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Abstract

Brassinosteroid (BR), a growth-promoting phytohormone, regulates many plant growth processes including cell development.
However, the mechanism by which BR regulates fiber growth is poorly understood. Cotton (Gossypium hirsutum) fibers are
an ideal single-cell model in which to study cell elongation due to their length. Here we report that BR controls cotton fiber elong-
ation by modulating very-long-chain fatty acid (VLCFA) biosynthesis. BR deficiency reduces the expression of 3-ketoacyl-CoA
synthases (GhKCSs), the rate-limiting enzymes involved in VLCFA biosynthesis, leading to lower saturated VLCFA contents in
pagodal (pag1) mutant fibers. In vitro ovule culture experiments show that BR acts upstream of VLCFAs. Silencing of BRI1-
EMS-SUPPRESOR 1.4 (GhBES1.4), encoding a master transcription factor of the BR signaling pathway, significantly reduces fiber
length, whereas GhBES1.4 overexpression produces longer fibers. GhBES1.4 regulates endogenous VLCFA contents and directly
binds to BR RESPONSE ELEMENTS (BRREs) in the GhKCS10_At promoter region, which in turn regulates GhKCS10_At expression
to increase endogenous VLCFA contents. GhKCS10_At overexpression promotes cotton fiber elongation, whereas GhKCS10_At
silencing inhibits cotton fiber growth, supporting a positive regulatory role for GhKCS10_At in fiber elongation. Overall, these
results uncover a mechanism of fiber elongation through crosstalk between BR and VLCFAs at the single-cell level.

(Yu et al. 2019). In vitro ovule cultures have demonstrated
that plant hormones are critical regulators of fiber develop-
ment, among which, brassinosteroid (BR), auxin, gibberellin

Introduction

Cotton (Gossypium hirsutum) fibers are single-celled seed tri-

chomes, which can elongate up to 65 mm and thus provide a
unique system for studying cell elongation. Cotton fiber for-
mation initiates from the ovule surface on the day of anthesis
and then undergoes rapid elongation, generally from 5 to 20
DPA (days post anthesis), during which the final fiber length
is determined, a key parameter of fibers for the textile industry.

Cotton fibers elongate through a unique tip-biased, diffuse
growth mode regulated through a complex mechanism

acid, and ethylene serve as positive regulators of fiber devel-
opment. Conversely, cytokinin and abscisic acid inhibit fiber
development (Kim and Triplett 2001; Shi et al. 2006; Yang
et al. 2014). Transcriptome analysis and research on trans-
genic plant lines have identified several genes in plant hor-
mone biosynthesis and signaling pathways involved in fiber
development. In addition to plant hormones, reactive oxygen
species and saturated very-long-chain fatty acids (VLCFAs)
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Background: Cotton (Gossypium hirsutum) produces natural fibers for textile production. Cotton fibers are single-
celled epidermal seed trichomes that are excellent models to study plant cell development. In recent years, brassinos-
teroid (BR) plant hormones and very-long-chain fatty acids (VLCFAs) have been reported to promote fiber elongation.
However, the molecular mechanism by which BRs and VLCFAs regulate fiber elongation remains largely unknown.
Therefore, we explored the mechanisms and relationship between BRs and VLCFAs in regulating fiber elongation.

Question: How do BRs regulate fiber cell elongation? What is the relationship between BRs and VLCFAs in regulating
fiber elongation?

Findings: BR deficiency reduced the expression of 3-ketoacyl-CoA synthase genes (GhKCSs), which encode the rate-
limiting enzymes involved in VLCFA biosynthesis, leading to lower saturated VLCFA contents. In vitro cultured ovules
showed that BR acts upstream of VLCFAs. GhBES1.4, a master transcription factor of BR signaling, increased VLCFA
contents and fiber elongation. DNA binding assays revealed that GhBES1.4 directly binds to the promoter of
GhKCS10_At to induce its expression, thereby promoting fiber elongation. GhKCS10_At regulated the biosynthesis
of endogenous VLCFAs and acts as a positive regulator of fiber development. These results indicated that BRs regulate
cotton fiber elongation by modulating VLCFA biosynthesis.

Next steps: Since BRs regulate fiber elongation through modulating VLCFA biosynthesis, how VLCFAs work as a signal

molecule in regulating fiber development is a fascinating question for future research.

have also been shown to promote fiber elongation (Qin et al.
20072; Qin and Zhu 2017; Tang et al. 2014; Yang et al. 2020).
However, the potential relationship between various hor-
mones and metabolites remains unclear.

VLCFAs, with characteristically fully saturated unbranched
hydrocarbon chains (>20 carbons), play crucial roles in plant
structure, physiology, and signaling. VLCFAs are synthesized in
the endoplasmic reticulum through 4 successive reactions cat-
alyzed by 4 different enzymes, among which 3-ketoacyl-CoA
synthases (KCSs) are the rate-limiting enzyme and likely to de-
termine the substrate and tissue specificity in fatty acid elong-
ation (Millar and Kunst 1997; Haslam and Kunst 2013).
VLCFA:s serve as the precursors for sphingolipids and glycolipids,
which are essential cell membrane lipids and participate in
intercellular communication. VLCFAs and their derivatives
have been generally recognized for their roles as cell membrane
components or in seed storage. However, an increasing number
of studies show that VLCFAs also function as signaling mole-
cules to mediate various biological processes. VLCFAs affect
membrane structure and functional dynamics during cell div-
ision, and act as signals in response to biotic or abiotic stresses
(De Bigault Du Granrut and Cacas 2016).

VLCFAs are synthesized in the epidermis and send signals
to internal tissues to restrict cell proliferation (Nobusawa
et al. 2013). Analysis of a kcs? mutant indicated that
VLCFA:s also function as signal molecules between cell layers
to mediate regeneration in Arabidopsis thaliana (Shang et al.
2016; Trinh et al. 2019). Disruption of FIDDLEHEAD/KCS10 re-
sults in fewer trichomes, indicating that VLCFAs regulate
protoderm cell differentiation into trichomes (Yephremov
et al. 1999). VLCFAs produced by KCS6 function as signaling
molecules to activate water transfer from papilla cells to pol-
len during pollen hydration (Zhan et al. 2018). VLCFAs also
promote the expression of ACC SYNTHASE1 (ACS1) (a key

enzyme of ethylene biosynthesis) and elevated ethylene in-
duces aerenchyma formation in the rice (Oryza sativa) root
cortex (Yamauchi et al. 2015). Comparative transcriptomic
and genomic analyses revealed a critical role for VLCFAs in
fiber development (Liu et al. 2015; Zhang et al. 2015). In par-
ticular, C24:0 promotes cotton fiber elongation by activating
the expression of ACC OXIDASES (GhACOs), which encode
enzymes required for ethylene biosynthesis (Qin et al.
2007a). These studies indicate that VLCFAs may function up-
stream of the ethylene pathway and contribute to fiber de-
velopment, although the upstream regulators of VLCFAs
are still unknown.

BRs, a group of polyhydroxylated steroidal phytohormones,
are essential components in the regulation of diverse processes
in plant development (Clouse and Sasse 1998). Characterization
of BR biosynthesis and signaling mutants has shown that BR is
one of the primary phytohormones responsible for promoting
plant growth (Szekeres et al. 1996; Kang et al. 2001). BR signaling
is transduced from the cell surface by the receptor BR
INSENSITIVET (BRIT) to BRIT-EMS-SUPPRESSOR1 (BES1) and
BRASSINAZOLE-RESISTANT1 (BZR1) family transcription fac-
tors (TFs), which control BR-regulated gene expression and
function directly in BR promotion of plant growth. BES1/BZR
family TFs have a highly conserved DNA binding domain with
a basic helix-loop-helix (bHLH)-like motif. These TFs regulate
target gene expression by binding to promoter sequences con-
taining E-box (CANNTG, including G-box CACGTG) or
BR-response elements (BRRE; CGTGC/TG) (Wang et al. 2002;
He et al. 2005; Chen et al. 2019; Nolan et al. 2020; Liu et al.
2022; Li et al. 2023).

Specific concentrations of BR promote the initiation and
elongation of cotton fibers in ovule cultures in vitro (Sun
et al. 2005; Li et al. 2022). The upregulation of BR biosynthesis
genes during fiber elongation implies that BR contributes to
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fiber development (Shi et al. 2006). Fiber length is significant-
ly reduced in BR-deficient cotton mutants with suppression
of the BR biosynthesis gene STEROID 50-REDUCTASE
DE-ETOLIATED2 (GhDET2). By contrast, overexpression of
BR biosynthesis or signaling genes results in longer fibers
(Yang et al. 2014; Zhou et al. 2015; Zhao et al. 2018).
Recently, the bHLH TF FIBER-RELATED PROTEIN1 GhFP1
was found to promote fiber elongation by modulating BR bio-
synthesis and signaling (Liu et al. 2020). Another bHLH TF,
FIBER-RELATED PROTEIN2 (GhFP2), antagonistically regulates
cotton fiber elongation together with ACTIVATORS FOR CELL
ELONGATIONT1 (GhACE1) (Lu et al. 2022). Despite these dis-
coveries, the mechanism through which BR signaling regulates
fiber development has remained elusive.

Findings in this study show that BR regulates cotton fiber
elongation by modulating VLCFA biosynthesis. We found
that BR deficiency inhibits fiber elongation by reducing the
expression of GhKCSs and VLCFA contents, while BR func-
tions upstream of VLCFAs to regulate fiber elongation in vi-
tro. BR signaling regulates fiber elongation through the
master TF GhBES1. Subsequent DNA binding and reporter
assays indicate that GhBES1.4 directly binds to a BRRE in
the GhKCS10_At promoter region to activate its expression,
increasing VLCFA accumulation, and ultimately promoting
fiber elongation. Taken together, these results illustrate
how crosstalk between BR and VLCFAs regulates cell elong-
ation at the single-cell level and depicts a blueprint to culti-
vate a high-quality variety by modulating the signaling
between BR and VLCFAs.

Results

BR deficiency affects endogenous VLCFA biosynthesis
Our previous transcriptome analysis revealed that genes in-
volved in VLCFA biosynthesis are downregulated in the
BR-deficient short fiber mutant, pagl and fiber length de-
creased from 28.12 +£ 0.63 mm in ZM24 plants to 24.64 +
0.61 mm in pagl mutant cotton (Fig. 1A) (Yang et al.
2014). To explore whether BR affects VLCFA biosynthesis,
we examined the GhKCSs in the upland cotton (G. hirsutum)
genome. GhKCSs encode essential VLCFA biosynthesis path-
way enzymes and we identified 57 GhKCSs in upland cotton,
including 50 FATTY ACID ELONGATION1 (FAE1)-type
GhKCSs and 7 ELONGASE (ELO)-type GhKCSs in the ZM24
genome (G. hirsutum_ZM?24_ICR) (Supplemental Fig. S1).
After renaming these GhKCS genes according to their
chromosomal order (Supplemental Table S1), we focused 35
GhKCSs that were preferentially expressed in fibers
(Supplemental Fig. S2). Among them, transcriptome analysis
showed that 5 GhKCSs were significantly downregulated in
10 DPA fiber of pagl (Supplemental Fig. S3; Supplemental
Table S2). Reverse transcription-quantitative PCR (RT-qPCR)
analysis also confirmed these results (Fig. 1B). Among these,
GhKCS10_At expression was significantly decreased by
87.72% (Fig. 1B). In contrast, treatment with 1 M brassinolide
(BL) resulted in upregulation of these 5 GhKCSs in ZM24 fibers

Yang et al.

(Supplemental Fig. S4). In parallel with the above findings,
GhKCS10_At showed approximately 3-fold increased expres-
sion after BL treatment (Supplemental Fig. S4). These results
indicated that GhKCS10_At gene expression is induced by BR.

To determine whether BR deficiency affects endogenous
VLCFA contents, we quantified VLCFAs in pagT and ZM24 fi-
bers (Fig. 1C). Except for C28:0 and C30:0, all saturated
VLCFA levels were lower in pagl 10 DPA fibers compared
with that in ZM24 cotton plants (Fig. 1C), which is consistent
with GhKCSs expression data. More specifically, C22:0, C24:0,
and C26:0 contents as much as 35.9%, 60.8%, and 52.6% low-
er, respectively, in 10 DPA pag1 fibers were compared with
their levels in ZM24 (Fig. 1C). Taken together, these results
suggested that VLCFA contents increased with increasing
BR in fibers.

C24:0 reverses the inhibitory effect of BR deficiency
on fiber growth

Exogenous application of BR and VLCFAs reportedly pro-
motes fiber elongation (Qin et al. 2007a), while their respect-
ive inhibitors, BRZ (brassinazole) and ACE (acetochlor),
inhibit fiber elongation. After confirming that the inhibitory
effects of BRZ and ACE could be reversed by BR and C24:0
application, respectively (Supplemental Figs. S5 and S6), cul-
tured ZM24 ovules were exposed to different concentrations
of exogenous BR, BRZ, C24:0, or ACE to determine their re-
spective effects on fiber development and fiber-related
gene expression (Supplemental Figs. S5 and S6). The results
showed that the optimal concentration of each compound
for inducing longer or shorter fibers was consistent with
those reported in previous studies (Shi et al. 2006; Qin
et al. 2007a).

Furthermore, exogenous BR and VLCFAs both induced
higher expression of known fiber elongation-related genes,
such as GhACS6 (ACC SYNTHASE6), GhACO1 (ACC
OXIDASEST), and GhEXP1 (EXPANSINT) (Supplemental Figs.
S5 and S6), while the addition of 5uM BRZ or 2 uM ACE
in ZM24 ovule culture medium resulted in severe inhibition
of fiber elongation. Notably, the addition of 5 uM C24:0 to
ovule culture medium containing 5 M BRZ could overcome
this inhibition, resulting in an approximately 3-fold increase
in fiber length after 14 d of culture compared with ovules
treated with BRZ alone (Fig. 1, E and G). On the contrary,
the inhibitory effects of ACE on fiber elongation were not re-
versed by the addition of BR (Fig. 1, D and F). Furthermore,
fiber elongation in pag1 cotton plants was partially restored
by exposure to C24:0 (Supplemental Fig. S7). These results
implied that BR acts upstream of VLCFAs in regulating cot-
ton fiber elongation.

GhBES1.4, the master TFs of BR signaling, positively
regulates fiber elongation

BES1 family genes function as central regulators of the BR sig-
naling pathway by controlling the expression of thousands of
downstream BR response genes (Wang et al. 2002; Yin et al.
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Figure 1. BR affects endogenous VLCFA contents in cotton fiber. A) The phenotype and statistics of the length of mature fiber of ZM24 and pag1
cotton. Bar = 1 cm. B) The expression levels of 5 GhKCS genes in 10 DPA fibers of pag? and ZM24. Histone3 was used as the internal control. The
error bars represent SD for 3 independent experiments. Significant differences compared with the ZM24 were determined using one-way ANOVA
analysis of variance software combined with Student’s t-test (**P < 0.01, ***P < 0.001). C) Fatty acid contents in 10 DPA fibers of pag1 and ZM24. The
error bars represent SD for 3 independent experiments. The “FW” means fresh weight. All data reported here were obtained from 3 independent
experiments with 30 fibers measured for each treatment and are presented as mean =+ SD of triplicate experiments. Significant differences compared
with the ZM24 were determined using one-way ANOVA analysis of variance software combined with Student’s t-test (**P < 0.01, ***P < 0.001). D)
Phenotypes of ZM24 ovules (collected at 1 DPA) cultured for 14 d in medium without or with BL (1 #M) or with ACE (2 M) or with both BL (1 uM)
and ACE (2 uM). The “CK” means ZM24. Bar = 1 cm. E) Phenotypes of ZM24 ovules (collected at 1 DPA) cultured for 14 d in medium without or
with C24 (5 uM) or with BRZ (5 uM) or with both C24 (5 uM) and BRZ (5 uM). Bar = 1 cm. F) The fiber lengths measured at the end of the 14-d
culture period in (D). The error bars represent the SD in 10 different fibers of CK, BL (1 uM), ACE (2 M), and BL (1 uM) + ACE (2 uM), respectively.
Significant differences compared with the ZM24 were determined using one-way ANOVA analysis of variance software combined with Student’s
t-test (***P < 0.001 by t-test). G) The fiber lengths measured at the end of the 14-d culture period in (E). The error bars represent the SD in 10
different fibers of CK, C24 (5 uM), BRZ (5 uM), and C24 (5 uM) + BRZ (5 uM), respectively. Significant differences compared with the ZM24
were determined using one-way ANOVA analysis of variance software combined with Student’s t-test (**P < 0.01, ***P < 0.001 by t-test).

2002), with 22 GhBES1 genes identified in upland cotton (Liu ~ GhBES1.4-RNAi lines was significantly reduced by 11.76% to
et al. 2018). Our previous expression analysis demonstrated 12.43% than that of ZM24 (Fig. 2, A and B). To further con-
that GhBES1.4 was preferentially expressed in rapidly elongat-  firm the role of GhBES1.4 in fiber development, a GhBES1.4
ing fibers and induced by BR treatment (Liu et al. 2018).  expression vector driven by the cauliflower mosaic virus
Further heterologous transformation experiments showed (CaMV) 35S promoter was transformed into ZM24 cotton.
that A. thaliana plants overexpressing GhBES1.4 exhibited RT-qPCR analysis confirmed that GhBES1.4 expression was
an excessive BR phenotype, such as curled leaves with long  substantially enhanced in 10 DPA fibers of all 3 T;
and bent petioles (Supplemental Fig. S8). These results indi- ~ GhBES1.4 overexpression (OE) lines (Fig. 2C). The mature fi-

cated that GhBES1.4 functions in BR signaling. ber length of GhBES1.4-OE lines was 8.09% to 8.57% longer
To explore the function of GhBES1.4 in cotton fiber elong-  than that of ZM24 (Fig. 2, A and B).
ation, we first constructed GhBES1.4 RNA interference We also performed in vitro ovule culture of GhBES1.4-OE

(RNAI) transgenic plants. We performed RT-qPCR to assess ~ and GhBES1.4-RNA.i transgenic cotton. BL application could
the expression level of GhBES1.4 in the 10 DPA fibers of all increase fiber length by 24.38% and 0.83% that of ZM24
3 observed T3 GhBES1.4-RNAi lines. The expression level of ~ and GhBES1.4-RNAi lines, respectively, compared with
GhBES1.4 was more than 5-fold lower compared with their ~ mock treatment, suggesting that silencing GhBES1.4 reduced
expression in ZM24 (Fig. 2D). The fiber length of  sensitivity to BL (Supplemental Fig. S9). By contrast, BRZ
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Figure 2. GhBES1.4 positively regulates fiber elongation. A) The phenotypes of GhBES1.4-OE/GhBES1.4-RNAi and ZM24 mature fibers. Bar = 1 cm. B)
Fiber lengths of GhBES1.4-OE/GhBES1.4-RNAi and ZM24 mature fibers. The error bars represent the SD in 30 different mature fibers of GhBES1.4-OE/
GhBES1.4-RNAi and ZM24, respectively. All data reported here were obtained from 3 independent experiments with 30 mature fibers measured for
each treatment and are presented as mean =+ SD of triplicate experiments. Significant differences compared with the ZM24 were determined using
one-way ANOVA analysis of variance software combined with Student’s t-test (***P < 0.001 by t-test). C) The expression level of GhBES1.4 and
GhKCS10_At in GhBES1.4-OE and ZM24 10 DPA fibers. Histone3 was used as the internal control. The error bars represent SD for 3 independent

(continued)
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application resulted in 65.69% and 2.82% respective de-
creases in ZM24 and GhBES1.4-OE plants compared with
that in the mock treatment controls, indicating that
GhBES1.4-OE cotton plants were less sensitive to BRZ
(Supplemental Fig. S9). These results indicated that
GhBES1.4 participates in the BR signaling pathway and acts
as a positive regulator of cotton fiber elongation.

GhBES1.4 alters VLCFA contents and regulates the
expression of GhKCSs

To explore the relationship between GhBES1.4 and VLCFA:s,
we analyzed the VLCFA composition in GhBES1.4-OE and
GhBES1.4-RNAI transgenic cotton plants. In GhBES1.4-OE
plants, contents of the saturated VLCFAs C22:0, C24:0, and
C26:0 were significantly higher, by 22.7%, 41.5%, and 29.9%,
respectively, compared with those in ZM24 (Fig. 2E).
Alternatively, C22:0, C24:0, and C26:0 in GhBES1.4 silenced
plants were significantly lower than those of ZM24, especially
C24:0, which was reduced by 83.3% (Fig. 2E).

Subsequently, we performed RNA-seq analysis to identify
differentially expressed genes in 10 DPA fibers between
ZM24 and GhBES1.4-OE plants. Fatty acid biosynthesis genes
were significantly upregulated in GhBES1.4-OE fibers, which
was consistent with their higher VLCFAs contents. In add-
ition, the expression of ethylene-, cell wall-, and cytoskeleton-
related genes was also significantly increased in GhBES1.4-OE
fibers (Supplemental Fig. S10; Supplemental Table S3).

Examination of the expression levels of the 5 above-
mentioned GhKCSs by RT-qPCR showed that all 5 GhKCSs
were downregulated in 10 DPA fibers of GhBES1.4-RNAi lines,
but upregulated in fibers of GhBES1.4-OE lines compared
with that in ZM24 fibers (Fig. 2, C and D; Supplemental
Fig. S11). Notably, changes in GhKCS10_At expression were
the most obvious, displaying an approximately 2.5-fold in-
crease in GhBES1.4-OE plants and an approximately 80% de-
crease in GhBES1.4 silenced plants relative to its expression in
ZM24 (Fig. 2, C and D), indicating the key role of GhKCS10_At
in the GhBES1.4 affecting VLCFA biosynthesis in cotton fiber.

GhKCS10_At is a functional elongase in VLCFA
biosynthesis

In order to explore its biological function in VLCFA biosyn-
thesis, GhKCS10_At was first transformed into the CERG
(CUT1) dwarf Arabidopsis mutant cutl. The average plant

Figure 2. (Continued)
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height of transgenic cut1-GhKCS10_At-OE lines was approxi-
mately twice that of cutl mutant plants (Fig. 3, A and B),
close to that of wild-type (WT) Arabidopsis. RT-qPCR assays
confirmed that GhKCS10_At was highly expressed in the
transgenic lines (Fig. 3C). These results indicated that heter-
ologous expression of GhKCS10_At could rescue the dwarf
phenotype of the cut1 mutant in Arabidopsis.

To explore whether this altered phenotype was linked to
changes in saturated VLCFA contents, we analyzed fatty acid
composition in aerial tissues of WT, cut1, and cut1-GhKCS10_At
transgenic Arabidopsis. Consistent with the known function of
cutl, cutl plants contained significantly lower VLCFA levels
(from C22:0 to C30:0) than those of WT, while overexpression
of GhKCS10_At in cut1 resulted in significantly greater VLCFA ac-
cumulation (from C22:0 to C26:0). Moreover, treatment with
C24:0 rescued the cut1l dwarf phenotype (Supplemental Fig.
S$12). Correspondingly, C24:0 contents in GhKCS10_At-OE lines
increased approximately 7.8-fold compared with that in cut? mu-
tant plants (Fig. 3D). These cumulative results verified that
GhKCS10_At encodes a functional VLCFA elongase.

GhKCS10_At is a positive regulator of fiber
development

To investigate the role of GhKCS10_At in fiber development,
we constructed GhKCS10_At-RNAi transgenic cotton plants.
The expression of GhKCS10_At was checked by RT-qPCR,
which showed that its expression was significantly lower in
the 3 independent T3 RNAi lines than that in ZM24
(Fig. 4D). Additionally, GhKCS10_At-RNAi plants had shorter
mature fibers compared with those of ZM24 (Fig. 4, A and B),
an approximate 8.25% to 9.43% decrease, suggesting a role in
fiber development.

To further confirm GhKCS10_At function, we transformed
the GhKCS10_At cDNA sequence driven by the CaMV 35S pro-
moter into upland cotton ZM24 and selected 3 independent
homozygous lines with elevated GhKCS10_At expression in fiber
tissues for subsequent analyses (Fig. 4D). In 2 yr of field trials,
mature GhKCS10_At-OE cotton fibers were 6.36% to 8.81%
longer than ZM24 cotton fibers (Fig. 4, A and C). Moreover,
the fiber strength in GhKCS10_At-OE lines was also significantly
increased over that of ZM24 fibers (Supplemental Table S4).
GhKCS10_At-OE lines also produced larger bolls, with higher fi-
ber yields per 50 mature bolls compared with ZM?24. Despite a
lower lint percentage, lint yield was significantly higher (by up to

experiments. The expression level in the ZM24 sample was set to 1. Significant differences compared with the ZM24 were determined using one-way
ANOVA analysis of variance software combined with Student’s t-test (**P < 0.01, ***P < 0.001 by t-test). D) The expression levels of GhBES1.4 and
GhKCS10_At in GhBES1.4-RNAi and ZM24 10 DPA fibers. Histone3 was used as the internal control. The error bars represent SD for 3 independent
experiments. The expression level in the ZM24 sample was set to 1. Significant differences compared with the ZM24 were determined using one-way
ANOVA analysis of variance software combined with Student’s t-test (*P < 0.05, ***P < 0.001 by t-test). E) Fatty acid contents of GhBES1.4-OE and
GhBES1.4-RNA. fibers at 10 DPA. The error bars represent SD for 3 independent experiments. The “FW” means fresh weight. All data reported here
were obtained from 3 independent experiments with 30 different 10 DPA fibers measured for each treatment and are presented as mean =+ SD of
triplicate experiments. Significant differences compared with the ZM24 were determined using one-way ANOVA analysis of variance software com-

bined with Student’s t-test (*P < 0.05, **P < 0.01 by t-test).
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Figure 3. GhKCS10_At complementary cut1 phenotype and fatty acid contents. A) Overexpression GhKCS10_At in cutT mutant in Arabidopsis.
Bar =1 cm. B) Plant height of GhKCS10_At after transfer into cut1 mutant. The error bars represent the SD in 25 different aerial parts in WT,
cut, and cut1-GhKCST10_At transgenic lines, respectively. All data reported here were obtained from 3 independent experiments with 30 aerial parts
measured for each treatment and are presented as mean + SD of triplicate experiments. Significant differences compared with the WT were de-

termined using one-way ANOVA analysis of variance software combined

with Student’s t-test (**P < 0.01 by t-test). C) Detection of the expression

in GhKCS10_At-OE in cut1 mutant. AtACT2 was used as an internal control. D) The fatty acid content of GhKCS10_At after transfer into cut1 mutant.
The error bars represent SD for 3 independent experiments. The “FW” means fresh weight. All data reported here were obtained from 3 independent
experiments with 30 aerial parts measured for each treatment and are presented as mean =+ SD of triplicate experiments. Significant differences
compared with the WT were determined using one-way ANOVA analysis of variance software combined with Student’s t-test (**P < 0.01 by t-test).

37%) in the GhKCS10_At-OE lines compared with WT
(Supplemental Fig. S13; Supplemental Table S5).

Aligning well with increased GhKCS10_At activity, our results
showed that saturated VLCFA levels for C22:0, C24:0, and C26:0
were significantly increased by 15.1%, 32.1%, and 16.9%, respect-
ively, in GhKCS10_At-OE plants compared with their contents
in ZM24 (Fig. 4E). Alternatively, C22:0, C24:0, and C26:0 levels
in plants silenced for GhKCS10_At plants were significantly low-
er than those in ZM24, especially C24:0 which reduced by 45.6%
(Fig. 4E). These results indicated that GhKCS10_At modulated
the biosynthesis of endogenous VLCFAs and could, therefore,
act as a positive regulator of fiber development.

In vitro ovule culture experiments showed that fiber length
was longer in GhKCS10_At-OE lines than in ZM24 after 14 d

of culture, whereas fibers of GhKCS10_At-RNAIi lines were
shorter than those of ZM24 (Supplemental Fig. S14) consist-
ent with the mature fiber phenotype observed above
(Fig. 4A). Application of BL resulted in 24.38% and 7.95% in-
creases in fiber length of ZM24 and GhKCS10_At-RNAi
plants, respectively, compared with the mock treatment, sug-
gesting that silencing GhKCS10_At reduced sensitivity to BL.
Conversely, compared with mock-treated plants, fiber length
decreased by 65.69% and 2.14%, respectively, in ZM24 and
GhKCS10_At-OE plants following BRZ application, suggesting
that GhKCS10_At overexpression could decrease sensitivity
to BRZ (Supplemental Fig. S14). Taken together, the above
results suggested that GhKCST0_At plays a positive role in
BR-mediated regulation of cotton fiber elongation.
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C) Determination of mature fiber length of GhKCS10_At overexpressed cotton in 2019 and 2020. The error bars represent the SD in 30 different
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determined using one-way ANOVA analysis of variance software combined with Student’s t-test (**P < 0.01, ***P < 0.001 by t-test). D) Detection of
GhKCS10_At expression in GhKCS10_At-OE lines and GhKCS10_At-RNAi lines. Histone3 was used as the internal control. The error bars represent SD
for 3 independent experiments. The expression level in the ZM24 sample was set to 1. Significant differences compared with the ZM24 were de-
termined using one-way ANOVA analysis of variance software combined with Student’s t-test (**P < 0.01 by t-test). E) Fatty acid contents in 10 DPA
fibers of GhKCS10_At-OE, GhKCS10_At-RNAI, and ZM24 plants. The error bars represent SD for 3 independent experiments. All data reported here
were obtained from 3 independent experiments with 30 different 10 DPA fibers measured for each treatment and are presented as mean + SD of
triplicate experiments. Significant differences compared with the ZM24 were determined using one-way ANOVA analysis of variance software com-
bined with Student’s t-test (*P < 0.05, **P < 0.01 by t-test).
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Figure 5. GhKCS10_at is a direct target of GhBES1.4. A) EMSA in vitro showing GhBES1.4 protein binds to the GhKCS10_At promoter. B) Real-time
binding analysis of GhBES1.4 protein to GhKCS10_At promoter. C) Chip analysis confirmed GhBES1.4 protein is directly bound to the GhKCS10_At
promoter through the BRRE element (—1,756 bp). D) Luc activity analysis of the interaction of GhBES1.4 and GhKCS10_At through the BRRE elem-
ent (—1,756 bp). Quantification of relevant Luc activities. The error bars represent the SD in 30 different injected tobacco leaves for each treatment
and are presented as mean =+ SD of triplicate experiments. Significant differences compared with the control group (GhKCS10,,,,-LUC + 355-GFP)
were determined using one-way ANOVA analysis of variance software combined with Student’s t-test (**P < 0.01).

GhKCS10_At is a direct target of GhBES1.4

Our above finding that GhKCS10_At expression was significant-
ly increased by GhBES1.4-OE and reduced by GhBES1.4 silencing
(Fig. 2C) implied that GhKCS10_At might be directly regulated
by GhBES1.4. To further verify this, we first analyzed the
GhKCS10_At promoter sequence and found 3 GhBEST binding
motifs (BRREs) at positions —1,756, —1,790, and —1,798 bp rela-
tive to the predicted transcriptional start site (Supplemental
Fig. S15). Electrophoretic mobility shift assays (EMSA)

investigating whether GhBES1.4 could indeed bind to these rec-
ognition elements in the GhKCS10_At promoter revealed that
the GhBES1.4 protein directly bound to 28 bp DNA probes for
the —1771 to —1744 region containing the CACACG element
(—1,756 bp), while the addition of unlabeled probes signifi-
cantly decreased GhBES1.4 protein binding to the labeled
probes (Fig. 5A). In addition, further EMSA also showed
that GhBES1.4 could not bind the other 2 BRREs at —1,790
and —1,798 bp, respectively (Supplemental Fig. S16A).
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Furthermore, GhBES1.4 could not bind to a BRRE (—1,756 bp)
harboring a mutated BRRE motif with the CACACG re-
placed by AAAAAA, indicating that GhBES1.4 specifically
bound the BRRE (—1,756 bp) in the GhKCS10_At promoter
(Fig. 5A). To further confirm that GhBES1.4 interacted with
the GhKCS10_At promoter, we measured their binding af-
finity in real time using biolayer interferometry (BLI). The
binding ability of GhBES1.4 to the GhKCS10_At promoter
fragment gradually declined with decreasing concentration
(Fig. 5B). In addition, the binding affinity of the BRRE
(—1,756 bp) mutant in the GhKCS10_At promoter with
GhBES1.4 protein decreased (Fig. 5B).

To examine whether GhBES1.4 activated the transcription
of GhKCS10_At in vivo, we performed chromatin immuno-
precipitation (ChIP) coupled with qPCR analysis to detect
GhBES1.4 binding at the GhKCS10_At promoter region.
ChIP-gPCR assays with GhBES1.4-FLAG antibodies in
GhBES1.4-OFE transgenic cotton confirmed that the binding
enrichment of GhBES1.4 to the BRRE (—1,756 bp) in the
GhKCS10_At promoter (Fig. 5C). We then fused 2,000-bp
upstream promoter sequences of GhKCST0_At and a promoter
carrying the mutated —1,756-bp BRRE were each fused to
the Luc reporter gene to construct GhKCS10_Atpro-Luc and
GhKCS10_Atpro-mutant-Luc, respectively. Co-expression of
GhKCS10_Atpro-Luc with CaMV 355:GhBES1.4 showed obviously
stronger Luc activity than that of GhKCS10_Atpro-mutant-Luc
co-expression with CaMV 35S:GhBES1.4 (Fig. 5D), indicating
that GhBES1.4 could activate transcription of the Luc reporter
gene driven by the GhKCS10_At promoter. Reporter fusions
with the other 2 mutated BRRE, at —1,790 and —1,798 bp,
were generated and co-injected with CaMV 35S:GhBES1.4 into
Nicotiana benthamiana leaves. The results showed that muta-
tions in these 2 elements did not affect the transcriptional activa-
tion of GhKCS10_At by GhBES14, thus proving that these 2
elements were not the binding elements of GhBES14
(Supplemental Fig. S16, D and F).

To test the genetic relationship between GhBES1.4 and
GhKCS10_At, we crossed 2 transgenic cotton plants to gen-
erate GhKCS10_At-OE X GhBES1.4-RNAi and GhBES1.4-OE X
GhKCS10_At-RNAI hybrid progeny. Phenotypic analysis showed
that GhKCS10_At-OE lines showed an 8.39% increase, while
GhBES1.4-RNAi showed 11.74% decreased fiber length than
ZM24 fiber; however, GhKCS10_At-OE X GhBES1.4-RNA.i lines
showed 6.56% increased fiber length when compared with
ZM24 fiber indicating that GhKCS10_At-OE rescued the short
fiber phenotype of GhBES1.4-RNAI plants (Fig. 6, A and B).
Similarly, GhBES1.4-OE lines showed an 8.48% increase while
GhKCST10_At-RNAi showed 891% deceased fiber length than
ZM24 fiber; however, GhBES1.4-OE X GhKCS10_At-RNA:i lines
showed 3.53% increased fiber length when compared with
ZM24 fiber indicating that GhKCS10_At-RNAi could sup-
press the elongated fiber phenotype of GhBES1.4-OE plants
(Fig. 6, C and D). Taken together, these genetic and physio-
logical data suggested that GhBES1.4 promotes fiber elong-
ation by regulating GhKCS10_At-mediated VLCFAs synthesis
in cotton (Fig. 7).
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Discussion

Plant cell elongation is regulated by the external environ-
ment as well as endogenous hormone signaling. BRs were ini-
tially discovered due to their function in cell elongation
(Wang et al. 2012). Cotton fibers are extremely elongated sin-
gle cells, and the BR signaling pathway plays a vital role in the
regulation of fiber elongation. Until now, the regulatory
mechanism of fiber cell elongation mediated by BR has re-
mained obscure (Lu et al. 2022). In this study, we explored
the mechanism of BR-mediated regulation of fiber elong-
ation by genetic, physiological, biochemical, and transcrip-
tome analyses. Our results demonstrated that BR could
modulate VLCFA biosynthesis to regulate cotton fiber elong-
ation. More specifically, the BR signaling GhBES1.4 TF modu-
lates the expression of GhKCS10_At via directly binding to
the BRRE in its promoter region, which in turn regulates cot-
ton fiber elongation by increasing VLCFA biosynthesis
(Fig. 7). This study thus uncovers a mechanism in which
crosstalk between BR and VLCFAs underpins control of cot-
ton fiber elongation.

BES1, the core component of BR, regulates fiber cell
elongation in cotton
A predominant effect of BR signaling is to promote cell
elongation. Among the isolated BR signaling components,
BES1 family proteins are master TFs governing BR-regulated
gene expression. Reduced BEST family gene expression in
rice produces semi-dwarf plants and decreased BR sensitivity
(Zhang et al. 2014). Furthermore, a hextuple Arabidopsis mu-
tant disrupted for all BEST family genes displays a severe
dwarf phenotype highly similar to the BR receptor null mu-
tant and has blocked expression of BR-regulated genes, illus-
trating the indispensable role of BEST family genes in BR
signaling (Bai et al. 2007; Qiao et al. 2017; Chen et al. 2019).
Cotton fiber is one of the longest plant cells, which provide
a unique system for studying cell elongation. Suppression of
GhBES1.4 in cotton inhibits fiber cell elongation, whereas
GhBES1.4-OFE significantly enhances fiber length (Fig. 2).
GhBESTs would modulate the expression of a number of
downstream target genes involved in BR regulating fiber
elongation (Lee et al. 2010; Bajwa et al. 2015; Li et al. 2018).
Thus, despite cotton fiber being a specifically elongated sin-
gle cell, BR regulates its elongation through a conserved
mechanism in which GhBESTs have a central role.
Arabidopsis and rice only have 6 and 4 BEST family genes,
respectively (Bai et al. 2007; Chen et al. 2019). However,
gene duplication events in allotetraploid cotton have resulted
in 22 GhBEST TFs in the upland cotton genome, 6 of which
were found to be preferentially expressed in fibers during
the rapid elongation stage (Liu et al. 2018). The
GhBES1.4-RNAi lines showed shortened fiber phenotype; how-
ever, the fiber length reduction is not as severe as that caused
by BR deficiency (Fig. 1A), probably due to functional redun-
dancy. Further research is necessary to dissect how these
GhBES1 genes cooperatively regulate fiber development.
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Figure 6. The mature fiber phenotypes of GhKCST0_At X GhBES1.4 by hybridization. A) Phenotypes of GhKCS10_At-OE, GhBES1.4-RNA;,
GhKCS10_At-OE X GhBES1.4-RNAi, and ZM24 mature fibers. Bar=1cm. B) Determination of mature fiber length of GhKCS10_At-OE,
GhBES1.4-RNAIi, GhKCS10_At-OE X GhBES1.4-RNAi, and ZM24 cotton. The error bars represent the SD in 30 different mature fibers of
GhKCS10_At-OE, GhBES1.4-RNAi, GhKCS10_At-OE X GhBES1.4-RNAI, and ZM?24, respectively. All data reported here were obtained from 3 inde-
pendent experiments with 30 mature fibers measured for each treatment and are presented as mean + SD of triplicate experiments. Significant
differences compared with the ZM24 were determined using one-way ANOVA analysis of variance software combined with Student’s t-test
(**P < 0.001 by t-test). C) Phenotypes of GhBES1.4-OE, GhKCS10_At-RNAI, GhBES1.4-OE X GhKCS10_At-RNAi, and ZM24 mature fibers.
Bar =1 cm. D) Determination of mature fiber length of GhBES1.4-OE, GhKCS10_At-RNAIi, GhBES1.4-OE X GhKCS10_At-RNAi, and ZM24 cotton.
The error bars represent the SD in 30 different mature fibers of GhBES1.4-OE, GhKCS10_At-RNAI, GhBES1.4-OE X GhKCS10_At-RNAI, and ZM24,
respectively. All data reported here were obtained from 3 independent experiments with 30 mature fibers measured for each treatment and are
presented as mean =+ SD of triplicate experiments. Significant differences compared with the ZM24 were determined using one-way ANOVA analysis
of variance software combined with Student’s t-test (***P < 0.01 by t-test).

VLCFAs regulate fiber elongation in a variety of ways
VLCFAs are well known to regulate plant development. For
instance, the VLCFA-deficient mutants, pas2-1 and cut1, ex-
hibit dwarf phenotypes, indicating that VLCFAs are required
for cell elongation (Qin et al. 2007a; Zhu et al. 2020).

Transcriptome analysis indicated that VLCFA biosynthesis
genes participate in fiber development, and subsequent in vi-
tro assays confirmed that VLCFAs function directly in fiber
elongation (Qin et al. 2007a). Population genetic analysis
showed that VLCFA biosynthesis genes (KCS, KCR, and
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Figure 7 . A model for the regulation of cotton fiber elongation through the crosstalk between BR and VLCFA. In the presence of BR, the key TF in
the BR signaling pathway, GhBES1, moves to the nucleus and directly binds to the BRRE of GhKCSs to activate its expression. High expression of
GhKCSs, encoding the rate-limiting enzyme of VLCFA biosynthesis, increases endogenous VLCFAs contents, which promotes fiber elongation.

ECR) are positively selected for fiber improvement (Zhang
et al. 2015). Our work revealed that suppression of the
VLCFA biosynthesis gene, GhKCS10_At, hindered fiber elong-
ation. By contrast, GhKCST0_At overexpression increases
VLCFA contents and results in longer fibers (Fig. 4). These
stable transgenic cotton lines thus provide direct evidence
supporting VLCFA regulation of fiber elongation. KCSs spe-
cifically act on saturated fatty acyl-CoA substrates in plants
(Blacklock and Jaworski 2006). In previous reports, GhCERG
was shown to catalyze the synthesis of C26:0 in yeast cells
(Qin et al. 2007b). Here, we found that C22:0, C24:0, and
C26:0 contents in ZM24 cotton plants overexpressing
GhKCS10_At are significantly higher than those in ZM24, es-
pecially C24:0 content was increased by 32.1% (Fig. 4E). We,
therefore, speculate that GhKCS10_At mainly contributes to
elongating VLCFAs ranging from C22:0 to C24:0, although
further experimental verification is needed to test this
possibility.

VLCFAs have been shown to act as signal molecules in
regulating a variety of developmental processes in plants.
For example, VLCFAs «can protect plants from
hypoxia-induced damage by regulating the ethylene signaling
pathway (Xie et al. 2015), and VLCFAs also promote ethylene
biosynthesis inducing aerenchyma formation in the rice root
cortex (Yamauchi et al. 2015). VLCFAs have been shown to
modulate phytohormone signaling, especially auxin and
ethylene, to regulate fiber elongation (Batsale et al. 2021).
Actually, VLCFAs activate ethylene biosynthesis in fibers
(Qin et al. 2007a). In the current study, ethylene content in-
creased in 10 DPA fibers of GhKCS10_At-OE plants, but de-
creased in corresponding fibers of GhKCS10_At-RNAi
plants (Supplemental Fig. S17). These findings support the
idea that VLCFAs regulate fiber elongation, at least in part,

by modulating endogenous ethylene content. In addition,
we found that both VLCFA and ethylene levels were substan-
tially decreased in 10 DPA fibers of the BR-deficient mutant
pag1 (Fig. 1G Supplemental Fig. S17), suggesting that VLCFAs
may serve as the point at which BR- and ethylene-responsive
regulatory signals are coordinated to determine fiber length
(Fig. 7). This is an interesting phenomenon, as fiber length
plays a significant role in determining cotton fiber quality
and fabric properties.

It also warrants mention that lipid raft activity in the cell
membrane is higher during fiber elongation and lower during
secondary wall synthesis, suggesting that VLCFA-containing
sphingolipids may promote membrane stabilization by en-
hancing lipid raft activity (Xu et al. 2021). VLCFAs are essen-
tial components of the vacuole membrane. The central
vacuole, which imposes turgor pressure indispensable for fi-
ber elongation, takes up 98% of the elongating fiber cell vol-
ume (Hu et al. 2019). So, we should not exclude the
possibility that VLCFAs work as membrane constituents.
Despite these findings, the exact mechanism of how
VLCFAs affect fiber development requires further research.
Since BR, VLCFAs, and ethylene promote fiber cell elong-
ation, exploring the relationship between them will likely re-
veal the regulatory mechanisms responsible for fiber cell
development.

BR modulates VLCFA levels to affect different
processes

BR is known to regulate various developmental processes in
plants via crosstalk with other phytohormones and signal
molecules at multiple levels (Planas-Riverola et al. 2019;
Nolan et al. 2020; Kour et al. 2021). In this study, we
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demonstrate that BR regulates VLCFA biosynthesis during
cotton fiber development. Firstly, in vitro application of
C24:0 effectively reversed the inhibitory effect of BR inhibitor
BRZ on fiber growth (Fig. 1E). Nevertheless, BR did not weak-
en the inhibitory effect of ACE (Fig. 1D). Secondly, the expres-
sion of 5 GhKCSs was downregulated in fibers of both
BR-deficient mutants pagl and GhBES1.4 silenced plants
(Fig. 1B, Supplemental Fig. S11), whereas BL treatment in-
duced their transcriptional upregulation (Supplemental
Fig. S4). Thirdly, VLCFA contents were significantly reduced
in pag1 and GhBES1.4-silenced fibers (Figs. 1C and 2E), while
significantly elevated in GhBES1.4-OE plants (Fig. 2E).
Furthermore, in vitro and in vivo protein and DNA inter-
action analyses indicated that GhBES1.4 directly activates
the expression of GhKCS10_At (Fig. 5).

In addition to GhKCS10_At, BES1-specific recognition ele-
ments have been identified in the promoter of 12 other
GhKCSs (Supplemental Fig. S15), suggesting that these
GhKCSs may be the potential targets of GhBESTs. In fact,
GhKCS14_At and GhKCS1b_Dt were upregulated in
GhBES1.4-OE lines (Supplemental Fig. S11), indicating that
they might also be the direct target of GhBES1.4. This finding
also implies that different GhBESTs may target a variety of
GhKCSs to regulate fiber elongation.

In Arabidopsis, KCS1 is an early BR response gene.
AtMYB30, a known direct target of AtBES1, regulates
BR-induced gene expression, and AtMYB30 can directly
bind the KCS1 promoter to activate its expression (Li et al.
2009). Chip-chip data have shown that KCS7 should be a dir-
ect target gene of BZR1 (Lisso et al. 2005; Sun et al. 2010), so
BES1 and BZR1 simultaneously regulate the expression of
KCS1 to regulate VLCFA biosynthesis. BR regulates VLCFA
biosynthesis at multiple levels. Unlike regulating fiber elong-
ation in cotton, BR modulates VLCFA synthesis to activate
hypersensitive cell death response in Arabidopsis (Raffaele
et al. 2008). Although crosstalk between BR and VLCFAs
may be ubiquitous in plants, the regulatory effects on various
biological functions may diverge among different plant spe-
cies. Another fascinating question is which other processes
are affected by BR-mediated variation VLCFA levels.

Materials and methods

Plant materials and growth conditions

G. hirsutum, cultivar ZM24, cotton plants were planted on
the mixed substrate of nutrient soil (v/v=1:1) and grown
in a greenhouse with 16-h light/8-h dark at 30 °C. The lighting
was provided by a LED flat panel with an intensity of 80,000
lux. On the day of anthesis, the flowers and bolls were
marked; the day of anthesis was treated as 0 DPA. WT A.
thaliana ecotype Landsberg erecta (Ler-0) was used in this
study. The mutant line cut? (SALK_CS6242) was obtained
from the Arabidopsis Biological Resource Center (ABRC)
(https://abrc.osu.edu/). Arabidopsis mutant seeds were
kept at 4 °C for 2 d in the dark prior to germination. Seeds
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were surface sterilized with sodium hypochlorite (NaOCl),
followed by washing 5 times with sterile water.
Germination was carried out in MS medium under aseptic
conditions. After 2 wk, the plants were transferred to soil
and grown in a greenhouse with 16-h light/8-h dark at 23 °
C. For cut1 Arabidopsis treated with BL and C24:0, seed ger-
mination was carried out in MS medium supplemented with
5uML™" C24:0 or 1 uM L™" BL. After 2 wk, the plants were
transferred to soil and grown in a greenhouse. The cut1
plants received 50 mL of 5 uM L™' C24:0 or 1 uM L™" BL sup-
plementation daily from the beginning on the day of bolting
for each pot.

Phylogenetic analysis and expression profile of GhKCS
family genes

Arabidopsis KCS gene sequences were downloaded from
TAIR10 (https://www.arabidopsis.org/) and used as queries
for genome-wide identification of KCS genes in G. hirsutum
(G. hirsutum_ZM24_ICR). To analyze evolutionary relation-
ships, full-length protein sequences were aligned and used
to construct a phylogenetic tree using the neighbour joining
method (1,000 Bootstrap Replication, 95% Site Coverage
Cutoff) in MEGA7.0 (Supplemental Files S1 and S2) (Kumar
et al. 2016). The high-throughput G. hirsutum ZM24 tran-
scriptome sequencing data was used to investigate the
GhKCSs gene expression patterns in fiber tissues. The heat-
map of GhKCSs gene expression patterns in cotton fiber (5,
10, 20, and 25 DPA) was constructed using TBtools software
(Chen et al. 2020).

Expression pattern of GhKCSs in pag1 and BL
treatment

Fiber tissues at 10 DPA of pag1 and ZM24 were taken as sam-
ples. For BL treatment, 1 uM L™ BL was added to the Beasley
and Ting (BT) medium for the ZM24 ovule. Ovule culture
was conducted at 30 °C in the dark. After collection, plant tis-
sues were frozen immediately in liquid nitrogen and RT-qPCR
was used to detect the expression of GhKCSs.

In vitro ovule culture

Ovules of 1 DPA ZM24 cotton plants were sterilized with
75% anhydrous ethanol for 5 min followed by soaking in
95% anhydrous ethanol for 2 to 3 s and washing 5 times
with distilled water. The sterilized ovules were taken out
and kept in a liquid BT medium. Next, BL (0.1, 1, and
5 uM L"), BRZ (0.1, 1,and 5 UM L™"), and VLCFAs inhibitor
ACE (0.2, 2, and 20 uM L") were both dissolved in anhyd-
rous ethanol and placed in the BT medium. Different concen-
trations of C24:0 (1, 5, and 10 uM L™") were dissolved in
methyl tertiary butyl ether and added to the BT medium
(Qin et al. 2007a). For the C24:0 restored pag1 ovules experi-
ment, pagl and ZM24 ovules were cultured for 14 d in the
dark at 30 °C. For the C24:0 reversed BRZ inhibiting fiber ex-
periment, ZM24 ovules were cultured for 14 d in the dark at
30 °C and fiber length was measured. For the BL, BRZ, C24:0,
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and ACE treated ovules experiment, the ZM24 ovules were
cultured for 14 d in the dark at 30 °C and fiber length was
measured.

Phenotypic analysis for cotton fibers

The lengths of 10 DPA fibers were measured with a ruler.
GhBES1.4-OE/GhBES1.4-RNAI transgenic cotton fibers were
collected in Anyang in 2019. GhKCS10_At-OE transgenic cot-
ton fibers were collected in Anyang in 2019 and 2020.
GhKCS10_At-RNAi transgenic cotton fibers were collected in
Anyang in 2021. All mature fibers (15 g) were collected from
the bolls at a similar position on plants. The mature fiber sam-
ples were then analyzed at the Cotton Fiber Quality Inspection
and Testing Center, Chinese Ministry of Agriculture (Anyang,
Henan, China) for quality measurements.

RNA isolation and RT-gPCR analysis

For cotton samples, total RNA was extracted from fibers at
specified time points. For Arabidopsis samples, total RNA
was extracted from seedlings at 38 d after transplanting
into soil. Total RNA was extracted using an RNA prep Pure
Plant Kit (TIANGEN, Beijing, China). First-strand cDNA was
reverse-transcribed using a PrimeScript RT reagent kit
(Takara, Dalian, China). For the RT-qPCR assay, Premix Ex
Taq Il (Takara) was used along with the LightCycler 480 sys-
tem (Roche Diagnostics, Mannheim, Germany). The reaction
parameters of the RT-qPCR assay were as follows: 95 °C for
10 min, followed by 40 cycles of 95 °C for 10's and 60 °C
for 30s. Specific primers for GhKCS1_At, GhKCS10_At,
GhKCS14_At, GhKCS24_At, and GhKCS1b_Dt were designed
from the 5-UTR region. The accession numbers of the identi-
fied genes and primers for the RT-qPCR analysis are given the
Supporting Information (Supplemental Table S6). Cotton his-
tone3 (GenBank accession number AF024716) and AtACT2
(GenBank accession number AT3G18780) were used as intern-
al controls in PCR experiments. The relative expression of each
target gene was calculated by the equation Y = 10 (CtChhistone3
—CtGhgene)/3 o 100%, and the detailed experimental method re-
fers to previous reports (Li et al. 2005). Each RT-qPCR was per-
formed in triplicates, and the results were calculated as the
mean and standard deviation.

Vector construction and Arabidopsis transformation
The GhKCS10_At and GhBES1.4 coding sequences were re-
trieved from CottonGen (https://www.cottongen.org/).
Genes were amplified from the ZM24 cDNA library using
gene-specific primers listed in Supplemental Table S6 and
constructed into a pCAMBIA2300 vector driven by the
CaMV 35S promoter. Notably, overexpression of the
GhBES1.4 coding sequence contains a point mutation modi-
fication designed by PrimerX (http://www.bioinformatics.
org/primerx/cgi-bin/DNA_1.cgi) (Liu et al. 2018). For the
GhBES1.4 and GhKCS10_At-RNAi vector, the GhBES1.4
and GhKCS10_At specific fragment was cloned from the
ZM24 cDNA library using gene-specific primers listed in
Supplemental Table S6 and constructed into a pBI121 vector

THE PLANT CELL 2023: 35; 2114-2131 | 2127

driven by the CaMV 35S promoter. The GhKCS10_At and
GhBES1.4 vectors were introduced into Agrobacterium tume-
faciens strain GV3101 to transform Arabidopsis via the floral
dip method (Zhang et al. 2006). The transgenic plants were
selected on a half-strength MS medium containing 50 mg
L™" kanamycin.

Cotton transformation

All overexpression and RNAi constructs were introduced into
the Agrobacterium strain LBA4404. ZM24 seeds were sterilized
and cultured in a chamber without light for 6 d at 30 °C (Ge
et al. 2022). The cotton transformation was performed using
hypocotyl segments as explants. The explants were immersed
in an A. tumefaciens suspension after they were cut into 5-mm
segments. After callus induction, proliferation, embryogenic
callus induction, embryo differentiation, and plantlet regener-
ation, the putative transgenic plants were grown in the
greenhouse. The successful transformation and integrity
of the transgene were confirmed via PCR analysis of genomic
DNA with the 35S-F/GhKCS10_At-R, 355-F/GhBES1.4-RNAI-R,
GhBES1.4-RNAI-F/intron-R, and GhKCS10_At-RNAi-F/intron-R
primers in Supplemental Table S6. RT-qPCR was used to detect
GhKCS10_At and GhBES1.4 expression levels in transgenic lines,
and cotton histone3 was used as an internal control
(Supplemental Table S6).

Fatty acid extraction and gas chromatography-mass
spectrometry analysis

Before fatty acid extraction, 0.2 g of fiber (10 DPA) and
Arabidopsis aerial parts tissues were placed in a mortar and
ground to a fine powder with a pestle under cryogenic con-
ditions using liquid nitrogen. The fibers were immersed in 5%
concentrated sulfuric acid/methanol (v/v). A total of 10 uL
butylated hydroxytoluene methanol was added to the sam-
ples followed by vortex mixing for 1 min. Next, the samples
were incubated for 30 min at 90 °C and placed at room tem-
perature for 10 min. Then 2 mL of n-hexane and 10 mL of sa-
turated NaCl solution were added. After vortexing for 1 min,
the supernatant was taken after allowing to settle for 15 min
for analysis. A standard fatty acid methyl ester mixture
(Supelco 37 Component FAME Mix, USA) was used to iden-
tify the fatty acid methyl esters. Fatty acid content was ana-
lyzed by HP-5 capillary chromatography column (30 m X
0.25 mm X0.25 um, Agilent, USA) coupled to a gas chroma-
tography (GC) system (Agilent 7890-5977, USA), which was
connected to the National Institute of Standards and
Technology databases. In this study, the external standard
method was used to measure the fatty acid content
(Dursun and Giiler 2021). The fatty acid content of each sam-
ple is expressed as ug/g fresh weight (FW).

Ethylene measurements

The amount of ethylene produced was measured by a gas
chromatograph (GC-2010 Plus; Shimadzu) equipped with a
Flame lonization Detector (FID) and 30-m HP-PLOT column
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(RXT-1), the sensitivity of the GC-FID was 0.01 ppm. For
measurement of ethylene (ET) production in cotton fiber de-
velopment, approximately 5.0 g freshly collected 10 DPA fi-
bers of ZM24, GhKCS10_At-OE, GhKCS10_At-RNAI, and
pag1 were placed in 50-mL glass flasks in darkness at 30 °C
for 48 h, and the released gas was collected with a needle
via the drain method, and 100 uL gas sample was analyzed
using GC-FID. All measurements were recorded from 6 repli-
cates, and the final assessment results are calculated per
gram per hour (nLg~' FW h™") (Li et al. 2020).

Electrophoretic mobility shift assay

The EMSA was performed using an EMSA kit (Thermo Fisher
Scientific, Shanghai, China) according to a previously de-
scribed method (Hou et al. 2014). The promoter fragments
of GhKCS10_At containing the native and mutant BRRE
(—1,756 bp) were labeled with biotin on both ends of the
probe. The promoter fragment of GhKCS10_At containing
the native BRRE (—1,798 and —1,790 bp) was labeled with
biotin on both ends of the probe. GhBES1.4 was constructed
in the pET30a vector and induced with IPTG at 37 °C for 4 h.
Non-labeled probes were used as cold competitors.

BLI binding measurements

We used the Octet RED96 system (ForteBio) to measure DNA-
protein binding kinetics by streptavidin-coated biosensors. The
biotin-labeled probe on the GhKCS10_At promoter was used as
described above. First, the GhBES1.4 protein interacted with the
DNA-immobilized sensor surface in the dilution buffer for
3 min. Sensors were then washed before monitoring protein as-
sociation for 5 min. Next, PBS (10%)/Tween (0.5%) buffers were
used to elute the DNA—-protein compound on the sensor sur-
face for 10 min. Dissociation curves were obtained by maintain-
ing this set-up for 15 min and transferring the sensors back to
tubes. The data were fitted to a 1:1 binding mode to calculate
the association rate constants. The graphics were drawn using
OriginPro2022 software (https://www.originlab.com/).

ChIP assays

ChIP assays were performed as described previously (Oh et al.
2009). The 10 DPA fibers were cross-linked with 1% (v/v) for-
maldehyde and sonicated to obtain 200 to 500 bp fragments
from cell nuclei. Afterwards, GhBES1.4-FLAG antibodies
(Beyotime, China, catalog:AF519) were used to immunopre-
cipitate the DNA fragments. DNA fragments pulled down
without any antibodies were set as control. To ensure the au-
thenticity of ChIP data, the input sample was analyzed with
each primer set listed in Supplemental Table S6. The enrich-
ment degrees were analyzed by RT-qPCR analysis using SYBR
Premix Ex Taq (Takara) in a LightCycler 480 system (Roche
Diagnostics, Mannheim, Germany).

Transient expression assay

The 2,000 bp native and mutant promoter regions of
GhKCS10_At were constructed into the vector pGWB435
containing a luciferase reporter gene to construct the
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GhKCS10_Atpro-Luc and GhKCS10_Atpro-mutant-Luc, re-
spectively. GhBES1.4 was cloned into CAMBIA2300 to gener-
ate the CaMV 35S: GhBES1.4, while CaMV 35S: GFP was used
as an empty vector. Agrobacterium strains were allowed to
infiltrate into tobacco leaves. The tobacco leaves were placed
in the dark for 12 h, followed by 48 h in the growth chamber
at 23 °C. The tobacco leaves were sprayed with luciferin and
kept out of the light for 10 min. A low-light cooled charge-
coupled device was used to take photos (Vilber
NEWTON?7.0 Bio). Quantitative analysis was done using a
Tanon 5200 Multi chemiluminescent imaging system.

Statistical analysis

All data were analyzed using one-way ANOVA or a two-
tailed Student’s t-test with software Microsoft Excel. The
values are represented as mean = SD. Statistical data are pro-
vided as Supplemental Data Set 1.

Accession numbers

The RNA-seq data related to this research were deposited at
NCBI SRA, which can be found under the following accession
numbers: SRR1695191 (5 DPA fiber), SRR1695192 (10 DPA fi-
ber), SRR1695193 (20 DPA fiber), SRR1695194 (25 DPA fiber).
The gene sequence data from this article can be found in the
Cotton Functional Genomics Database (https://cottonfgd.
net/) under the following accession numbers: GhBES1.4,
Ghicr24_A05G201500.1; GhACS6, Ghicr24_A12G253200.1;
GhACS7, Ghicr24_D05G029800.1; GhACO1, Ghicr24_D05G
173700.1; GhACO2, Ghicr24_A06G178700.1; GhACO3,
Ghicr24_D08G054500.1;, GhACO4, Ghicr24_A07G092100.1;
GhEXP1, Ghicr24_D10G120700.1;, GhTUB1, Ghicr24_
A08G201600.1; GhACTT1, Ghicr24_D11G059000.1; GhPP2A,
Ghicr24_D01G134900.1. The gene sequence data from
this article can be found in the TAIR10 (https://www.
arabidopsis.org/) under the following accession numbers:
AtACO2, AT1G63280; AtACO4, AT1G05010; AtCPD,
AT5G05690; AtDWF4, AT3G50660; AtPRES, AT3G28857;
AtEXP8, AT2G40610.
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