-​tom.​net/​hi-​tom) to determine the final gene editing effi-
ciency. The primers for PCR can be found in Table S3.

Ovule observation by scanning electron microscopy

Three to four cotton bolls from WT and three GhWER knockout lines were collected 
from similar position on the plants at 0 DPA and 1 DPA. The ovules were then 
stripped from these bolls and fixed in a 2.5% (v/v) glutaraldehyde solution at 4℃. 
The specific steps for sample preparation, including dehydration using graded etha-
nol, isoamyl acetate treatment and sample drying, were carried out following pro-
cedures outlined in our previous research (Hu et al. 2018). Finally, the dried ovules 
were observed and photographed using a scanning electron microscopy (JSM-6390/
LV).

Measurement of fiber quality

The mature cotton bolls from WT and three GhWER knockout lines were collected 
from the middle part of plants simultaneously. Three biological replicates were har-
vested for each line. To measure the lint percentage, lint index, and seed index, all 
fiber attached to 100 seeds were removed, and the weight of fiber attached to 100 
seeds was recorded as the lint index, while the weight of 100 seed was recorded as 
the seed index. The lint percentage was calculated as the weight of fiber attached to 
100 seeds divided by the total weight of 100 seeds and their attached fiber. Subse-
quently, 15 seeds attached with fiber from the middle part of bolls were selected for 
the measurement of mature fiber length using the hand-combing method. Finally, 
10 g of fiber was selected to measure fiber quality using a semi-automatic high vol-
ume cotton tester (PREMIER HFT), including upper-half mean length (UHMI), 
micronaire value, strength, uniformity index, and elongation.

Interacted protein screening by yeast two hybrid (Y2H)

The Matchmaker Gold Yeast Two-Hybrid System (Clontech, Cat. no. 630489) 
was employed to identify proteins interacting with GhWER. The CDS of GhWER 
and its truncated sequence were cloned into the bait vector pGBKT7 and trans-
formed into yeast strains Y2HGold. The CDS of highly expressed TFs in ovules 
during fiber initiation were cloned into the prey vector pGADT7 and transformed 
into yeast strains Y187 to construct AD library. Yeast strains Y2HGold harboring 
pGBKT7 vectors were then plated onto SD/-Trp medium supplemented with X-α-
Gal to check for self-activation of GhWER. The Y2HGold strains without self-
activation were selected and individually mated with the AD library, followed by 
incubation at 30℃ with sharking (180 rpm) for 22h. The resulting zygotes were 

http://www.hi-tom.net/hi-tom
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restreaked on SD/-Leu/-Trp medium and SD/-Ade/-His/-Leu/-Trp medium supple-
mented with X-α-Gal, and then incubated at 30℃ for 3–5 days. AD plasmids from 
positive colonies were isolated and the cDNA inserts were sequenced to identify 
candidate proteins that interacted with GhWER.

To detect protein–protein interactions between GhWER and the candidate 
proteins, the prey vector pGADT7, fused with the CDS of GhDEL65 and Ghb-
HLH65, were transformed into yeast strains Y187. Subsequently, Y2HGold 
strains carrying GhWER and the Y187 strains carrying GhDEL65 or GhbHLH65 
were mated, separately. Finally, the mating yeasts were plated on SD/-Leu/-Trp 
medium and SD/-Ade/-His/-Leu/-Trp medium supplemented with X-α-Gal, and 
incubated at 30℃ for 3—5 days to verify the authenticity of protein–protein inter-
action. All the primers used for Y2H experiments can be found in Table S3.

RNA‑seq

Flower buds of both the WT and three GhWER knockout lines were collected 
at -1.5 DPA, and the ovules were then stripped. Then, the outer integument of 
the ovules was peeled off in the RNAlater solution (Sigma-Aldrich, R0901) for 
total RNA extraction. Three biological replicates were established for each trans-
genic line. BGI was responsible for the cDNA library construction and eukaryote 
transcriptome sequencing. The raw data obtained from the sequencer was filtered, 
then the clean data was mapped to the G. hirsutum reference genome of TM-1 
using the STAR software (Wang et al. 2019). Next, the FPKM value of each gene 
was calculated using RSEM software. The differentially expressed genes (DEGs) 
were identified using the edgeR software on the omicshare online platform 
(https://​www.​omics​hare.​com/​tools) with the criteria of a fold change greater than 
2 and a P value less than 0.05.

Dual‑luciferase reporter assays (LUC)

The dual-luciferase reporter system was used to verify the upstream and down-
stream relationship between GhWER and hormone-related genes. We cloned the 
promoter fragments of hormone-related genes into the pGreenII 0800-LUC vec-
tor, and the CDS of GhWER into the pGreenII 62-SK vector, with the specific 
primers used for vector construction listed in Table  S3. These constructed vec-
tors were then transformed into Agrobacterium tumefaciens strain GV3101, with 
the empty vectors serving as a negative control. The A. tumefaciens strain har-
boring the pGreenII 0800-LUC and pGreenII 62-SK vector were activated, and 
then mixed at a 1:9 ratio. This mixed solution was subsequently injected into 
N. benthamiana leaves and cultivated at 25℃ for 48-72 h. After cultivation, the 
leaves were treated with luciferin (Promega, P1041) and observed using a whole-
body fluorescent imaging system (Berthold, LB985 NightSHADE).

https://www.omicshare.com/tools
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Results

GhWER shares high homology with WER

In our previous study, we identified a series of TFs that exhibited preferential expres-
sion during the initiation of fiber cell in G. hirsutum, including an R2R3-MYB TF 
GhWER (Ghir_A08G017600) (Hu et  al. 2018). As a homologous gene of WER, 
GhWER appeared to potentially fulfill a similar function to WER in determining the 
fate of epidermal cells (Fig. 1A). GhWER was a R2R3-MYB TF coding a 230 aa 
protein. Sequence alignment indicated a conserved sequence of R2 and R3 domain 
shared by both WER and GhWER (Fig. 1A). In allotetraploid G. hirsutum, GhWER 
had one homologous copy (Ghir_D08G018460), which shared homology with 
GaMYB2 (Ga08G1971) in diploid Gossypium arboretum and Gorai_004G196800 
in diploid Gossypium raimondii (Fig. 1A). Only 8 different amino acids were identi-
fied among these genes in different cotton species (Fig.  1A), further suggesting a 
relative conservation of GhWER during the evolution of cotton species.

To further investigate the function of GhWER, we conducted an evolution analysis 
of GhWER and other R2R3 MYB TFs associated with fiber/trichome development 

(a)

(b)

R2

R3

GhWER_At
GaMYB2
GhWER_Dt
Gorai_004G196800
WER

GhWER_At
GaMYB2
GhWER_Dt
Gorai_004G196800
WER

GhWER_At
GaMYB2
GhWER_Dt
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Fig. 1   Sequence alignment and evolution analysis of MYB TFs in cotton and Arabidopsis. A. Amino 
acid sequence alignment of WER proteins in cotton and Arabidopsis. The black lines indicate the R2 
motif and R3 motif of the R2R3-MYB domain. B. Gene structure and phylogenetic tree of R2R3-MYB 
TFs related to cotton fiber initiation or trichomes development of Arabidopsis 
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in cotton and Arabidopsis (Fig. 1B). Gene structure analysis revealed variations in 
the UTR, intron, and exon regions of these MYB TFs (Fig. 1B). Phylogenetic analy-
sis divided these R2R3 MYB TFs into two clades: the first clade, containing GhWER 
and GhMYB109 from cotton, as well as WER, GL1 and AtMYB23 from Arabidopsis, 
had 2—3 exons; while the second clade, comprising GhMYB25 and GhMYB25-like 
from cotton, as well as AtMYB106, AtMYB16 and AtMYB17 from Arabidopsis, con-
tained 3—4 exons (Fig. 1B). The close phylogenetic relationship between GhWER, 
GhMYB109 in cotton, and WER in Arabidopsis (Fig. 1B) suggests that GhWER may 
play an essential role in the early stage of fiber development, similar to GhMYB109.

GhWER is preferentially expressed in ovules during fiber initiation

To further determine the biological function of GhWER in fiber development, we 
constructed a phylogenetic tree that included GhWER and its homologous genes in 
cotton. By aligning the amino acid sequence of WER, a total 48 R2R3-MYB TFs 
were identified in cotton. These MYB proteins were categorized into 5 subclasses 
based on their phylogenetic relationship, and their expression patterns were depicted 
on the phylogenetic tree. GhWER belonged to subclass II and exhibited preferential 
expression in 0—3 DPA ovules and 5—10 DPA fibers (Fig. 2A). Additionally, other 
genes in subclass II, such as Ghir_A05G037220 (GhMYB109), Ghir_A11G000100, 
and Ghir_A06G008810, also showed predominant expression during fiber initiation 
and the early stage of fiber elongation (Fig. 2A). These findings suggest that these 
genes may have functional redundancy with GhWER in controlling fiber initiation.

The expression of GhWER was detected in various tissues of G. hirsutum acces-
sion Jin668, including roots, stems, leaves, and different developmental stages of 
ovules and fibers. The qRT-PCR results showed that GhWER was expressed at -1.5 
DPA in ovules and its expression peaked at -1 DPA before gradually decreasing 
(Fig. 2B). In addition, GhWER was expressed at a moderate level in roots, leaves 
and early development stages of fibers (5 to 10 DPA), and at a low level in stems 
and later development stage of fibers (15 to 20 DPA) (Fig.  2B). Analysis of the 
expression pattern of GhWER in the single-cell RNA-seq (scRNA) atlas of the outer 
integument of ovules showed that GhWER was preferentially expressed in outer pig-
ment layer cell cluster and fiber cell cluster of ovules (Fig. S1)(Qin et al. 2022). This 
preferential expression of GhWER in the early developmental stages of ovule integu-
ment suggests that GhWER may be involved in fiber initiation.

The later initiation timing of fiber initials in GhWER gene editing line result 
in shorter fibers

To verify the gene function of GhWER in cotton fiber development, knockout lines 
of GhWER were generated in cotton using CRISPR/Cas9 technology. A vector con-
taining two sgRNAs targeting to the R2R3-MYB domain of GhWER_At/Dt was 
transformed into the Jin668 receptor line, resulting in the generation of thirteen inde-
pendent transgenic T0 plants. Three of these plants (CR-1, CR-38 and CR-44) were 
randomly chosen for this study. The genotypes of the target sites in the T2 plants 
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of these three independent transgenic lines were detected using Hi-Tom, which 
revealed that the most abundant mutations observed were 1–3 insertions/deletions 
(Table  S1). Additionally, the mutants CR-1–8-1 and CR-1–8-3 showed a 297  bp 
nucleotides insertion at target 2, which may be induced by DNA repair (Table S1).
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Fig. 2   Expression pattern of GhWER in G. hirsutum. A. Phylogenetic relationship and expression pattern 
of GhWER and its homologous genes in G. hirsutum. GhWER is marked by the red box. 0 D, 1 D, 3 D 
represent the ovules at 0 DPA, 1 DPA, and 3 DPA, respectively; 5 DF, 10 DF, and 20 DF represent the 
fibers at 5 DPA, 10 DPA, and 20 DPA, respectively. B. Expression pattern in different tissues of GhWER 
in G. hirsutum ‘Jin668’, as detected by qRT-PCR. R, root; S, stem; L, leaf; -1.5 D, -1 D, -0.5 D, 0 D, 1 
D, 3 D, 5 D represent ovules at -1.5 DPA, -1 DPA, -0.5 DPA, 0 DPA, 3 DPA, 5 DPA; and 5 DF, 10 DF, 
15 DF, 20 DF represent fibers at 5 DPA, 10 DPA, 15 DPA, 20 DPA, respectively. GhUb7 was used as the 
reference gene
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These mutations caused frame shifts and premature termination of transla-
tion at different positions of GhWER in six plants from the three T2 knockout lines 
(Fig. 3A). Specifically, only one type of mutant protein, namely m1, was detected 
in each plant of knockout lines CR-1–8 and CR-44–7, with early termination of 
GhWER at 52aa (Fig. 3A). On the other hand, line CR-38–1 was found to be het-
erozygous, with mutant CR-38–1-8 possessing two types of mutations (m1 and m2) 

Fig. 3   Knockout of GhWER in cotton causes delayed fiber initiation and elongation. A. Schematic pres-
entation of GhWER and its mutant proteins (right). Types of GhWER mutant proteins in T2 transgenic 
plants (left). B. SEM images of 0 DPA and 1 DPA ovules in wild type (WT) and GhWER knockout 
lines. The magnification is 50 times and 500 times. C. Statistics of fiber initials in the middle part of 0 
DPA ovules. * P < 0.05. D-F. Lint percentage (D), lint index (E), and seed index (F) of WT and GhWER 
knockout lines. Data are presented as mean ± SD; n = 15, * P < 0.05, ** P < 0.01. G. Phenotypes of seeds 
and mature fibers in WT and GhWER knockout lines. Bar = 1cm. H. Fiber length of mature fibers in WT 
and GhWER knockout lines. Data are presented as mean ± SD; n = 15, * P < 0.05, ** P < 0.01
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leading to early termination at 78aa, and mutant CR-38–1-9 having a different set of 
mutations (m2 and m3) resulting in early termination at 123aa (Fig. 3A). In conclu-
sion, these three GhWER knockout lines were identified as loss-of-function mutant.

To better understand the gene function of GhWER in fiber initiation, we observed 
the fiber initials on 0 DPA and 1 DPA ovules of WT and GhWER knockout lines 
using a scanning electron microscope (SEM). At a magnification of 500 times, clear 
observations of fiber initials were made on 0 DPA ovules in both the WT and the 
three GhWER knockout lines (Fig. 3B). Subsequently, the number of fiber initials 
was quantified to compare between the WT and the three GhWER knockout lines. 
It was found that, relative to the WT, the number of initiated fiber cells in the three 
GhWER knockout lines was slightly reduced, but not significantly at 0 DPA (Fig. 3B 
and 3C). However, on 1 DPA ovules, the length of fiber initials in the three GhWER 
knockout lines was shorter than that of the WT (Fig. 3B). These results indicate a 
slower initiation and early elongation of fiber cells in the absence of GhWER.

To confirm whether the delayed early fiber development of GhWER knockout 
lines affects the length of mature fiber, the yield and quality trait for GhWER knock-
out lines of T2 generation was investigated. The lint percentage of the three GhWER 
knockout lines was found to be 41.27 ± 0.30%, 39.66 ± 0.11%, and 39.08 ± 0.70%, 
respectively, which were significantly lower than that of the WT (43.05 ± 0.26%) 
(Fig. 3D). However, there was no significant difference in lint index between the WT 
and the three GhWER knockout lines (Fig. 3E). Furthermore, although the seed size 
did not show a significant difference between the WT and knockout lines (Fig. 3G), 
the seed index of the three GhWER knockout lines (9.03 ± 0.04 g, 9.04 ± 0.14 g, 
8.87 ± 0.20 g) was significantly higher than that of the WT (8.00 ± 0.13 g) (Fig. 3F), 
suggesting that the decreased lint percentage in the knockout lines was due to the 
increased seed index. Therefore, there was no significant change in lint yield of the 
knockout lines compared with the WT. Additionally, the fiber quality traits were 
measured using a semi-automatic high volume cotton tester (PREMIER HFT), 
revealing no significant difference in the other fiber quality traits (micronaire value, 
strength, uniformity index, elongation) between the knockout lines and the WT 
(Table S2). However, the UHMI of the GhWER knockout lines (26.18 ± 0.24 mm 
for CR-1–8, 26.25 ± 0.10 mm for CR-38–1 and 25.75 ± 0.21 mm for CR-44–7) were 
significantly shorter than that of the WT (27.40 ± 0.07) (Table S2). The fiber length 
of the GhWER knockout lines (25.57 ± 0.57 mm for CR-1–8, 25.57 ± 0.44 mm for 
CR-38–1 and 25.20 ± 0.51 mm for CR-44–7) obtained from hand-combing was also 
significantly shorter than that of the WT (27.13 ± 0.43 mm) (Fig. 3G and 3H), which 
was consistent with the UHMI results. In conclusion, knocking out GhWER resulted 
in the delay of fiber cell initiation and early elongation, ultimately causing shorter 
mature fibers. This suggests that GhWER positively regulates fiber initiation and 
elongation.

GhWER interacts with bHLH TFs—GhDEL65 and GhbHLH121

To investigate the regulation mechanism of GhWER, a Y2H assay was employed 
to identify proteins that interact with GhWER. First, the self-activation of GhWER 
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was examined. The pGBKT7 vector, which contained the CDS sequence of GhWER, 
was transformed into the yeast strain Y2H and grown on the SD/-Trp medium sup-
plemented with X-α-Gal. The appearance of light blue colonies harboring GhWER 
indicated weak self-activation (Fig. 4A). To further analyze the self-activation, two 
N-terminal truncated and two C-terminal truncated GhWER proteins were assessed 
using the Blue-White Screening method. It was found that two N-terminal truncated 
GhWER proteins (residues 1–149 and 1–190) did not display self-activation, while 
two C-terminal truncated GhWER proteins (residues 150–230 and 191–230) exhib-
ited evident self-activation (Fig. 4A).

Subsequently, the N-terminal truncated GhWER protein GhWERN2 (residues 
1–190) was used as bait to screen for GhWER-interacting proteins in a Y2H 
library consisting of TFs related to fiber initiation. Two proteins, GhDEL65 
(Ghir_D08G020010) and GhbHLH121 (Ghir_A03G022080), were identified 
to interact with GhWER, and both belong to the bHLH class of TFs. Further-
more, the interaction between GhWER and GhDEL65/GhbHLH121 was also 
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Fig. 4   GhWER interacts with GhDEL65 and GhbHLH121. A. The self-activation of GhWER in the 
yeast strain Y2HGold. The yeast strains Y2HGold were plated onto SD/-Trp (with X-α-Gal) medium. 
B. The interaction between GhWER and GhDEL65/GhbHLH121 was verified by Y2H assay. Yeast cells 
were plated on SD/–Leu/–Trp and SD/–Ade/–His/–Leu/–Trp (with X-α-Gal) media. C. The expression 
pattern of GhDEL65 (left) and GhbHLH121 (right) in different tissues of G. hirsutum. R, root; S, stem; 
L, leaf; Pe, petal; An, anther; St, stamen; 0 D, 1 D, 3 D, 10 D, 20 D represent ovules at 0 DPA, 1 DPA, 3 
DPA, 10 DPA, 20 D DPA; and 5 DF, 10 DF, 15 DF, 20 DF represent fibers at 5 DPA, 10 DPA, 15 DPA, 
20 DPA, respectively
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confirmed through point-to-point verification (Fig. 4B). It has been reported that 
GhDEL65 shares functional similarity with GL3 or EGL3 in trichome develop-
ment and positively regulated fiber elongation in cotton (Shangguan et al. 2016). 
Moreover, both GhDEL65 and GhbHLH121 exhibited relatively high expression 
level at 0—3 DPA ovules (Fig. 4C), indicating that GhWER and GhDEL65/Ghb-
HLH121 may form a complex to regulate fiber initiation and early elongation.

Knocking out of GhWER in cotton affects hormone signaling pathway

Since GhWER plays an important role in fiber cell initiation and early elongation, 
RNA-seq was performed to identify the regulatory network of GhWER downstream 
genes in the outer integument of ovules at -1.5 DPA. A total of 241 DEGs were 
identified between the WT (Jin668) and three knockout lines (CR-38–1-8, CR-38–1-
9, CR-44–7-2), with 112 genes being up-regulated and 129 genes being down-
regulated in the knockout lines (Fig. S2A and S2B). To understand the regulatory 
pathways that are involved in these DEGs, Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis were performed. The GO analysis 
showed that these DEGs were mainly enriched in response to hormones (especially 
related to ethylene), response to organic substances, response to endogenous stimuli, 
and so on (Fig.  5A). The KEGG analysis indicated that these DEGs were mainly 
enriched in the pathway of plant hormone signal transduction and the MAPK signal-
ing pathway (Fig. 5B). In conclusion, the DEGs were found to be mainly enriched in 
hormone-related pathways.

Further, we focused on the expression of hormone-related DEGs (Fig. S2C), in 
light of previous studies that have emphasized the crucial role of hormones in fiber 
development, such as ethylene (Shi et al. 2006), auxin (Zhang et al. 2011) and GA 
(Xiao et  al. 2010). In comparison to the WT, the GhWER knockout lines showed 
a down-regulation of ethylene synthase gene ACS1 (Ghir_D12G024500), ethyl-
ene sensors RAV1 (Ghir_A12G018050), ETR2 (Ghir_D02G004190), and ethylene 
responsive factor ERF017 (Ghir_D06G008570), as well as the auxin-responsive 
gene SAUR50 (Ghir_A05G026080), and Gibberellin-regulated genes SN2 (Ghir_
A09G017900) and GASA14 (Ghir_D07G023560) (Fig.  S2D). These findings were 
further validated in -1.5 DPA ovules through qRT-PCR (Fig. 5C) and the expression 
pattern indicated that these hormone-related genes were predominantly expressed 
during the early development stages of ovules (0 -3 DPA) (Fig. S2D). This suggests 
that GhWER may facilitate fiber cell initiation and early elongation by regulating the 
signal transduction of ethylene, auxin and GA.

Moreover, other TFs preferentially expressed during early development stages, 
such as the ethylene response factor ERF017 (Ghir_D06G008570) and stimu-
lus–response related TFs WRKY70 (Ghir_A06G019420), WRKY33 (Ghir_
A04G010400) and bHLH162 (Ghir_A12G014970), were found to be down-regulated 
in GhWER knockout lines. In contrast, the TFs bHLH094 (Ghir_D02G017450) and 
MYB21 (Ghir_A12G015320) were up-regulated in GhWER knockout lines, indicat-
ing their potential involvement in fiber cell initiation (Fig. S2C and S2D, Fig. 5C).
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Fig. 5   DEGs between WT and GhWER knockout lines are enriched in the hormone signaling pathway. 
A. Top 20 enriched GO terms derived from DEGs between WT and GhWER knockout lines. The size 
of dots represents the number of DEGs; the color of dots represents the significance (q value) of the GO 
terms. B. Top 20 enriched KEGG terms derived from DEGs between WT and GhWER knockout lines. 
The color of bars represents the significance (q value) of KEGG terms. C. Relative expression of DEGs 
using qRT-PCR in -1.5 DPA ovules of WT and three GhWER knockout lines. Error bars represent ± SD. 
GhUb7 was used as the reference gene

GhWER regulates the expression of various genes in ethylene signaling pathway

Based on the results of GO and KEGG analysis, which indicated that DEGs 
between WT and GhWER knockout lines were primarily enriched in hormone 
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response (Fig. 5A), we investigated the relationship between GhWER and these 
hormone-related DEGs. To do so, we predicted the cis-elements binding sites on 
the 2 Kb DNA sequence upstream of the start codon of hormone-related genes, 
including ethylene synthase gene ACS1 and ethylene sensors ETR2, using the 
PlantRegMap website (http://​plant​regmap.​gao-​lab.​org). Our findings revealed at 
least one MYB cis-elements on their promoter (Fig. 6A), suggesting the potential 
for GhWER to bind the promoter of ACS1 and ETR2.

To verify whether GhWER is capable of activating the transcriptional activa-
tion of ACS1 and ETR2, we conducted the LUC assay in tobacco leaves. GhWER 
was fused with 35S promoter to act as the effector, while the promoter fragments 
of ACS1 and ETR2, which contained MYB cis-elements, drove the expression of 
luciferase as the reporter (Fig. 6B). The empty vectors were used as negative con-
trols (Fig.  6B). The tobacco leaves co-transformed with the effector (GhWER) 
and reporter (proACS1 or proETR2) displayed increased fluorescence intensity 
compared to the negative control (Fig.  6C and 6D), suggesting that GhWER 
directly activates the transcriptional activation of ACS1 and ETR2. In conclusion, 
we inferred that GhWER might regulate fiber initiation and early elongation by 
directly controlling the expression of genes related to ethylene signaling trans-
duction. The down-regulation of the ethylene pathway in GhWER knockout lines 
could potentially impede the initiation and early development of fibers.

Fig. 6   GhWER protein activates transcription of the ethylene signaling pathway genes ACS1 and ETR2. 
A. Description of MYB related cis-elements on the promoter of ACS1 and ETR2. The black solid lines 
represent the promoters; the black rectangle represents the gene body; the blue ovals on the promoter 
represent cis-elements, and the grey solid line represents the promoters used for the LUC assay. B. 
Schematic diagram of reporters and effectors. C-D. Analysis of GhWER activation on the promoter of 
ACS1 (C) and ETR2 (D) using LUC assay. The reporters and effectors were injected into tobacco leaves. 
Bar = 2 cm

http://plantregmap.gao-lab.org
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Discussion

Our research dedicated significant effort to investigate the function of GhWER, 
which was primarily expressed in fiber initiation and early elongation (Fig.  2B). 
Gene sequence alignment and phylogenetic analysis revealed that GhWER shared 
the highest homology with WER of the MBW complex in Arabidopsis (Fig.  1A), 
suggesting its role in determining the cell fate of ovule epidermal cells in cotton. The 
MBW complex is critical for multiple biological functions, such as trichome devel-
opment (regulated by GL1-GL3/EGL3-TTGl), root hair development (controlled 
by WER-GL3/EGL3-TTG1), anthocyanin biosynthesis (governed by PAP1/PAP2-
TT8/GL3/EGL3-TTG1), and seed-coat mucilage production (regulated by MYB61-
TT8/EGL3-TTG1) in Arabidopsis (Ramsay and Glover 2005; Lepiniec et al. 2006; 
Xu et al. 2015). The bHLH and WD40 components within these MBW complexes 
exhibit a high degree of conservation, while their diverse functionalities are gov-
erned by distinct MYB TFs. Furthermore, although reports on MBW complexes 
may be lacking across different species, various MYB genes have been confirmed 
to participate in the formation of epidermal hairs and anthocyanin biosynthesis. For 
example, AaMIXTA1 regulated glandular trichomes initiation in Artemisia annua 
(Shi et al. 2018), CsMYB6 regulated fruit trichome initiation in cucumber (Cucumis 
sativus), and two PAP2 homologous genes, BnaPAP2.C6a and BnaPAP2.A7b, con-
trolled stem and flower color in oilseed rape (Brassica napus) (Chen et al. 2023). 
In soybean, research on seed color identified 13 QTLs (quantitative trait loci), with 
MYB TFs emerging as crucial candidate genes (Song et al. 2023). All these studies 
collectively demonstrate the significant role of MYB TFs in plant development.

To date, the molecular mechanism of cotton fiber initiation has been well-docu-
mented. The MYB subgroup 9 is a specific clade for Malvaceae, with its members 
playing a crucial role in fiber initiation (Paterson et  al. 2012; Zhang et  al. 2015). 
Among these members, GhMYB25-like has been identified as playing the most 
important role in fiber initiation, as its absence resulted in the failure of fiber ini-
tiation (Walford et  al. 2011; Qin et  al. 2022). Additionally, GhMYB25, its homol-
ogous gene, has been found to promote the formation of fiber initials (Machado 
et  al. 2009). In contrast, GhWER belong to MYB subgroup 15, which is distinct 
from MYB subgroup 9. In this study, GhWER knockout lines showed a delay in the 
early elongation of fiber initials and shorter mature fiber length compared to WT 
(Fig. 2). Similar expression patterns and sequence similarities between GhMYB109 
and GhWER (Fig.  1B and Fig.  2A) suggest a shared function, as suppression of 
GhMYB109 mirrored the phenotypic effects seen in GhWER knockout lines (Suo 
et  al. 2003). However, the functional parallels between GhWER/GhMYB109 and 
WER/GL1 from Arabidopsis in fiber initiation are less pronounced than their roles in 
Arabidopsis trichome/root hair development. Based on the above findings, it can be 
inferred that GhWER is not directly responsible for fiber initiation, in contrast to its 
involvement in trichome development in Arabidopsis.

Through Y2H library screening, we found that two bHLH TF, GhDEL65 and 
GhbHLH121, interacted with the R2R3 MYB TF GhWER (Fig. 3). This interac-
tion mirrored the dynamics observed between bHLH TF GL3/EGL3 and MYB 
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TF GL1/WER in Arabidopsis during the formation of trichomes and root hairs 
(Payne et  al. 2000; Bernhardt et  al. 2003). It has been noted that in Arabidop-
sis, the MBW complex consisting of homodimers or heterodimers of GL3/EGL3 
acts as a bridge linking MYB TF GL1/WER and the WD40 protein TTG1 (Payne 
et  al. 2000). Moreover, similar to GL3/EGL3’s role in Arabidopsis, GhDEL65 
appears to influence trichome development (Shangguan et  al. 2016). However, 
unlike the trichome development in Arabidopsis, researches reveal no evidence 
of a functional WD-repeat protein equivalent to TTG1 in cotton, leading us to 
infer that GhWER may not form a typical MBW complex during the early stage 
of fiber development.

Plant hormones play a crucial role in regulating various aspects of plant growth 
and development, including fiber initiation in cotton and trichome development in 
Arabidopsis. In Arabidopsis, the hormones GA, CTK and jasmonic acid (JA) syn-
ergistically control trichome development. Two modes of action of plant hormones 
were exhibited in Arabidopsis trichome development. One mode of action involves 
the integration of GA and CTK signaling, which activate the expression of C2H2 
zinc finger proteins (GIS, GIS3, ZFP5 and ZFP6). These proteins then act on the 
MBW complex to regulate trichome development in the inflorescence organs of 
Arabidopsis (Gan et al. 2007b, 2007a; Zhou et al. 2013; Sun et al. 2015). Another 
mode of action involves JA and GA relieving the inhibition of JAZs and DELLAs 
to the MBW complex by inducing the promoting degradation of JAZs and DELLAs 
(Qi et al. 2014, 2011). In both modes of action, the effective functioning of hormone 
signals relies on their interaction with the MBW complex. However, in this study, 
RNA-seq analysis of the outer integument of ovule between WT and GhWER knock-
out lines revealed downregulation of hormone signaling components in GhWER 
knockout lines, especially in the ethylene, auxin and GA signaling pathway (Fig. 5). 
The LUC assay demonstrated that GhWER acted as the direct upstream to regulate 
the expression of components of hormone signaling (Fig. 6). These results indicate 
that GhWER operates at different levels within the regulatory pathway of fiber initia-
tion and epidermal development.
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