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Abstract

Basic helix-loop—helix/helix-loop—helix (bHLH/HLH) transcription factors play important roles in cell elongation in plants.
However, little is known about how bHLH/HLH transcription factors antagonistically regulate fiber elongation in cotton
(Gossypium hirsutum). In this study, we report that two bHLH/HLH transcription factors, fiber-related protein 2 (GhFP2)
and ACTIVATOR FOR CELL ELONGATION 1 (GhACE1), function in fiber development of cotton. GhFP2 is an atypical
bHLH protein without the basic region, and its expression is regulated by brassinosteroid (BR)-related BRASSINAZOLE
RESISTANT 1 (GhBZR1). Overexpression of GhFP2 in cotton hindered fiber elongation, resulting in shortened fiber length.
In contrast, suppression of GhFP2 expression in cotton promoted fiber development, leading to longer fibers compared
with the wild-type. GhFP2 neither contains a DNA-binding domain nor has transcriptional activation activity. Furthermore,
we identified GhACE1, a bHLH protein that interacts with GhFP2 and positively regulates fiber elongation. GhACE1 could
bind to promoters of plasma membrane intrinsic protein 2;7 (GhPIP2;7) and expansions 8 (GhEXPS8) for directly activating
their expression, but the interaction between GhFP2 and GhACE1 suppressed transcriptional activation of these target
genes by GhACE1. Taken together, our results indicate that GhACE1 promotes fiber elongation by activating expressions of
GhPIP2;7 and GhEXPS, but its transcription activation on downstream genes may be obstructed by BR-modulated GhFP2.
Thus, our data reveal a key mechanism for fiber cell elongation through a pair of antagonizing HLH/bHLH transcription fac-
tors in cotton.

Introduction

Upland cotton (Gossypium hirsutum), an allotetraploid spe-
cies, produces the greatest number of natural fibers exten-
sively used in the textile industry. It is the most widely
planted cotton species and accounts for 95% of cotton pro-
duction worldwide (Tiwari and Wilkins, 1995). Cotton fiber

development comprised several distinct but overlapping
stages: initiation, elongation, secondary cell wall biosynthesis,
and maturation (Haigler et al, 2012). As fiber quality is
largely determined by mature fiber length, investigation on
the regulation of fiber elongation is important for cotton ag-
riculture (Orford and Timmis, 1998). In the past years, a lot
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of genes involved in fiber development had been identified
in cotton. For example, cytoskeletal genes GhACTINT and «-
tubulin 9 (GhTUA9) were functionally expressed in fibers
and control fiber elongation (Li et al, 2005 2007). A
Gly65Val substitution in an actin results in short fiber phe-
notype by disrupting cell polarity and F-acting organization
(Thyssen et al.,, 2017). The cell wall-related genes coding cot-
ton [-galactosyltransferase 1 (GhGalT1) and fasciclin-like
arabinogalactan proteins (GhFLAs), participate in fiber devel-
opment by affecting AGPs composition and the integrity of
the primary cell wall matrix (Huang et al, 2008; Qin et al,
2017). Besides, cell wall-loosening enzymes, including xylo-
glucan endotransglycosylase/hydrolase (XTH), and pectin ly-
ase, pectinesterase, and expansins (EXP), may control cell
wall extension thus promote fiber elongation (McQueen-
Mason et al, 1992; Smart et al, 1998; Lee et al, 2007; Xu
et al, 2013). It has been reported that GhEXPAT and
GhEXPA8 improve fiber length via loosening cell wall (Xu
et al, 2013; Bajwa et al, 2015). The calcium sensor GhCaM7
promotes cotton fiber elongation by modulating reactive ox-
ygen species production (Tang et al, 2014). Cotton plasma
membrane intrinsic protein 2s (GhPIP2s) selectively interact
to regulate their water channel activities to meet the
requirements for rapid fiber elongation (Li et al, 2013).

Phytohormones, such as gibberellins, auxins, ethylene, and
brassinosteroids (BRs), play essential roles in cotton fiber de-
velopment (Sun et al, 2005; Shi et al, 2006; Xiao et al., 2010;
Zhang et al, 2011; Shan et al, 2014; Xiao et al, 2019). BR is
involved in fiber development, and exogenous addition of
brassinolide (BL) accelerates fiber elongation of cotton (Sun
et al, 2005). Cotton steroid 5o-reductase (GhDET2) and
PAGODAT1 (GhPAGT), two BR biosynthesis genes, play crucial
roles in the elongation of cotton fiber cells (Luo et al, 2007;
Yang et al, 2014). RNA-Seq analysis of the pag1 fibers sug-
gested that BRs may act as master integrators of fiber elon-
gation by modulating ethylene and cadmium signaling, and
expressions of cell wall- and cytoskeleton-related genes
(Yang et al, 2014). Besides, cell wall- and cytoskeleton-
related genes (such as GhEXPs and GhTUBs) involved in fiber
elongation are upregulated by BR treatment, indicating that
BR may promote fiber elongation by activating genes in-
volved in cell wall construction (Sun et al, 2005; He et al,
2008). However, the mechanism of how BR signaling is in-
volved in regulation of fiber development still remains
elusive.

BR is perceived by cell-surface receptors (such as BR-
insensitive 1, BRI1) and causes a signaling cascade, leading to
activation and accumulation of two homologous transcrip-
tion factors: BRIT-EMS-SUPPRESSOR 1 (BES1) and
BRASSINAZOLE RESISTANT 1 (BZR1). BZR1, BES1 and their
homologous proteins (BZRs) are involved in BR-regulated
plant growth. For instance, a hextuple mutant of these
genes displays a phenotype similar to the bri1 brl1 bri3 null
mutant in Arabidopsis (Arabidopsis thaliana) (Chen et al,
2019a), and BZRs play a pivotal BRI1-independent role in
controlling anther development (Chen et al, 2019b). BZR1
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encodes a nuclear protein that is stabilized by BR signaling.
In the nucleus, BZR1 regulates the expression of thousands
of genes by binding to different families of transcription fac-
tors, thereby playing an important role in cell elongation.
This protein specifically binds to the BR response elements
(BRREs; CGTGT/CG) and/or an E-box (CANNTG) (He et al,
2005; Nosaki et al, 2018). It works as a transcriptional re-
pressor for some promoters but an activator for others, and
interacts with promoters of BR suppressed genes as well as
induced genes (Tanaka et al, 2005; Sun et al, 2010; Oh
et al, 2014; Espinosa-Ruiz et al, 2017).

bHLH/HLH transcription factors have been reported to
participate in BR signaling transduction for regulating cell
elongation. Typical bHLH proteins contain the basic region
that is a DNA-binding motif. On the contrary, HLH proteins
cannot bind DNA due to a lack of the basic region but spe-
cifically inhibit other bHLH transcription factors by heterodi-
merization through the HLH region (Murre et al, 1989
Ferré-D’Amaré et al, 1994; Nair and Burley, 2000). On the
other hand, BZR1 can directly inhibit the expression of HLH
genes to promote plants growth. For example, Arabidopsis
HLH proteins ATBST-INTERACTING FACTORs are involved
in suppressing plants growth, and BR could induce tran-
scriptional repression of AtAIF2 to reinforce the BZR1/BES1-
mediated positive BR signaling pathway (Wang et al,, 2009;
Ikeda et al, 2013; Kim et al, 2017). Similarly, ILI1-BINDING
BHLH PROTEIN1 (IBH1) was also repressed by BR through
the transcription factor BZR1 in both Arabidopsis and rice
(Oryza sativa). Overexpression of IBHT suppresses cell elon-
gation and then causes dwarfism in Arabidopsis. IBH1 plays
negative roles by heterodimerzing with and inhibiting other
DNA-binding bHLH proteins, such as HOMOLOG OF BEE2
INTERACTING WITH IBH1 (HBIT) and ACTIVATOR FOR
CELL ELONGATIONT1 (ACE1), which activate EXP genes by
directly binding to their promoters for promoting cell elon-
gation (Bai et al, 2012; lkeda et al, 2012; Fan et al, 2014).
Furthermore, IBH1-LIKE1, a homolog of IBH1, also antago-
nized BR responses and cell elongation (Zhiponova et al,
2014). PACLOBUTRAZOL RESISTANT1 (PRET) forms a het-
erodimer with and inactivates IBH1 to repress the pheno-
type of [BH1 overexpression in transgenic Arabidopsis
(Zhang et al,, 2009).

Our previous studies indicated that Gh14-3-3 proteins
participate in the regulation of fiber elongation through
their interacting with GhBZR1 to modulate BR signaling.
The 14-3-3-regulated GhBZR1 protein can directly bind to
the promoters of GhXTH1 and GhEXP to promote fiber
elongation (Zhou et al,, 2015). A typical bHLH protein (fi-
ber-related protein 1, GhFP1) positively regulates fiber elon-
gation via modulating BR biosynthesis and signaling, and
interaction between GhFP1 and other cotton HLH proteins
(GhPRE1/5 and GhIBH2/3) may interfere with its DNA-
binding activity (Liu et al,, 2020). We also found bHLH/HLH
transcription factors are involved in response to BR signals
during fiber development of cotton (Lu et al, 2018). In this
study, we revealed that a BR responding HLH protein
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(GhFP2) functions in fiber elongation of cotton. GhFP2
interacts with a bHLH protein (GhACE1) which may directly
activates the genes involved in vigorous cell expansion in
cotton. By interacting with this activator, GhFP2 may inter-
fere with its activity, resulting in suppression of fiber elonga-
tion. Thus, our data suggested that fiber elongation is
regulated by competitive activities of antagonistic bHLH/
HLH proteins (including transcriptional activators and antag-
onistic inhibitors) in cotton.

Results

GhFP2 is negatively regulated by GhBZR1

In our previous study, GhbHLH/HLH genes involved in BR
signaling were identified in cotton genome (Lu et al, 2018).
Among these BR-induced genes, we found a putative
GhBZR1 targeted HLH gene GhFP2 (Ghir_D13G012430, D-
subgenome). The GhFP2 promoter fragment was isolated
from  D-subgenome of upland cotton genome.
Bioinformatics analysis revealed that one putative BRRE and
four putative E-boxes (CANNTG) exist in the GhFP2 pro-
moter sequence (Figure 1A). To further study the interac-
tion between GhBZR1 and promoter sequence of GhFP2,
yeast one-hybrid assay was employed. The conditions of
Y1HGold yeast transformants of pGADT7-GhBZR1/GhFP2p-
pAbAi cultured on SD/-Leu nutritional deficient medium
were same as the YTHGold yeast transformants of pGADT7/
GhFP2p-pAbAi (negative control) and Y1HGold yeast trans-
formants of pGADT7-Rec-p53/p53-AbAi (positive control).
When transformants were cultured on nutritional selection
medium SD/-Leu with Aureobasidin A (AbA, 350 ng mL™"),
the activation of GhFP2 promoter region by GhBZR1 was
observed (Figure 1B). Furthermore, chromatin immunopre-
cipitation-quantitative PCR (ChIP-qPCR) analysis was con-
ducted to confirm the binding activity of GhBZR1 to the
GhFP2 promoter in vivo. The specificity detection suggested
that anti-GhBZR1 antibody could specially bind GhBZR1
protein in nine DPA (day post-anthesis) fibers of cotton
(Supplemental Figure S1). The nine DPA fibers from wild-
type (WT) cotton were used as experiment materials in
ChIP-gPCR. As shown in Figure 1A, GhFP2 promoter regions
were cut into several fragments. The experimental results
showed that GhBZR1 could bind to the chip1, chip2, and
chip 4 fragments in the GhFP2 promoter region (Figure 1C).
Additionally, dual-luciferase (Dual-LUC) assay system was
employed to examine how GhBZR1 influences the expres-
sion of GhFP2. The level of the luciferase activity controlled
by GhFP2 promoter was reduced remarkably when GhBZR1
was expressed (Figure 1D). Thus, GhBZR1 is hypothesized to
directly bind to the GhFP2 promoter via the BRRE and E-
box to repress the expression of GhFP2 in cotton.

GhFP2 affects fiber elongation via modulating BR
signaling

To study the function of GhFP2 during fiber development,
GhFP2 overexpression and RNA interference (RNAI) vectors
were constructed under the control of fiber specific
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promoter GhRDL1, and transferred into cotton by
Agrobacterium tumefaciens-mediated cotton transformation.
Over 100 seedlings of 10 independent lines of the GhFP2
overexpression transgenic cotton and nearly 150 seedlings of
12 independent lines of the GhFP2 RNAI transgenic cotton
(TO generation) were regenerated. The transgenic plants
were transplanted into soil for growth to maturity, and eight
independent GhFP2 overexpression lines and eight indepen-
dent GhFP2 RNAI lines produced seeds (T1 generation). RT-
gPCR analysis was conducted to detect the expression levels
of GhFP2 in the GhFP2 transgenic cotton fibers. As shown in
Supplemental Figure S2, A and Figure 2, A, expression levels
of GhFP2 in nine DPA fibers of GhFP2 overexpression cotton
were 1- to 5-fold higher than that in controls (WT and CK),
whereas its expression levels in nine DPA fibers of GhFP2
RNAI cotton were 1.5- to 8-fold lower than that in the con-
trols. Phenotypic analysis of mature fiber length revealed
that GhFP2 overexpression plants exhibited shorter fibers,
whereas GhFP2 RNAI lines displayed longer fibers than those
in the controls (Supplemental Figure S2, B and C). The
GhFP2 transgenic lines at high levels of overexpression
(FOE1, FOE2, FOE6, FOE7, FOE8, FOE9) or silence (FRi1,
FRi2, FRi3, FRi4, FRi7, FRi8, FRi10) were chosen for further
detecting insertion numbers of GhFP2 transgene. On the ba-
sis of Southern blot analysis, four independent single-copy
lines for each construct (L1, L2, L6, L7 for overexpression
and L4, L7, L8, L10 for RNAI) were selected for further de-
tailed study (Supplemental Figure S2D). Phenotypic observa-
tion indicated that the general morphology and total plant
height of the transgenic cotton were nearly similar to those
of the controls (Supplemental Figure S3A). However, the
most prominent feature was that GhFP2 overexpression
plants (T2 generation) exhibited markedly decreased fiber
length, whereas GhFP2 RNAI lines (T2 generation) displayed
significantly increased fiber length, compared with the con-
trols (Figure 2, B and C). The cotton seed size was also ob-
served in GhFP2 transgenic lines, and the results showed
that there was no difference in the size of cotton seed be-
tween GhFP2 transgenic lines and WT (Supplemental Figure
S3B). The phenotype of GhFP2 transgenic fibers still existed
in next generations (T3 and T4) of the transgenic cotton
progenies (Supplemental Figure S3, C and F). Moreover, fiber
quality characteristics of GhFP2 transgenic cotton fibers
were evaluated by HFI test. The data showed that GhFP2
RNAi fibers were longer, whereas GhFP2 overexpression
fibers were shorter than those of WT. Uniformity index and
fracture-specific strength index were increased in GhFP2
RNAi fibers but decreased in GhFP2 overexpression fibers
(Supplemental Table S1).

Additionally, scanning electron microscopy (SEM) was
employed to observe 1-3 DPA ovules from GhFP2 trans-
genic cotton plants and WT. The results revealed that fiber
initiation (density) in GhFP2 transgenic cotton showed no
substantial difference from that in WT (Figure 2D).
However, early fiber elongation was retarded severely in the
GhFP2  overexpression lines, whereas elongation was
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Figure 1 Promoter activity of GhFP2 is suppressed by GhBZR1. A, The potential BRRE and E-box elements in GhFP2 promoter sequence. BRRE
(CGTGT/CG), E-box (CANNTG). B, Y1H assay of GhBZR1 interaction with GhFP2 promoter sequence. Transformants grew on SD/-Leu nutritional
selection medium with 350 ng/ml Aureobasidin A (AbA). Y1H Gold yeast transformants of pGADT7-Rec-p53/p53-AbAi and pGADT7/GhFP2p-
pAbAi were used as the positive and negative controls, respectively. C, ChIP-qPCR) assay of the GhBZR1-binding cis-motifs in promoter of GhFP2
in vivo. GhBZR1-bound chromatin DNA fragments were isolated from nine DPA fibers of WT cotton, and qPCR analysis was performed with the
primer sets listed in Supplemental Table S3 (see “Materials and methods”). CK, the control sample without anti-GhBZR1 antibody. D, Dual-LUC
assay of transcriptional repression of GhBZR1 to GhFP2. GhFP2 promoter was fused to the LUC reporter, and the promoter activity was deter-
mined by relative luciferase activity assay in leaves of N. benthamiana. The relative LUC activity was normalized to the reference REN luciferase.
The effector GhBZR1 and empty vector were co-filtrated with reporter ProGhFP2:Luc, respectively, and the relative LUC activity with empty vector
was set as 1. Data in C were analyzed with prism7.0. Data in D were analyzed with Microsoft Excel. Error bars represent the so. Mean values and sb
are shown from three biological replicates. Independent t tests demonstrated significant (P < 0.05) or very significant (P < 0.01) difference be-

tween two groups.

promoted in the GhFP2 RNAI plants (Figure 2, D and E). In
vitro ovule culture experiments showed that after 9, 12, 15 d
of culture, the fiber cells of GhFP2 overexpression lines elon-
gated obviously more slowly than WT, but the fiber cells of
GhFP2 RNAi lines exhibited much longer phenotype
(Supplemental Figure S4). Furthermore, fiber cell elongation
was partially restored on GhFP2 overexpression ovules by
adding 1 pM BL to the culture medium, compared with
that of WT (Supplemental Figure S5). After application of
BL, the fiber length of the GhFP2 overexpression, WT, and
RNAI was increased by 32%, 16%, 6%, respectively, compared
with that of themselves in the medium without BL, indicat-
ing that fiber growth of GhFP2 overexpression cotton was
partially restored by BL. After application of brassinazole
(Brz, a BR biosynthesis inhibitor), the fiber length of the
GhFP2 overexpression, WT, and RNAi was decreased by 12%,
18%, 20%, respectively, compared with that of themselves in
the medium without Brz, suggesting that fiber growth of
GhFP2 overexpressing cotton was less sensitive to Brz
(Supplemental Figure S5). Collectively, the above results

suggested that GhFP2 plays a negative role in cotton fiber
elongation via modulating BR signaling.

GhFP2 is involved in regulating expression of fiber
elongation-related genes

To further study how GhFP2 affects fiber development, we
performed transcriptomic analysis in nine DPA fibers to pro-
vide an overview of the differential expressed genes in the
GhFP2 overexpression and RNAI fibers. Compared with WT,
970 differentially expressed genes (DEGs) were identified in
GhFP2 overexpression fibers, including 512 upregulated
genes and 458 downregulated genes, and 1,080 DEGs were
identified in GhFP2 RNAI fibers, including 577 upregulated
genes and 503 downregulated genes (Supplemental Data
Sets 1 and 2). Among these DEGs, 204 genes were upregu-
lated in GhFP2 RNAI fibers but downregulated in GhFP2
overexpression fibers (Figure 3A), while 215 genes were
downregulated in GhFP2 RNAi fibers but upregulated in
GhFP2 overexpression fibers (Figure 3B). Subsequently, gene
ontology (GO) analysis showed that the DEGs upregulated
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Figure 2 Phenotypic assay of fibers of GhFP2 transgenic cotton. A, RT-qPCR analysis of GhFP2 expression in fibers of the GhFP2 transgenic cotton
plants. Total RNA was isolated from nine DPA fibers of GhFP2 transgenic lines (T2 generation) and WT. Mean values and sp are shown from three
biological replicates. GhUBIT (EU604080) was used as a quantification control. B, Phenotype of mature fibers of GhFP2 transgenic lines (T2 genera-
tion) and WT. Scale bar = 2 cm. C, Measurement and statistical analysis of mature fiber length of GhFP2 transgenic lines and WT (n > 50 cotton
ovules per line). D, SEM images of the ovules (1-3 DPA) of GhFP2 transgenic lines and WT. 1D, 2D, and 3D refer 1, 2, and 3 DPA ovule with fibers,
respectively. Bar = 50 pm in 1D, 100 um in 2D, and 500 pm in 3D. E, Measurement and statistical analysis of fiber length of GhFP2 transgenic lines
and WT at 1-3 DPA (n = 3 ovules per line). Data in A, C, and E were processed with Microsoft Excel, and error bars represent the sp. Independent
t tests demonstrated significant (P < 0.05) or very significant (P < 0.01) difference between GhFP2 transgenic lines and WT. DPA, day post-anthe-
sis. CK, the transgenic null line; FOE1-FOE11, GhFP2 overexpression cotton lines; FRi1-FRi10, GhFP2 RNAi cotton lines.

in GhFP2 RNAI fibers and downregulated in GhFP2 overex-
pression fibers were mostly enriched in cell wall organization
or biogenesis, organic acid metabolic process, regulation of
hormone levels, intrinsic component of membrane, water
transmembrane transporter activity, and fatty acid elongase
activity (Figure 3C). The genes downregulated in GhFP2
RNAI fibers and upregulated in GhFP2 overexpression fibers
were mostly gathering in catalytic activity, heterocyclic com-
pound binding, lipid biosynthetic process, and hormone-
mediated signaling pathway (Figure 3D). For example, cell
wall-related genes GhEXPs and GhFLAs were included in the
DEGs. A GhPIP2;7, which have been reported to play impor-
tant roles in fiber elongation (Li et al, 2013), was upregu-
lated in GhFP2 RNAI fibers and downregulated in GhFP2
overexpression fibers. It has been reported that saturated
very-long-chain fatty acids promote cotton fiber elongation,

and GhKCS1/2 are necessary for very long chain fatty acid
(VLCFA) biosynthesis (Qin et al, 2017). These genes were
also included in the DEGs in the GhFP2 transgenic fibers.
Furthermore, RT-qPCR analysis verified the expression levels
of these DEGs were consistent with the RNA-seq analysis
(Supplemental Figure S6). Besides, previous study suggested
BRs modulate fiber elongation not only by affecting the ex-
pression of cell wall- and cytoskeleton-related genes but also
by altering VLCFA biosynthesis, calcium signals, and the ex-
pression of GhPIP2 and GhPDF1. Correspondingly, our RNA-
seq analysis revealed that the genes involved in cell wall, cy-
toskeleton, plasma membrane intrinsic components, and
VLCFA biosynthesis were altered in the GhFP2 transgenic
fibers, suggesting GhFP2 participates in regulation of fiber
elongation by influencing fiber elongation-related genes
downstream of BR signaling pathway.
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Figure 3 RNA-Seq analysis of the genes differentially expressed in fibers of GhFP2 transgenic cotton. A, Venn diagrams show the overlaps of DEGs
upregulated in nine DPA fibers of GhFP2 RNAI lines (FRi4 and FRi7) and downregulated in nine DPA fibers of GhFP2 overexpression lines (FOE1
and FOE2). B, Venn diagrams show the overlaps of DEGs downregulated in nine DPA fibers of GhFP2 RNAI lines (FRi4 and FRi7) and upregulated
in nine DPA fibers of GhFP2 overexpression lines (FOE1 and FOE2). C, GO enrichment pathway scatterplot for the overlapped DEGs in (A). D, GO
enrichment pathway scatterplot for the overlapped DEGs in (B). FOE, GhFP2 overexpression cotton lines; FRi, GhFP2 RNAI cotton lines.

GhFP2 acts as a non-DNA-binding transcriptional
repressor

To further study how GhFP2 influences expression of down-
stream genes, the expression profiles of GhPIP2;7, GhKCS2,
and GhEXP8 were verified in 6-12 DPA fibers of the GhFP2
transgenic cotton and WT. The results showed that the ex-
pression levels of GhPIP2;7, GhKCS2, and GhEXP8 were signif-
icantly downregulated in fibers of the GhFP2 overexpression
lines but upregulated in the GhFP2-silenced fibers, indicating
that GhFP2 negatively regulates these fiber elongation-
related genes (Figure 4A).

To investigate localization of GhFP2 proteins in cells,
355:GhFP2:eGFP fusion genes were transiently expressed in
Nicotiana benthamiana leaf cells. As shown in Figure 4, B-D,
the GFP fluorescence was detected in the cell nucleus,
merged with  4'6-diamidino-2-phenylindole  (DAPI) (a
nuclear-specific dye) staining, indicating that GhFP2 protein
was localized in the cell nucleus. To examine the transcrip-
tional activation activity of GhFP2, we transferred the
pGBKT7-GhFP2 construct into yeast (Saccharomyces cerevi-
siae) strains AH109 and Y187, respectively. The transformed

yeast cells could neither grow on the SD/-Trp/-Ade me-
dium nor grow on the SD/-Trp/-His medium (Figure 4E).
Additionally, the transformed yeast cells harboring GhFP2
did not turn blue in the presence of 5-bromo-4-chloro-3-
indolyl B-p-galactopyranoside (X-Gal), revealing that GhFP2
lacked the activity of transcriptional activation (Figure 4F).
Based on the above data, we hypothesized that GhFP2 may
act as a non-DNA-binding transcriptional repressor that sup-
presses fiber cell elongation through interfering with the
roles of the other positive transcription factors.

GhFP2 interacts with another bHLH protein

GhACE1

To further study the molecular mechanism by which GhFP2
negatively regulates the fiber elongation, we conducted the
yeast two-hybrid (Y2H) screening to identify GhFP2-
interacted proteins using our constructed cDNA library of
cotton fibers. A total of 10 positive clones were obtained,
and interested clones were further confirmed by the one-to-
one interaction analysis. Among the identified proteins, we
found a bHLH protein GhACE1 (Ghir_D02G002010, a
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Figure 4 Subcellular localization and transcriptional activity assay of GhFP2 protein. A, RT-qPCR analysis of GhPIP2;7, GhKCS2, and GhEXPS8 tran-
scripts in fibers of GhFP2 transgenic cotton lines and WT. GhUBIT (EU604080) was used as a quantification control. Data were analyzed with
Microsoft Excel. Error bars represent the so. Mean values and sb are shown from three biological replicates. B-D, Subcellular localization of GhFP2
protein. Green fluorescence signals were localized in the nucleus of the GhFP2:eGFP leaf cells. B, Confocal microscopy of GFP fluorescence in cells
expressing GhFP2:eGFP. C, Nuclear DAPI staining of the same cells in B. D, Images B and C superimposed over the bright-field image. Bars = 25um.
E and F Transactivation activity assay of GhFP2 proteins in yeast cells. E, Yeast AH109 transformants of GhFP2 were streaked on SD/-Trp/-Ade
and SD/-Trp/-His medium. F, Flash-freezing filter assay of the 3-galactosidase activity in Yeast Y187 transformants of GhFP2. -, negative control;

+, positive control.

homologous proteins of AtACE1) could indeed interact with
GhFP2 (Figure 5A). We confirmed this interaction by con-
ducting Luciferase complementation imaging (LCl) assay in
leaf epidermal cells of N. benthamiana (Figure 5B).
Furthermore, Coimmunoprecipitation (Co-IP) assay also
revealed that GhFP2 could interact with GhACE1 in vivo
(Figure 5C). These results demonstrated that GhFP2 could
form heterodimers with GhACE1, thereby possibly influenc-
ing GhACET’s functions in fiber cell elongation of cotton.

GhACET1 positively regulates fiber elongation
To further study the biological function of GhACE1, we con-
structed overexpression vector of GhACE1 (Ghir_D02G002010,

using its coding sequence from D-subgenome of cotton ge-
nome) under the control of fiber-specific promoter
GhRDL1, and transferred into cotton by Agrobacterium-me-
diated cotton transformation. Over 50 seedlings of 8 inde-
pendent lines of the GhACET overexpression transgenic
cotton (TO generation) were regenerated. RT-qPCR analysis
showed the expression levels of GhACET in nine DPA fibers
of GhACET overexpression cotton lines were one- to three-
fold higher than that in WT (Supplemental Figure S7A).
Moreover, mature fibers of the GhACET overexpression
transgenic lines were remarkably longer than those of WT
controls (Supplemental Figure S7, B and C). The GhACET
transgenic lines at high levels of overexpression (L2, L3, L4,
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Figure 5 GhFP2 interacts with GhACE1. A, Y2H assay of the interaction between GhFP2 and GhACE1. pGBKT7 and pGADT7 empty vectors were
used as controls. B, LCl assay of the interaction between GhFP2 and GhACE1. GhFP2 was fused to the amino-terminal of firefly luciferase (LUCn),
and GhACE1 was fused to carboxyl-terminal of firefly luciferase (LUCc), respectively. The LUCc-GhACET and GhFP2-LUCn constructs were tran-
siently co-expressed in leaves of N. benthamiana, using LUCn and LUCc as the controls. Fluorescence signal intensities represent their binding ac-
tivities. Right bars indicate heat map’ scales of the signal intensity. C, ColP of transiently co-expressed GhFP2-HA and GFP-GhACE1 in N.
benthamiana leaves. Soluble protein extracts before (input) and after (IP) immunoprecipitation with anti-GFP antibody-conjugated beads were

detected by immunoblot with anti-HA antibody.

L5, L8, and L9) were chosen for detecting insertion numbers
of GhACET transgene. Based on the results of Southern blot
analysis, four single-copy GhACET transgenic lines (L2, L4, L5,
and L8) were chosen for further study (Supplemental Figure
S7D). GhACE1 overexpression lines of T2 generation also
exhibited the increased GhACET expression level and longer
mature fiber length (Figure 6, A and C). Furthermore,
in vitro ovule culture experiments using randomly selected
ovules at 0 DPA showed that, after 12 d of culture, the fibers
of the GhACET overexpression lines were significantly longer
than those of WT (Figure 6, D and E). This phenotype of
the transgenic fibers was still observed in next generations
(T3-T4) of the transgenic cotton progenies (Supplemental
Figure S8). These results suggested that GhACE1 positively
regulates cotton fiber elongation.

To investigate how GhACE1 controls fiber development,
the expression levels of the genes differentially expressed in
GhFP2 transgenic cotton fibers was also detected in nine
DPA fibers of GhACE1 overexpression transgenic cotton
plants. Interestingly, the genes downregulated by GhFP2
overexpression were upregulated in GhACET overexpression
transgenic fibers. The expression levels of GhEXP4/8,
GhKCS1/2, GhPIP2;7, and GhFLA2 were significantly increased
in fibers of GhACET overexpression cotton compared with
those in WT (Figure 6F). The above results indicated that
the transcript levels of fiber elongation-related genes, which
were differentially expressed in GhFP2 transgenic cotton
fibers, was regulated oppositely by GhACET.

Additionally, the experimental results indicated that
GhACE1 protein was localized in the cell nucleus
(Supplemental Figure S9, A and C). To examine the tran-
scriptional activation activity of GhACE1, we transferred the
pGBKT7-GhACE1 construct into yeast strains AH109 and
Y187, respectively. As shown in Supplemental Figure S9D,
the transformed yeast cells could grow normally on selection
mediums (SD/-Trp/-Ade and SD/-Trp/—His). Furthermore,

the transformed yeast cells harboring GhACE1 turned blue
in the presence of X-Gal, revealing the reporter gene LacZ
was activated in yeast cells (Supplemental Figure S9E). On
the other hand, Y2H assay and luciferase fluorescence imag-
ing assays revealed that GhACE1 and GhFP2 could form
homodimers (Supplemental Figure S10). Above data sug-
gested that GhACE1 may act as a transcriptional activator
through forming homodimers to promote fiber elongation.

GhACE1 binds to the E-boxes of GhPIP2;7 and
GhEXP8 promoters

To investigate whether GhACE1 directly regulates the fiber
elongation-related genes, the promoter fragments of these
genes were isolated from cotton genome. As shown in
Figure 7A, GhPIP2;7 promoter sequence contains four E-
boxes (CANNTG) and GhEXP8 promoter sequence contains
six E-boxes (CANNTG) potentially bound by GhACE1. To
detect the binding activity of GhACE1 to these cis-elements
in vivo, we conducted ChIP-gPCR analysis. The specificity of
anti-GhACE1 antibody was confirmed in nine DPA fibers of
WT and GhACET overexpression transgenic cotton
(Supplemental Figure S11). The nine DPA fibers from WT
cotton were used as experiment materials in ChIP-gPCR. As
shown in Figure 7A, the promoter regions of the target
genes were separated into several fragments to perform
ChIP-gPCR analysis. As observed in Figure 7B, we found
GhACE1 could bind to chip2/3 fragments in GhPIP2;7 pro-
moter region, and chip 1/4 fragments in GhEXP8 promoter
region. Furthermore, molecular probes’ fluorescence-based
electrophoretic mobility shift assay (EMSA) was conducted
to analyze whether GhACE1 binds to these E-box elements
in the above chip fragments in vitro. Strong signals (shift
band) were observed in the lanes with the GhACE1 protein
and the biotin-labeled probel, probe2, probe3, or probe4.
The intensity of the shift bands was gradually reduced with
the increasing concentration of the unlabeled probe1,
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Figure 6 GhACE1 is a positive regulator promoting fiber elongation. A, RT-qPCR analysis of GhACE1 expression in fibers of the GhACET overex-
pression transgenic cotton lines (T2 generation). Total RNA was isolated from 9 DPA fibers of GhACET transgenic lines and WT. GhUBI1
(EU604080) was used as a quantification control. Error bars represent sp of three biological replicates. B, Mature fibers of GhACET overexpression
transgenic cotton lines (T2 generation) and controls (WT and CK). Scale bar =2 cm. C, Measurement and statistical analysis of mature fiber
length of GhACE1 overexpression transgenic lines and controls (n = 50 cotton ovules per line). D, GhACET overexpression transgenic ovules with
fibers cultured in vitro. Cotton ovules (0 DPA) from GhACET overexpression transgenic lines and WT were in vitro cultured in liquid BT medium
at 30°C in darkness for 12 d. Scale bar = 1 cm. E, Measurement and statistical analysis of the length of WT and transgenic fibers on ovules cultured
in vitro for 12 d (n = 50 cotton ovules per line). F, RT-qPCR analysis of expressions of fiber elongation-related genes in fibers of GhACET overex-
pression transgenic cotton plants. Total RNA was isolated from nine DPA fibers of GhACET transgenic lines and controls. GhUBI1 (EU604080) was
used as a quantification control. Error bars represent sp of three biological replicates. Data in (A), (C), (E), and (F) were processed with Microsoft
Excel, and error bars represent the sp. Independent t tests demonstrated significant (P < 0.05) or very significant (P < 0.01) difference between
GhACET overexpression transgenic lines and WT. CK, the transgenic null line; AOE2-AOE11, GhACET overexpression transgenic cotton lines.

probe2, probe3, or probe4. However, the mutated probes  GhEXP8 (Figure 7). These results suggested that GhFP2 may
could not impair the strength of binding signals (Figure 7, C  negatively regulate fiber elongation by interacting with
and F). Given together, the results suggested that GhACE1T ~ GhACE1 and thus interfering with its transcriptional activity.
directly binds to cis-acting elements in promoters of  Therefore, a Dual-LUC assay system was employed to exam-
GhPIP2;7 and GhEXPS for regulating expressions of these  ine if the protein—protein interaction affects the transcrip-
genes, thereby promoting fiber elongation of cotton. tional activation of the target genes. As shown in Figure 7G,

luciferase activity controlled by GhPIP2;7 promoter was ele-
GhFP2 inhibits GhACE1’s transcriptional regulation vated remarkably when GhACE1 was expressed. However,
on downstream genes this activation was significantly impaired when GhFP2 was
GhFP2 plays a negative role in regulating fiber elongation,  co-expressed with GhACET. Similarly, luciferase activity regu-
and lacks the basic region for binding DNA cis-elements lated by GhEXP8 promoter was significantly enhanced when
(Figure 2), while GhACE1 acts as transcriptional activators ~ GhACE1 was expressed, but this activation was suppressed
and could directly bind to the promoters of GhPIP2;7 and by GhFP2 (Figure 7G). Given the data together, our study
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Figure 7 GhACE1 binds to E-box elements in the promoters of GhPIP2;7 and GhEXP8, and its transcriptional activity is suppressed by GhFP2. A,
The potential E-box (CANNTG) elements in the promoters of GhPIP2;7 and GhEXPS8. The upright lines indicate position of E-boxes. The Chip lines
indicate fragments detected in ChIP assay. The probe1/2/3/4 lines indicate fragments used in EMSA. The red bold bases in the probe1/2/3/4
sequences are E-boxes. B, ChIP-qPCR assay of GhACE1 proteins binding to the promoters of GhPIP2;7 and GhEXP8 in vivo. GhACE1-bound chro-
matin DNA fragments were isolated from nine DPA fibers of WT cotton, and qPCR analysis was performed with the primer sets listed in
Supplemental Table S3 (see “Materials and methods”). Error bars represent so of three biological replicates. Data were analyzed with prism7.0. CK,
the control sample without anti-GhACE1 antibody. C-F, EMSA showing that GhACE1 protein binds to the E-box elements (probe1/2/3/4) of
GhPIP2;7 and GhEXP8 promoters in vitro. Biotin-labeled DNA fragments (probes) were incubated with His-GhACE1 protein. An excess of the unla-
beled probes or mutated probes was used to compete with the labeled probes. mCold-probe represents 200 x mutated probe. a, 20 X probe; b,
200 x probe. G, Dual-LUC assay of transcriptional activation of GhACE1 to the target genes and inhibitive effects of GhFP2 on GhACE1 activating
GhPIP2;7 and GhEXP8 promoters (pGhPIP2;7 and pGhEXP8). GhPIP2;7 and GhEXP8 promoters were fused to the LUC reporter, respectively, and the
promoter activities were determined in leaves of N. benthamiana by transient dual-LUC transcriptional activation assay. The relative LUC activities
were normalized to the reference REN luciferase. The corresponding effector (+) and empty vector () were co-filtrated. Error bars represent so
of three biological replicates. Data were analyzed with Microsoft Excel. Independent t tests demonstrated significant (P < 0.05) or very significant
(P < 0.01) difference between two groups.

suggested that GhACE1 may form homodimers to activate Discussion

expressions of GhEXP8 and GhPIP2;7 for fiber elongation of  BR signaling is a well-described signaling pathway and regu-
cotton, but BR signaling related GhFP2 may repress lates multiple cellular and physiological processes, of which
GhACET's function in fiber development through forming  cell elongation is the major one. BZR1 is a key component
heterodimers with GhACE1 (Figure 8). in BR signaling transduction pathway via regulating
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Figure 8 Summary of the antagonistic bHLH/HLH system that regulates fiber elongation in cotton. GhPRE1/5, GhFP1, and GhIBH2/3 form trianta-
gonistic system to regulate BR biosynthesis. GhBZR1 is activated by BR signaling and suppresses the transcription of GhFP2 directly, preventing
GhFP2 from forming heterodimers with GhACE1. Therefore, free GhACE1 proteins form homodimers to directly activate the transcription of tar-
get genes, including GhPIP2;7 and GhEXPS, for promoting fiber elongation of cotton.

expressions of thousands of different varieties of transcrip-
tion factors, especially bHLH/HLH genes. BZR1 directly re-
pressed atypical non-DNA-binding bHLH genes, such as IBH1
and AIF2, to promote cell elongation (Wang et al, 2009;
Ikeda et al, 2013; Kim et al,, 2017). In our study, we identi-
fied an atypical bHLH gene, GhFP2, in cotton.
Overexpression of GhFP2 resulted in the suppressed fiber
elongation, whereas GhFP2-silenced cotton plants displayed
the accelerated fiber elongation (Figure 2). Furthermore,
GhFP2 expression was inhibited by GhBZR1 (Figure 1), sug-
gesting that BR signaling positively regulates fiber elongation
probably through repression of the negative regulators (such
as GhFP2) in cotton.

Previous studies revealed that the Glu-13 and Arg-17
amino acids in the basic motif of bHLH proteins are neces-
sary for binding to the E-box (CAGCTG) and G-box
(CACGTG), which are the typical binding elements of bHLH
proteins (Toledo-Ortiz et al, 2003; Lu et al, 2018). In this
study, amino acid sequence alignment showed that GhFP2
lacks these amino acids in the basic region necessary for
binding to the E-box and G-box, suggesting that GhFP2
does not have DNA-binding activity. AtlBH1, the typical
non-DNA-binding HLH protein, has been shown to inhibit
the other bHLH proteins by heterodimerization (Bai et al,
2012; lkeda et al, 2012; Fan et al, 2014). Our data revealed
that GhFP2 is localized in cell nucleus, and has no transcrip-
tional activity, indicating GhFP2 may act as transcriptional
repressor by interacting with other transcription factors.
Therefore, it would be necessary to identify GhFP2-binding
proteins to clarify how BZR1/FP2-mediated action is trans-
mitted to the downstream regulation of fiber elongation-
related genes. Subsequently, GhACE1, a DNA-binding bHLH

protein, was identified as a GhFP2-interacting protein, and
demonstrated to promote fiber elongation. Moreover, the fi-
ber elongation-related genes whose expression were sup-
pressed by GhFP2 were positively regulated by GhACE1,
suggesting that GhFP2 and GhACE1 act opposite roles in fi-
ber development of cotton. ChIP-qPCR and EMSA assays
revealed that GhACE1 could directly bind to the promoter
regions of GhPIP2;7 and GhEXP8, and dual-LUC transcrip-
tional activation assay indicated that GhFP2 could inhibit
GhACET's transcriptional activation activity on GhPIP2;7 and
GhEXPS.

It has been reported that bHLH/HLH transcription factors
form a triantagonistic bHLH system to regulate cell elonga-
tion in Arabidopsis (Bai et al, 2012; lkeda et al,, 2012). HBI1
and ACE1 (typical DNA-binding proteins) directly bind to
the E-box and/or G-box of EXP1 and EXP8 promoters to
promote cell elongation. On the other hand, IBH1, a tran-
scriptional repressor without DNA-binding ability, could
form heterodimers with HBI1 and ACET, respectively, and in-
hibit HBI1’s and ACE1’s transcriptional activities, resulting in
growth retardation. PRE1, another atypical bHLH protein
without DNA-binding ability, frees these transcriptional acti-
vators from IBH1 by interacting with IBH1, and restores their
growth stimulation as well as DNA-binding activities, thus
forming a triantagonistic switches that regulates cell elonga-
tion downstream of multiple external and hormonal signals
(Bai et al, 2012; lkeda et al, 2012; Fan et al, 2014). In rice,
ILIT/PRET and IBH1 function antagonistically in regulating
plant development (Zhang et al, 2009). Similarly, our study
also suggested HLH and bHLH proteins form antagonistic
system to regulate fiber elongation in cotton, revealing a
conserved significant mechanism of BR regulation of cell
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elongation through a pair of antagonizing HLH/bHLH tran-
scription factors that act downstream of BZR1 in
Arabidopsis, rice and cotton.

The genes related to cell wall-loosening (such as EXP) and
water channel activities (such as aquaporins (AQPs)) are
preferentially expressed in elongating fibers of cotton (Ji
et al, 2003; Li et al, 2013). The rapid elongation of cotton
fibers, as a specialized single-cell expansion, depends on the
concerted action of turgor pushing against and loosening
the cell wall. AQPs, which belong to the major intrinsic pro-
tein superfamily, are thought to be associated with water
transport across the tonoplast and/or plasma membrane
during cotton fiber elongation (Smart et al, 1998; Arpat
et al, 2004). Among AQPs, PIPs constitute a plasma
membrane-specific subfamily and are further subdivided
into PIP1 and PIP2 groups. Our previous study revealed that
GhPIP2s display high water channel activity and play an in-
dispensable role in fiber elongation (Li et al, 2013). The ac-
cumulation of sugar, malate, and K" together with the
influx of water may contribute to increasing the turgor po-
tential of fiber cells during elongation (Martin et al, 2001;
Ruan et al, 2011). Therefore, abundant GhPIP2s may facili-
tate the rapid influx of water into fiber cells, resulting in
high turgor pressure to drive the longitudinal and polar ex-
pansion of fiber cells. EXPs mediate cell wall extension in
plants by breaking the hydrogen bonds between cellulose
and hemicellulose, allowing these polymers to slip relative to
each other (Mason and Cosgrove, 1995). EXPs are the most
important wall-loosening factors in turgor-driven cell wall
extension (Cosgrove, 2000). Stable overexpression of
GhEXPAS fiber EXP gene improves fiber length and micron-
aire value in cotton (Bajwa et al, 2015). GbEXPA2 promoter
is preferential and highly active in elongating cotton fiber
and Arabidopsis rosette leaf trichomes (Li et al, 2015). Co-
expression of GhEXPA1 and GhRDL1 promotes cell elonga-
tion by loosening cell walls (Xu et al, 2013). In our study,
overexpression of GhFP2 suppressed the expression of
GhPIP2;7 and GhEXP8, and RNAi silenced of GhFP2, in-
creased the expression of GhPIP2;7 and GhEXPS, resulting in
shorter and longer fibers in the GhFP2 transgenic cotton, re-
spectively. Conversely, GhACE1 directly activate the expres-
sion of GhPIP2;7 and GhEXP8, resulting in longer fibers in
the GhACET overexpression cotton. Thus, the data indicated
that GhFP2 and GhACE1 may function antagonistically in
regulating fiber elongation through directly controlling ex-
pression levels of GhPIP2;7 and GhEXP8 genes, which is an
ongoing story of BR biosynthesis-related GhFP1 (Figure 8).
Collectively, our findings presented in this work, as well as
previous work, provide a broader view of the BR-regulated
bHLH/HLH network functioning in fiber development of
cotton.

Materials and methods

Plant materials
Sulfuric acid delinted seeds of cotton (Gossypium hirsutum
cv. Coker312) were surface-sterilized with 75% (v/v) ethanol
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for 1 min and 10% (v/v) H,O, for 2 h, and then washed
with sterile water three to five times. The sterilized cotton
seeds germinated on one-half strength Murashige and Skoog
(MS) medium (pH 5.8) (16-h light/8-h dark cycle, 28°C). The
cotton seedlings were transplanted into soil for further
growth to maturation in the experimental field located at
campus of Central China Normal University, Wuhan, China.
The hypocotyl fragments of the sterile cotton seedlings were
transformed using A. tumefaciens (strain LBA4404) mediated
DNA transfer, as described previously (Li et al, 2002). The
regenerated transgenic cotton plants were transferred to the
soil in the experimental field. PCR analysis was conducted to
confirm the presence of transgenes in the transgenic cotton
plants (TO generation) and their progenies (generations T1-
T4 generations). The various tissues were derived from these
cotton seedlings (plants) for further experiments. Ovules
and fibers at different developmental stages were collected
from the harvested bolls of cotton plants carefully. All mate-
rials were frozen promptly in liquid nitrogen and stored at —
80°C before DNA and RNA extraction.

Construction of vectors

The fiber specific promoter RD22-Like 1 (RDL1) was inserted
into pBI101 vector to generate pBI-RDL1p vector. For con-
structing GhFP2 overexpression vector, the coding sequence
of GhFP2 gene (D-subgenome of cotton genome) was
cloned into pBI-RDL1p vector to generate pBI-RDL1p:GhFP2.
For constructing RNAi vector, a 294-bp specific sequence of
the GhFP2 gene was used to create an inverted repeated
transgene and then cloned into pBI-RDL1p vector. For
GhACET overexpression vector, the coding sequence of
GhACET gene (D-subgenome of cotton genome) was cloned
into pBI-RDL1p vector to generate pBI-RDL1p:GhACE1. The
coding sequence of GhBZR1 gene and GhACE1 gene were
cloned into pET28a vector for recombinant protein produc-
tion. Primers used are listed in Supplemental Table S2.

Yeast one-hybrid assay

Promoter fragments of GhFP2 were integrated into the line-
arized pAbAi vector to generate recombinant plasmid
pAbAi-GhFP2p. The linearized construct were transferred
into YTHGold component yeast (S. cerevisiae) strain, and
then the yeast transformants were tested on SD/-Ura me-
dium with different concentrations of AbA (Aureobasidin
A). The coding sequence of GhBZR1 was cloned into
pGADT7 vector and transferred into the Y1H gold yeast
strain containing pAbAi-GhFP2p. Interaction of GhBZR1
with the promoter fragment (GhFP2p) were tested on SD/-
Leu medium with the tested AbA concentration. Primers
used are listed in Supplemental Table S2.

In vitro culture of cotton ovules

Cotton ovules at anthesis (defined 0 DPA) were cultured in
liquid BT medium containing 5-uM NAA and 0.5-uM GA3
with or without addition of BL or Brz (a BR inhibitor) at
30°C in dark as previously described (Beasley and Ting,
1974). Experiments were repeated three times. The total
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number of ovules counted in each sample is over 50 at
least.

RNA isolation and RT-qPCR analysis

Total RNA was extracted from cotton tissues by the
Tiangen RNAprep Pure Plant Kit (Tiangen, Beijing, China)
according to the operation manual. The total of 2.5 ug RNA
was used as the template for the synthesis of cDNA first
strands using M-MLV reverse transcriptase (Promega,
Madison, WI, USA) according to the manufacturer’s instruc-
tion. Real-time PCR was used to analyze gene expression lev-
els using the fluorescent intercalating dye SYBR-Green in a
detection system. The expression values of the genes tested
were normalized with an internal reference polyubiquitin
gene (GhUBIT, EU604080). The relative expression levels (R)
were calculated as described previously (Li et al, 2005). RT-
gPCR data are mean values and standard deviations (sb) of
three independent experiments with three biological repli-
cates. Primers used are listed in Supplemental Table S3.

Fiber quality characteristics test

The mature fibers from the GhFP2 overexpression and RNAI
transgenic cotton plants and WT in field at the same
growth conditions were used to determine fiber quality
(such as fiber length, strength, micronaire, etc.). The fiber
samples (15 g/each sample) were prepared under the same
humidity and temperature conditions before the measure-
ments. Cotton fiber quality indexes were determined with a
high-volume fiber test system (Premier HFT 9000, Premier
Evolvics Pvt Ltd, Coimbatore, India). The fiber quality test
was carried out in Institute of Agricultural Quality Standards
and Testing Technology Research, Hubei Academy of
Agricultural Sciences, Wuhan, China.

Transcriptomic analysis

Total RNA was extracted from nine DPA fibers of two inde-
pendent GhFP2 overexpression cotton lines (L1 and L6), two
independent GhFP2 RNAI (L4 and L7) cotton lines, and two
WT samples. Two biological replicates were performed per
line. About 2.5 ng RNA per sample was used to construct
cotton RNA-seq libraries. Sequencing libraries were gener-
ated using the NEBNext Ultra RNA Library Prep Kit for
lllumina (New England Biolabs) and sequenced on an
lllumina Hiseq platform, and 125/150bp paired-end reads
were generated (Annoroad genome  Bioinformatics
Technology Beijing, China). Then, the Trinity program was
used to assemble high-quality reads for each sample.
Functional annotations for the assembled unigenes were
performed by BLAST similarity search against cotton
(Gossypium hirsutum L) acc. TM-1 (AD1) genome HAU
(Huazhong Agricultural University) assembly v1.1 and anno-
tation v1.1 (http://www.cottonfgd.org/about/download/as
sembly/genome.GhirHAU.fagz), NCBI (https://www.ncbi.
nlm.nih.gov/), PANTHER (http://pantherdb.org), GO (http://
amigo.geneontology.org/), KEGG (Kyoto Encyclopedia of
Genes and Genomes) (http://www.keggjp/), or domain
search against Pfam (http://pfamxfam.org/).
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Subcellular localization

The coding sequences of GhFP2 and GhACET were cloned
into pCAMBIA-2300-35S-eGFP vector, respectively. The re-
combinant constructs were transferred into A. tumefaciens
GV3101 strain. Agrobacterium cells were suspended in infil-
tration buffer (10-mM MgCl,, 10-mM MES (2-(N-morpho-
lino) ethanesulfonic acid) pH 5.7, 150-mM acetosyringone)
at ODg (optical density at 600nm) = 0.8, and then trans-
ferred into the fully expanded leaves of N. benthamiana
plants using a needleless syringe. After infiltration, plants
were immediately covered with plastic bags and placed at
23°C for 48 h, and then incubated at 28°C under a photo-
period of 16-h light/8-h dark. Foliar epidermis cells were
stained with DAPI (a nucleus-specific dye) for 1 min at
room temperature before observation of GFP fluorescence
and DAPI staining under the confocal fluorescence micro-
scope (Leica, Germany). The digital images were taken and
processed by SP5 software (Leica, Germany). GFP fluores-
cence was excited at 488 nm and collected at 503- to 542-
nm bandwidth filter. The gain was set as 900. DAPI was ex-
cited at 405 nm and collected at 461-nm bandwidth filter.
The gain was set as 700. Primers used are listed in
Supplemental Table S2.

Transcriptional activation activity and Y2H assay
The full-length ORFs of GhFP2 and GhACET genes were
cloned into the Y2H vectors pGBKT7 and pGADT7, respec-
tively. The pGBKT7-GhFP2 construct was introduced indi-
vidually into the yeast (S. cerevisiae) strain Y187, and the
pGADT7-GhACE1 construct was transferred into the yeast
strain AH109. Both transcriptional activation activity assays
and mating reactions were performed according to the BD
Matchmaker Library Construction & Screening Kits User
Manual (BD Biosciences Clontech, Palo Alto, CA, USA).
Primers used are listed in Supplemental Table S2.

LCI assay

LCl assays were conducted by the method as previously
reported (Chen et al, 2008). ORFs of GhFP2 and GhACE1
were cloned into JW771 and JW772 vectors, respectively.
The ORF of GhFP2 was fused to the carboxyl-terminal half
of luciferase (cLUC-FP2), and the ORF of GhACET was fused
to the amino-terminal half of luciferase (ACE1-nLUC). cLUC
and nLUC empty vectors were used alone as controls. The
constructs were transformed into A. tumefaciens (strain
GV3101) carrying helper plasmid, pSoup-P19, which encodes
a repressor of co-suppression. Agrobacterium cells contain-
ing cLUC-FP2 or ACE1-nLUC were suspended in infiltration
buffer, and then mixed with volume ratio of 1:1.
Agrobacterium mixtures were transferred into the fully ex-
panded leaves of N. benthamiana plants and cultured as de-
scribed above. The leaves were harvested and sprayed on
0.5-mM D-Luciferin and potassium salt. The materials were
kept in dark for 6 min to quench the fluorescence. A low-
light cooled CCD imaging apparatus was used to capture
the LUC image as described earlier (He et al, 2004). Primers
used are listed in Supplemental Table S2.
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Co-IPassay

The soluble proteins were extracted using an extraction
buffer (pH 7.5) containing 100-mM Tris—-HCl, 5-mM EDTA
(ethylene diamine tetraacetic acid), 100-mM NaCl, 0.2%
(v/v) Nonidet P-40, 1.0% (v/v) Triton X-100, 1-mM DTT
(dithiothreitol), 1-mM phenylmethanesulfonyl fluoride, and
protease inhibitor cocktail (Roche). Extracts (1 mg) were in-
cubated with anti-GFP antiserum (Abcam) overnight at 4°C
with gentle agitation. Immune complexes were collected by
incubation with 50 pL of protein A-agarose at 4°C for 4 h,
followed by brief centrifugation. Immune complexes were
washed three times for 5 min in 1 ml of IP buffer, resus-
pended in 50 pL of 2 x SDS/PAGE (sodium dodecyl sulfate
polyacrylamide gel electropheresis) sample buffer, and sub-
jected to SDS/PAGE. GhFP2-HA and GhACE1-GFP fusion
proteins were detected by immunoblotting with anti-HA
antibody (Abcam) and anti-GFP antibody (Abcam),
respectively.

Antibody generation and ChIP assay

The polyclonal antibodies against GhBZR1 protein and
GhACE1 protein were generated by inoculation of rabbits
with the purified GhBZR1 and GhACE1 proteins, respec-
tively. ChIP assay was conducted by the method as previ-
ously described with tiny modification (Fill et al, 2008). The
nine DPA fibers were cross-linked with 1% (v/v) formalde-
hyde, and the chromatin DNA fragments (about 400 bp in
length) were isolated from cell nuclei. The GhBZR1-binding
or GhACE1-binding DNA fragments were immunoprecipi-
tated using rabbit polyclonal anti-GhBZR1 or anti-GhACE1
antibody, and the DNA fragments pulled down without any
antibodies were set as control. The bound DNA fragments
were then extracted using phenol chloroform extracting
method and the amount of the bound DNAs was measured
by RT-gqPCR as described above. The chosen primer pairs
can amplify fragments of 150-200 bp within the promoters.
To ensure the authenticity of ChIP data, the input sample
and non-antibody control sample were analyzed with each
primer set listed in Supplemental Table S4. The enrichment
degrees were analyzed by RT-gqPCR analysis using the Hieff
PCR Master Mix in 96 Well Thermal Cycler (Applied
Biosystems).

Dual-LUC assay

The dual-LUC assay was performed by the method as
reported (Liu et al, 2008). The promoters of GhEXP8 and
GhPIP2;7 were inserted into pGreen-LUC, respectively, to
drive the firefly LUC reporter gene with the Renilla (REN) lu-
ciferase controlled by the constitutive CaMV 35S promoter
on the same plasmid as a reference to normalize infection
efficiency. The constructs were transformed into A. tumefa-
ciens (strain GV3101) carrying helper plasmid, pSoup-P19.
The transformed Agrobacterium cells were mixed with the
Agrobacterium strains with the effectors or the empty vector
control, in a volume ratio of 1:2. After infiltration, plants
were immediately covered with plastic bags and placed at
23°C for 48 h, and then incubated at 28°C under a
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photoperiod of 16-h light/8-h dark. The infected area was
collected for total protein extraction. The supernatant of to-
tal proteins was used with the Dual-LUC Reporter Assay
System (Promega) according to the manufacture’s manual,
and the fluorescent values of LUC and REN were detected
with a luminometer, successively. The value of LUC was nor-
malized to that of REN. Three biological repeats were mea-
sured for each combination. Primers used are listed in
Supplemental Table S2.

Electrophoretic mobility shift assay

The ORF of GhACET was fused with His x 6 tag and the
GhACE1-His protein was purified with Ni-NTA resin follow-
ing the manufacturer's manual. About 50-bp synthetic
biotin-labeled DNA fragments containing the E-box were
used as the detection probe. The same unlabeled fragments
were used as the competitor probe. Ten nano mole protein
and 20 pmol probe were used in each binding reaction. The
samples were separated by 6% (w/v) native polyacrylamide
gel, and transferred to nylon membrane. Then the labeled
probe signals were detected using the Light Shift
Chemiluminescent EMSA kit (Thermo Scientific, Rockford, IL
61101, USA). Primers used are listed in Supplemental Table
S4.

Scanning electron microscopy

For scanning electron microscope (SEM) images, cotton
ovules (1-3 DPA) were attached with colloidal graphite to a
copper stub, frozen under vacuum and visualized under a
scanning electron microscope (JSM-6360LV, JEOL, Japan).

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers:_
GhEXP8 (Ghir_A05G028400), GhEXP4 (Ghir_D03G013620),
GhEXP6 (Ghir_A05G028400), GhPIP27 (Ghir_D01G017710,
EU402412),  GhKCS1  (Ghir_A12G012450),  GhKCS2
(Ghir_A09G023600), GhICR3 (Ghir_D05G007830), GhFLA2
(Ghir_D07G020820), GhCML49 (Ghir_A02G012450), GhFP2
(Ghir_D13G012430), GhACE1 (Ghir_D02G002010), GhRDL1
(Ghir_D05G005220).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Analysis of the specificity of
anti-GhBZR1 antibody in cotton.

Supplemental Figure S2. The screen of GhFP2 transgenic
cotton lines by analyses of phenotype and insertion number.

Supplemental Figure S3. General phenotypes of GhFP2
transgenic cotton plants (T3 and T4 generations).

Supplemental Figure S4. Assay of fiber growth on the
in vitro cultured ovules of the GhFP2 transgenic cotton.

Supplemental Figure S5. Assay of BR effects on fibers on
the cultured ovules of GhFP2 transgenic cotton.

Supplemental Figure S6. RT-qPCR analysis of expression
of the DEGs in GhFP2 transgenic cotton fibers.
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Supplemental Figure S7. The screen of GhACET trans-
genic cotton lines by analyses of phenotype and insertion
number.

Supplemental Figure S8. Phenotypic assay of mature
fibers of GhACE1 transgenic cotton (T3 and T4 generations).

Supplemental Figure S9. Subcellular localization and
transactivation activity assay of GhACE1 protein.

Supplemental Figure S10. GhFP2 or GhACE1 forms a
homodimer with itself.

Supplemental Figure S11. Analysis of the specificity of
anti-GhACE1 antibody in cotton.

Supplemental Table S1. Assay of fiber length, strength,
and uniformity index of the transgenic GhFP2 cotton plants.

Supplemental Table S2. Primers used in construction of
vectors.

Supplemental Table S3. Primers used in RT-qPCR analysis
of gene expression.

Supplemental Table S4. Primers or probes used in EMSA
and ChIP assays.

Supplemental Data Set 1. The DEGs upregulated in
GhFP2 RNAI fibers and downregulated in GhFP2 overexpres-
sion fibers by RNA-seq analysis.

Supplemental Data Set 2. The DEGs) downregulated in
GhFP2 RNAI fibers and upregulated in GhFP2 overexpression
fibers by RNA-seq analysis.
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