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Cotton architecture is partly determined by shoot branching and flowering patterns. GhBRC1 was previ-
ously identified by RNA-seq analysis of nulliplex-branching and normal-branching cotton. However, the
roles of GhBRC1 in cotton remain unclear. In the present study, investigations of nuclear localization and
transcriptional activity indicated that GhBRC1 has characteristics typical of transcription factors. Gene
expression analysis showed that GhBRC1 was highly expressed in axillary buds but displayed different
expression patterns between the two branching types. Overexpression of GhBRC1 in Arabidopsis signifi-
cantly inhibited the number of branches and promoted flowering. In contrast, silencing GhBRC1 in cotton
significantly promoted seedling growth. GhBRC1 was induced by multiple hormones, including strigolac-
tones, which promoted seedling growth and seed germination of Arabidopsis plants overexpressing
GhBRC1. Consistent with these findings, RNA-seq analysis of virus-induced gene silencing treated cotton
revealed that a large number of genes were differentially expressed between GhBRC1-silenced and con-
trol plants, and these genes were significantly enriched in plant hormone signalling pathways. Together,
our data indicates that GhBRC1 regulates plant branching and flowering through multiple regulatory
pathways, especially those regulating plant hormones, with functions partly differing from those of
Arabidopsis BRC1. These results provide insights into the molecular mechanisms controlling plant archi-
tecture, which is important for breeding cotton with ideal plant architecture and high yield.

� 2021 Crop Science Society of China and Institute of Crop Science, CAAS. Production and hosting by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Both adaptation to the environment and growth shape plant
architecture. For example, plants often absorb more light by fine-
tuning growth characteristics. Regulation of plant branching is a
major strategy for plant survival and space occupation, and is
accomplished by a complex regulatory network [1]. Shoot branch-
ing establishes leaf area and distribution and determines the
amount of light interception and photosynthesis, which in turn
influence the number of flowers and fruits, fruit filling and yield.
The mechanisms regulating plant architecture have been exten-
sively studied over the past several decades [1–3]. It has been
reported that DNA methylation and transcriptional regulators con-
trolling the signalling pathways of hormones, sugar, light and
water are involved in shoot branching [2,4–10]. Among these reg-
ulators, BRANCHED 1 (BRC1) is an important hub controlling bud
outgrowth in many species [11–13].

BRC1 is a member of the TCP family, a plant-specific transcrip-
tion factor (TF) family. Examples of TCP TFs include TEOSINTE
BRANCHED1 (TB1) from Zea mays (maize), CYCLOIDEA (CYC) from
Antirrhinum majus, and PROLIFERATING CELL FACTORS (PCF) from
Oryza sativa (rice). TCP TFs are predominantly involved in plant
development, regulating processes such as branching [11,14], leaf
development [15], and seed germination [16]. TCP proteins are
characterized by the presence of a TCP domain, which is a non-
canonical beta helix-loop-helix domain. TCPs are widespread in
plants, but the number of TCP family genes largely varies among
species. There are only six TCP genes in bryophyte species [17],
Co., Ltd.
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whereas there are more than 60 TCP genes in tobacco (Nicotiana
tabacum) [18], cotton (Gossypium hirsutum and Gossypium bar-
badense) [19,20], Brassica juncea var. tumida [21], and oilseed rape
(Brassica napus) [22].

TCP proteins are divided into two classes, I and II, with the main
difference being a four amino acid deletion in the basic region of
the class I TCPs. Class II further comprises two distinct subclasses,
namely CINCINNATA (CIN) and CYCLOIDEA/TB1 (CYC/TB1). BRC1 is
a member of the CYC/TB1 clade of class II, and is mainly involved in
regulating shoot branching [11], the floral transition [23] and other
aspects of plant development [24]. In Arabidopsis thaliana, BRC1
and BRC2 are closely related to TB1 in maize and FINE CULM 1
(FC1) in rice. These genes are conserved in many plant species.

To date, studies of BRC1 have mainly focused on its roles in the
molecular mechanisms and networks regulating plant develop-
ment. Multiple studies have implicated auxin/indole-3-acetic acid
(IAA), cytokinin (CK), strigolactone (SL) and others in the regulation
of BRC1 gene expression [2,25–27]. Auxin indirectly promotes BRC1
expression through CK and SL in the bud [27,28]. High CK levels
can downregulate BRC1 expression in axillary buds [29,30], and
the promotion of cross-stem PIN-mediated auxin transport and
branching by CK may be partly caused by direct repression of
BRC1 in the bud [31]. Regulation of BRC1 expression by SL was first
reported in Arabidopsis and pea (Pisum sativum) [11,32]. DWARF53
(D53), an important molecule in the SL signalling pathway, can
interact with IPA1 (IDEAL PLANT ARCHITECTURE1), which directly
binds to the TB1 promoter in rice and activates TB1 transcriptional
activity [33–37]. In addition, gibberellin (GA), light and sugar
might also be involved in the regulation of BRC1 expression, but
the mechanism is still unclear [38–42].

Cotton (Gossypium spp.) is an economically important fibre and
oil crop, and the main source of renewable textile fibres. Cotton
architecture is determined by shoot branching and flowering pat-
terns, which directly influence light exploitation, yield, and plant-
ing area, as well as the efficiency of harvesting and the cost of
planting. Our previous study demonstrated that GbDWARF14 (rice
D14 homolog) is receptor in the SL signalling pathway that may
regulate BRC1 expression [35,37,43,44]. As mentioned above,
BRC1 is an integrator involved in shoot branching and response
to many endogenous and exogenous inputs. Genome sequencing
has been completed for five cotton species, including G. australe
[45], G. hirsutum [46,47], G. barbadense [48,49], G. arboreum [50],
G. raimondii [51], and the most noteworthy are tetraploids; their
genome sequences have revealed 75 TCP genes in G. barbadense
and 73 or 74 TCP genes in G. hirsutum [19,20,52]. However,
whether the cotton BRC1 homolog is also involved in shoot branch-
ing is unknown. In addition, the detailed mechanism regulating
BRC1 expression in cotton, including the stimuli involved, has yet
to be determined.

In this study, we cloned a cotton BRC1 homolog (named
GhBRC1), and performed a preliminary analysis of the function of
this gene. The results provide valuable information for future stud-
ies of the role of GhBRC1 during floral transition and lay a founda-
tion for exploring the molecular mechanism of shoot branching in
cotton.
2. Materials and methods

2.1. Plant materials and growth conditions

Cotton lines Huazhong-94, 3798, and Jinxianduanguozhi (JX or
C5) were cultivated in a constant-temperature incubator under
long-day conditions (16 h light/8h dark) with approximately 80%
relative humidity and a temperature of 25 �C. N. benthamiana was
grown in an incubator maintained at 25 �C. Arabidopsis thaliana
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(Arabidopsis) ecotype Columbia-0 and other relative mutant plants
were grown under a 16 h light/8 h dark photoperiod at 21 �C.

2.2. RNA extraction and real-time quantitative PCR (qRT-PCR) analysis

Total RNA was extracted from different plant materials using
RNA Plant Plus Reagent (Tiangen Biotech Co., Ltd., Beijing, China).
The total RNA samples were treated with DNase I (Takara, Qingdao,
China) to remove contaminating genomic DNA. First-strand cDNA
was synthesized from the total RNA using a HiScript II 1st Strand
cDNA Synthesis Kit (Vazyme, Nanjing, Jiangsu, China). Analysis of
qRT-PCR was performed using TB Green Premix Ex Ta II (TliRNaseH
Plus) (Takara, Qingdao, China). ACTIN3was used as the internal ref-
erence gene for qRT-PCR, and the gene-specific primers are listed
in Table S1.

2.3. Subcellular localization

The full-length coding sequence of GhBRC1 was cloned into the
plasmid pK7FWGF2.0 in frame with GFP. The recombinant vector
and the control vector were transformed into Agrobacterium
tumefaciens (GV3101). Subcellular localization was analysed by
injecting the Agrobacterium into the abaxial side of tobacco leaves
(4–6 weeks old) as described previously [43]. The leaves were then
incubated in the dark for 2–3 days. A drop of 40,6-Diamidino-2-Phe
nylindole (DAPI) solution (Solarbio, Beijing, China) was added to
the tissues, and after 5 min the solution was removed, and the tis-
sue was washed two to three times with phosphate buffer saline
(PBS). The tissue was covered with a cover slip, then examined
under a microscope.

2.4. Transactivation activity analysis in yeast

The selected full-length and truncated GhBRC1 open reading
frames were PCR amplified and cloned into the pGBKT7 vector
(Clontech, Mountain View, CA, USA) using the gene-specific pri-
mers listed in Table S1. Then the pGBKT7-GhBRC1 recombinant
vector, the positive control vector pGBKT7-53 + pGADT7-T, and
the negative control pGBKT7 empty plasmid were transformed into
the yeast strain Y2H using the lithium acetate method. The trans-
formed strains were further serially cultured on various SD selec-
tive media, including SD/-Trp and SD/-Trp/-His/-Ade/x-a-Gal, and
incubated at 30 �C for 3–5 days.

2.5. Yeast one- and two-hybrid assays

The regions of the GhBRC1 and cotton FLOWERING LOCUS T
(GhFT) promoters containing cis elements were ligated into the
vector pLacZi. The cotton FLOWERING LOCUS C1 (GhFLC1), GhFLC2,
and GhBRC1 coding regions were cloned into the vector pJG4-5
for yeast one-hybrid assays. The coding sequence of GhBRC1 was
cloned into the bait vector pGBKT7 and/or the prey vector pGADT7
for the yeast two-hybrid assay. The two vectors were then co-
transformed into the Ym4271 (one-hybrid) or Y2H Gold (two-
hybrid) yeast strain (Clontech). After being incubated on double
dropout (DDO) medium at 30 �C for 2–3 days, yeast cells were
selected on DDO medium lacking Leu (Ura) and Trp. Colonies that
grew were further selected on quadruple dropout (QDO) media
lacking Leu (Ura), Trp, His and Ade, and x-gal/x-a-gal was used
for the colour reaction. Empty vectors were used as controls [23].

2.6. Overexpression of GhBRC1 in Arabidopsis and transgenic seed
germination under GR24 treatment

The open reading frame of GhBRC1 was cloned into the vector
pK7WG2.0 and then transformed into A. tumefaciens GV3101.
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Transformation of Arabidopsis plants was performed using the flo-
ral dip method. For selection, seeds were planted in aseptic condi-
tions on MS agar containing 25 mg L�1 hygromycin. Selection was
performed for three generations. T3 lines displaying 100% hygro-
mycin resistance were considered homozygous and were used
for further experiments.

The Arabidopsis seeds were sown on MS medium with 0.5, 1, or
3 lmol L�1 GR24. Seeds were incubated for 2–3 days at 4 �C in
darkness to break dormancy, and then were transferred to the cul-
ture room (21 �C). Germination was recorded daily for 6 days.
Seeds were scored as germinated when the radicle emerged.

2.7. Phytohormone treatments

Cotton seedlings of the fifth true leaves (3798 line) were
sprayed with 50 mmol L�1 IAA, 50 mg L�1 GA3, 50 mg L�1 6-BA,
100 lmol L�1 ABA, 3 lmol L�1 SL, 50 mg L�1 BR or 50 mg L�1 JA.
Control plants were treated similarly with the solvent that the hor-
mones were dissolved in. Then the third and fourth true leaves of
seedlings were harvested at 0 min, 5 min, 15 min, 30 min, 1 h,
2 h, 4 h, 8 h, 12 h, 24 h, 36 h and 48 h. The treated tissues were
quickly frozen in liquid nitrogen and stored at �80 �C until use.

2.8. VIGS of GhBRC1 in cotton

VIGS vectors were constructed and A. tumefaciens-mediated
gene silencing in cotton was performed as previously described
[53]. Cotton Cloroplastos alterados1 (GhCLA1) and GhBRC1 cDNA
were PCR-amplified using the primers listed in Table S1. The
amplified fragments were cloned into the Tobacco Rattle Virus
(TRV) cDNA clones of RNA2 (pTRV2) vectors to construct pTRV2:
GhCLA1 and pTRV2:GhBRC1, respectively. These vectors were
transformed into A. tumefaciens GV3101. The cultures and cells
were handled as described earlier. Cultures of bacteria harbouring
the TRV cDNA clones of RNA1 (pTRV1) and pTRV2 vectors were
mixed in a 1:1 ratio, and the cotyledons of 2-week-old cotton seed-
lings were infiltrated with a needleless syringe. Small holes were
punched on the underside of the cotyledon to facilitate infiltration
[54]. The assays were performed with at least six plants for each
construct, and the experiments were repeated at least three times.

2.9. RNA-seq and differential gene expression analysis

The expression of the GhBRC1 gene in JX and 3798 was silenced
by VIGS, then the stem tips of seedlings (true leaves at day 45)
were used to extract total RNA, which was sent to BioMarker (Bei-
jing, China) for library construction and sequencing. The clean data
were mapped to the cotton reference genome (G. hirsutum TM-1
v2.1) [55] using HISAT2 [56] and assembled using StringTie [57].
RPKMwas used to obtain the relative levels of expression [58]. Dif-
ferential expression analysis was performed using DEseq for com-
parisons between the experimental group and control group with
four biological replicates each [59]. GO and KEGG enrichment anal-
yses were performed in BioMarker iCloud (https://international.
biocloud.net/).
3. Results

3.1. The expression profile of GhBRC1

We first identified the cotton GhBRC1 gene from RNA-seq anal-
ysis of nulliplex-branched (3798) and normal branching
(Huazhong-94) Upland cottons (Fig. 1A, B) [60]. Quantitative
reverse-transcription PCR (qRT-PCR, primers in Table S1) analysis
showed that the expression levels of GhBRC1 at the seedling, squar-
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ing, flowering and wadding stages differed between two lines of
upland cotton, 3798 and Huazhong-94. In the results, the expres-
sion pattern was similar in both cotton lines, except for the ovule
tissues. In the 3798 line, high expression of the GhBRC1 was
detected in axillary buds and the stem apex at the squaring stage,
almost no expression was detected at the flowering stage and weak
expression was detected at the wadding stage. During seedling
development, the expression of GhBRC1 reached the highest level
and then began to decrease (Fig. 1C). In the Huazhong-94 line,
GhBRC1 expression was detected in axillary buds, the stem apex,
and ovule tissues at the flowering stage; the expression levels in
other tissues were relatively low (Fig. 1C). The ratios of axillary
bud/stem apex expression levels of GhBRC1 were 1.099 and 7.00
in the 3798 and Huazhong-94 lines, respectively.
3.2. The cotton GhBRC1 gene inhibits Arabidopsis branching

The cotton GhBRC1 gene is a member of TCP gene family. We
analysed the TCP TF family in cotton (G. hirsutum) and found 73
TCP family proteins. GhBRC1 has high similarity with AtTCP18
(also known as BRC1). In a phylogenetic tree, GhBRC1 (GhTCP62)
and BRC1 clustered on the same branch, indicating that they may
have similar functions (Fig. S1A, B). GhBRC1 proteins also had the
typical TCP domain (Fig. S1C, D). To determine whether the GhBRC1
gene has a function similar to that of the AtBRC1 gene, GhBRC1 was
introduced into Arabidopsis wild-type (WT) plants; the GhBRC1
overexpression (OE) plants had fewer branches than WT and Ara-
bidopsis brc1 (Atbrc1) plants (Fig. 2A, B). A high level of GhBRC1
expression was also detected in Arabidopsis OE plants by semi-
quantitative RT-PCR and qRT-PCR (Fig. 2C, D). These results
showed that GhBRC1 has the same function as Arabidopsis BRC1
in repressing axillary bud development [11].
3.3. Overexpression of GhBRC1 in Arabidopsis results in early flowering

We compared the phenotypes of the OE, WT and brc1 mutant
plants, and found that the GhBRC1 OE plants obviously flowered
earlier than the WT and brc1 plants; the OE plants flowered after
an average of 28 days, but WT flowered after an average of 33 days
(Fig. 3A, B). Statistical analysis of Arabidopsis rosette leaf number
showed that the OE lines had significantly fewer rosette leaves
compared with the WT, and the number of rosette leaves of the
mutants was significantly higher than WT (Fig. 3C–F). Transgenic
GhBRC1 plants were further obtained with Atbrc1 complemented
plants, and results showed that GhBRC1 rescued the phenotype to
be similar to that of the WT (Fig. S2)
3.4. Silencing GhBRC1 promotes cotton seedling growth and
development

To study the function of the GhBRC1 gene in cotton, we knocked
down expression of GhBRC1 in cotton using the virus-induced gene
silencing (VIGS) method. The results showed that the growth rate
and height of silenced plants were significantly higher than those
of the control plants (Fig. 4A, B); the expression level of the GhBRC1
gene was obviously lower than that in the control (Fig. 4C). In Ara-
bidopsis, BRC1 interacts with FT to repress the floral transition [23].
Therefore, we also silenced the cotton GhFT gene. GhFT-silenced
plants showed a phenotype opposite to that of GhBRC1-silenced
plants; they were significantly shorter than control plants
(Fig. 4D–F). This result implied that GhBRC1 and GhFT may be
involved in growth.

https://international.biocloud.net/
https://international.biocloud.net/


Fig. 1. Plant appearance and the expression profile of GhBRC1 determined by qRT-PCR. (A) Nulliplex-branch 3798 and (B) normal-branching Huazhong-94. (C) Expression
patterns of the GhBRC1 gene in 3798 and Huazhong-94 determined by qRT-PCR analysis. Tissues were collected at the seedling, squaring, flowering, and wadding stages. The
GhUBQ7 gene was used as the endogenous reference gene. Values are means ± SD of three technical replicates.
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3.5. GhBRC1 has characteristics typical of TCP family transcription
factors

To determine whether GhBRC1 has characteristics typical of
TFs, the GhBRC1-GFP fusion protein was transiently expressed in
tobacco leaves. Analysis of fluorescence showed that GhBRC1-
GFP was only localized in the nucleus, consistent with its putative
function as a TF (Fig. 5A, B). Further analysis revealed that the tran-
scriptional activation domain of the GhBRC1 protein was mainly
located in protein region 1–162; this region was sufficient to acti-
vate hydrolysis of x-a-gal and production of blue plaques in a tran-
scriptional activation assay (Fig. 5C, D).

3.6. GhBRC1 may be regulated by FLC proteins

According to the above results, GhBRC1 may function in pro-
moting flowering in Arabidopsis, so we further analysed the inter-
action between GhBRC1 and multiple flowering-related proteins.
The results of yeast two-hybrid assays showed that GhBRC1 cannot
interact with the cotton homologs of the SHORT VEGETATIVE
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PHASE (SVP), SQUAMOSA promoter binding protein-like 9a
(SPL9a), SPL9b, DWARF53 (D53), FLOWERING LOCUS C1 (FLC1),
FT, HOMEOBOX protein 12 (HB12), MOTHER OF FT AND TFL-like1
(MFT-L1), MFT-L2, Nulliplex-branch (NB), TERMINAL FLOWER-
like 1 (TFL-L1), TFL-L2, and Brother of FT and TFL1 (BFT) proteins
(Fig. S3). Further analysis of the promoter regions of the GhFT
and GhBRC1 genes revealed that these promoters contained multi-
ple cis-acting elements recognized by FLC, and there were two TCP
binding sites in the promoter of the FT gene (Fig. 6A). The yeast
one-hybrid experiment was used to determine if GhBRC1 is regu-
lated by cotton FLC proteins. The results showed that the two cot-
ton homologs of FLC, GhFLC1 and GhFLC2, can interact with several
predicted FLC binding sites (Fig. 6B). The two FLC proteins can also
bind to the GhFT promoter, but they bind to slightly different bind-
ing sites. FLC1 can bind to the predicted motifs 1, 2, and 5, while
FLC2 can bind to motifs 1, 4, and 5. The yeast one-hybrid experi-
ment also showed that GhBRC1 can bind to motifs 6 and 7 of the
GhFT promoter (Fig. 6C). These results indicated that GhBRC1 can-
not directly interact with the above-mentioned flowering-related
proteins to regulate flowering, but that FLC may regulate the



Fig. 2. The cotton GhBRC1 gene inhibits Arabidopsis branch development. (A) Representative images showing primary rosette branching phenotypes and (B) analysis of the
number of primary rosette branches of wild-type Col-0 (WT), Atbrc1 and two independent transgenic p35S::GhBRC1 overexpression lines (OE8 and OE9). Scale bars, 1 cm.
Values are means ± SD (n = 3 biological replicates of 20 plants per genotype); Student’s t-test: **, P < 0.01, ***, P < 0.001. (C) RT-PCR and (D) qRT-PCR analysis of GhBRC1
expression in WT, Atbrc1, OE8, and OE9. ACTIN2 was used as the reference gene. Values are means ± SD of three technical replicates.
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expression of GhBRC1, and GhBRC1 may participate in the regula-
tion of the flowering pathway by regulating the expression of the
GhFT gene.

3.7. GR24 involved in GhBRC1 regulation of plant development

Multiple studies have shown that the effects of BRC1 on plant
growth, flowering, and branching may be closely related to SL
[29,61]. In this study, we found that the germination rates of WT,
brc1 mutant and GhBRC1 transgenic Arabidopsis plants were not
significantly different at lower concentrations of GR24 (a synthetic
SL analogue) (Fig. 7A, B). When the GR24 concentration was 1 lmol
L�1, the germination of Arabidopsis seeds was obviously delayed by
about one day (Fig. 7A, B). With increased SL concentrations Ara-
bidopsis seeds seldom germinated until day 6 (Fig. 7A, B).

By observing the early stage of germination, we found that the
development of hypocotyls and roots was inhibited by GR24, and
the inhibitory effect on hypocotyls and roots was more obvious
with higher concentrations of GR24. However, regardless of GR24
application, overexpression of GhBRC1 promoted hypocotyl growth
and inhibited root elongation (Fig. 7C–F).

3.8. GhBRC1 responds to multiple hormones

When hormones, namely GR24, abscisic acid (ABA), brassino-
lide (BR), IAA, 6-benzylamino-purine (6-BA), Gibberellin A3 (GA3)
and jasmonic acid (JA), were sprayed on cotton seedlings, we found
that all except ABA significantly induced the expression of GhBRC1
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between 2 and 8 h after spraying; expression levels then gradually
decreased to normal levels (Fig. 8A–G). The GhBRC1 expression
level in BR-, IAA-, 6BA-, GA3- and JA-treated plants sharply
decreased at 30 min (Fig. 8B–D, F and G), and at 5 min the GhBRC1
expression level in GR24-, IAA-, ABA- and GA3-treated plants obvi-
ously increased (Fig. 8A, B, D, and E). These results indicate that
GhBRC1 is responsive to multiple hormones (Fig. 8A–F).

3.9. Silencing of GhBRC1 affects genes involved in plant hormone signal
transduction pathways

To further identify the downstream genes regulated by GhBRC1,
we performed high-throughput sequencing of the shoot apexes of
the 3798 (nulliplex-branch) and JX (has shorter fruiting branches
than cultivars with normal fruiting branches) lines 45 days after
silencing of GhBRC1 by VIGS. The results revealed 3519 differen-
tially expressed genes (DEGs) between the 3798 treatment group
and the 3798 control group (2091 up-regulated genes and 1428
down-regulated genes) (Table S2), while only 17 differentially
expressed genes (9 up-regulated and 8 down-regulated) were
identified between the JX treatment group and the JX control group
(Fig. 9A; Table S3).

Functional enrichment analysis of the DEGs in GhBRC1-silenced
3798 revealed that genes involved in DNA replication, homologous
recombination, mismatch repair, and plant hormone signal trans-
duction pathways were highly enriched (Fig. 9C; Table S4). In par-
ticular, 66 genes were annotated to 8 plant hormone signal
transduction pathways (Table S5), mainly the signalling pathways



Fig. 3. Ectopic expression of GhBRC1 affects phase change in Arabidopsis. (A) Flowering time and number of cauline and rosette leaves of wild-type Col-0 (WT), Atbrc1, and two
independent transgenic 35S::GhBRC1 overexpression lines (OE8 and OE9) under long-day conditions (16 h light/8 h dark). (B) Quantitative analysis of days to flowering
(based on the opening of the first flower) of WT, Atbrc1, OE8, and OE9. (C) Representative images of the flowering phenotype. (D) Representative rosette leaf phenotypes. (E)
Quantitative analysis of the number of rosette leaves present at flowering, and (F) the number of cauline leaves present in WT, Atbrc1, OE8, and OE9. Values are means ± SD
(n = 3 biological replicates of 20 plants per genotype); Student’s t-test, ***, P < 0.001.
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of auxin, ABA, GA, and BR (Fig. 9D; Table S5). In addition, two SL
esterase D14-like genes, Gh_A05G016800 and Gh_D05G022800,
were down-regulated in GhBRC1-silenced 3798 [43]; this is consis-
tent with the close association between the signal transduction
pathways of SL and other plant hormones.

There are only five genes in the intersection between the 3798
(control: experiment, c:e) comparison group and the JX (c:e) com-
parison group, namely Gh_D01G158300 (Non-specific lipid-
transfer protein 1), Gh_D08G057000 (unknown), Gh_A04G054200
(Jade1), Gh_A13G172900 (9-cis-epoxycarotenoid dioxygenase
NCED3), and Gh_A11G065800 (seed biotin-containing protein
SBP65) (Fig. 9B). However, there have been no reports of these
genes being associated with BRC1 and branch development. The
huge difference in the number of differentially expressed genes
between the 3798 (c:e) and JX (c:e) comparison groups may be
80
related to the traits of these two lines; the molecular mechanism
underlying this difference needs to be further studied.

4. Discussion

Cotton architecture is closely associated with cotton yield and
harvesting efficiency. In Arabidopsis, rice, wheat and maize, BRC1
(TB1) regulates branch development, and because branch mor-
phology determines yield, this trait is closely related to economic
value [7,14,62,63]. Cotton GhBRC1 is homologous to BRC1, but stud-
ies of its function have not been reported.

In this study, we compared the phenotypes of transgenic Ara-
bidopsis GhBRC1 OE plants with those of Atbrc1 mutant and WT,
and found that OE plants produced significantly fewer branches
than WT plants (Fig. 1), indicating that GhBRC1 can inhibit



Fig. 4. Silencing of GhBRC1 by VIGS can promote cotton seedling growth and development. (A) The phenotype of upland cotton line 3798 at the seedling stage after silencing
of GhBRC1 using VIGS technology. (B) Quantitative analysis of the heights of the indicated plants. (C) Transcript levels of GhBRC1 and GhFT in WT 3798 and GhBRC1-silenced
leaves. (D) The phenotype after silencing of the CLA control using VIGS technology. (E) Images and (F) quantitative analysis of node-internode length in WT and GhBRC1-
silenced plants. Values are means ± SD (n = 3 biological replicates of 20 plants per genotype); Student’s t-test, *, P < 0.05, **, P < 0.01, ***, P < 0.001.
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Arabidopsis branch production and that its function is similar to
that of Arabidopsis BRC1 and rice TB1 [23,64].

Our study indicated that GhBRC1 is a nuclear localized protein
(Fig. 3A), similar to the BRC1 (Arabidopsis) and TB1 (maize) pro-
teins, indicating that GhBRC1 is a TF and may play a conserved role
in branching regulation. Yeast two-hybrid assays further demon-
strated that GhBRC1 has a self-activation domain, which is a typi-
cal characteristic of TFs (Fig. 5D). In Arabidopsis, BRC1 interacts
with FT to repress the floral transition [23]. However, Arabidopsis
plants overexpressing GhBRC1 exhibited early flowering, which is
different from the effects of Arabidopsis BRC1 overexpression
[23]. At the same time, overexpression and the rescued plant of
GhBRC1 obviously inhibited the production of rosette leaves. These
results show that cotton GhBRC1 can inhibit Arabidopsis vegetative
development and promote the transition from the vegetative to the
flowering phase.

In Arabidopsis, BRC1 is mainly expressed in leaves, leaf bases,
inflorescences and flowers, and especially in the shoot apical
meristem [11]. In our study, GhBRC1 was mainly expressed in
81
leaves and meristems (such as apical buds, axillary buds, and the
main stem apex). The expression profile of GhBRC1 is highly similar
to that of Arabidopsis BRC1, which further indicates that GhBRC1
may share a conserved function with Arabidopsis BRC1. As previ-
ously mentioned, GhBRC1 may interact with GhFT and regulate
flowering development and transition [23]. In this study, a
nulliplex-branch line, 3798, and a line with normal fruiting
branches, Huazhong-94, were used to determine the expression
levels of GhBRC1. The nulliplex-branch phenotype may be regu-
lated by ATC/GhSP (A. thaliana CENTRORADIALIS homolog), which
is a major factor involved in inhibiting flowering [65–68]. In addi-
tion, the expression pattern of GhBRC1 in axillary buds and stem
apices in the 3798 and Huazhong-94 lines are obviously different,
indicating that GhBRC1 may be an upstream regulatory factor in
the ATC/GhSP pathway.

In GhBRC1-silenced cotton lines, the seedlings were significantly
taller than those of the control group, indicating that GhBRC1 inhi-
bits plant growth. In wheat, TB1 has been shown to regulate
height; TB1 is expressed at a low level in the nodes of the main



Fig. 5. Analysis of the subcellular localization and transcriptional activation activity of the GhBRC1 protein. (A) Schematic diagram of p35S-GFP::GhBRC1. Drawing is not to
scale. (B) Subcellular localization of the GhBRC1-GFP protein in tobacco leaf epidermal cells. (C) PCR electrophoresis assay of each truncated fragment of the GBRC1 gene. (D)
Schematic diagram of each fragment of GhBRC1 tested and the results of yeast x-a-gal and Aureobasidin A (AbA) staining, which indicate transcriptional activation activity of
the GhBRC1 protein.

Fig. 6. Yeast one-hybrid and yeast two-hybrid assays. (A) Gene structure diagram of GhBRC1 and GhFT. (B) The interaction of GhFLC1 and GhFLC2 with the cis-elements in the
promoter of GhBRC1. (C) The interaction of GhFLC1, GhFLC2 and GhBRC1 with cis-elements in the promoter of GhFT. Yeast cells were cultured on SD/-Trp -Leu medium and
SD/-Trp -Leu -His -Ade -x-gal medium.
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culm prior to elongation, and increased levels of TB1 restrict the
elongation of stem internodes [62]. Our results are consistent with
the function of TB1 in wheat. However, GhFT-silenced cotton lines
had significantly shorter seedlings than the control group, indicat-
ing that GhFT has the opposite function of GhBRC1: promoting
plant growth. The opposite phenotypes of the GhFT- and GhBRC1-
silenced lines also demonstrate that GhBRC1 and GhFT may inhibit
each other in cotton just as BRC1 and FT may neutralize each other
by interacting in Arabidopsis [23,27]. Many studies have shown
that the regulation of BRC1 and FT expression is closely associated
with plant hormones, which may also be the reason for the signif-
icant change in plant growth after these two genes are silenced
[2,7,27,32,69,70]. In this study, we also analysed the interaction
of GhBRC1 with cotton homologs of multiple flowering-related
proteins, but no interactions were observed in yeast two-hybrid
assays. However, the results of yeast one-hybrid assays show that
GhBRC1may be regulated by GhFLC proteins, and that GhBRC1may
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also regulate GhFT expression. These results may explain why
GhBRC1 can decrease plant height in cotton and promote flowering
in Arabidopsis.

Transcriptome sequencing of GhBRC1-silenced lines of 3798 and
JX revealed that the number of DEGs between the silenced lines
and the controls was significantly different between the two lines.
There were significantly more differentially expressed genes in
3798 than in JX. As mentioned above, 3798 is a nulliplex-branch
line, in which most of the flowers arise directly from the leaf axils
on the main shoot, and these individuals typically do not have a
fruiting branch. However, JX has shorter fruiting branches than
cultivars with normal fruiting branches. The nulliplex-branch phe-
notype of 3798 may be caused by the inhibition of axillary bud
growth [60,65]. According to previous reports, BRC1 functions in
inhibiting the growth of axillary buds [69]; silencing of GhBRC1
in 3798 may have a stronger inhibitory effect on the growth of
fruiting branches or axillary buds than in JX [5,23,69,71].



Fig. 7. Regulation of SL-mediated plant development by GhBRC1. (A) Representative images of seed germination at different concentrations of GR24 and (B) quantitative
analysis of germination rate. (C) Representative images of hypocotyls of seedlings treated with 1 lmol L�1 GR24 and (D) relative hypocotyl lengths of the indicated seedlings.
Scale bars, 5 mm. (E) Representative images of roots of seedlings treated with different concentrations of GR24 and (F) quantitative analysis of root length. Images were taken
5 days and 10 days after growth on vertical plates. Bar, 6 mm. Root growth was monitored and analysed using Image J software. Values are means ± SD (n = 3 biological
replicates of 20 plants per genotype); Student’s t-test, *, P < 0.05, **, P < 0.01, ***, P < 0.001.

Q. Sun, Y. Xie, H. Li et al. The Crop Journal 10 (2022) 75–87

83



Fig. 8. GhBRC1 responds to multiple hormones. Expression levels of GhBRC1 gene in response to plant hormones after treated the fifth true leaf seedings. ACTIN2 was used as
the reference gene. Values are means ± SD of three technical replicates. Student’s t-test: *, P < 0.05, **, P < 0.01, ***, P < 0.001.
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Unfortunately, the duration of VIGS was not long enough, and we
did not observe significant phenotypic changes at the seedling
stage. Silencing of GhBRC1 in 3798 and JX resulted in a decrease
in the expression level of the BRC1 downstream gene NCED3,
which may lead to a decrease in ABA and trigger a hormone
response, thus promoting bud development [5].

KEGG enrichment analysis of differentially expressed genes in
GhBRC1-silenced 3798 seedlings revealed enrichment in the plant
hormone pathway, which is consistent with the notion that the
effects of GhBRC1 on axillary bud growth and plant development
are mainly related to the regulation of plant hormones; these
results are consistent with the results of a previous experiment
in which VIGS of GhBRC1 resulted in longer seedlings
[2,5,7,11,24,27,32,69,71–75].

Based on the above results, we speculate that GhBRC1 may be
regulated by multiple plant hormones in cotton. In Arabidopsis axil-
lary buds, BRC1 regulates NCED3 expression and ABA levels;
increased expression of NCED3 leads to ABA accumulation and
triggers a hormone response [5]. Indeed, ABA accumulation is
required for suppression of bud outgrowth in plants, and ABA func-
tions downstream of BRC1 to control axillary bud dormancy [5,71].
This may explain why BRC1 expression did not increase signifi-
cantly after ABA treatment, but gradually decreased after 12 h of
treatment. The up-regulation of BRC1 at 5 min may be due to feed-
back regulation.

Plant hormones auxin and SL can indirectly promote BRC1
expression [11,29,32,36,40]. However, auxin regulates BRC1 by
controlling two antagonistic factors, CK and SL [27]. After treat-
ment with GR24 and IAA, the expression level of GhBRC1 signifi-
cantly increased after 4 to 8 h. We found that applying 1 lmol
L�1 GR24 to GhBRC1 transgenic Arabidopsis seeds significantly pro-
moted germination; GR24 also promoted the growth of GhBRC1 OE
seedlings. These results are consistent with the finding that FC1 (a
BRC1 homolog in rice) works downstream of SLs in rice [28]. High
CK levels in axillary buds result in downregulation of BRC1 expres-
sion in pea [29]. In our study, GhBRC1 was rapidly downregulated
at 30 min and at 8 h, and was only upregulated at 2 h after being
treated with 6BA. CK acts as a repressor, with downregulated
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expression according to a previous report [2], but the mechanism
of upregulation at 2 h after treatment is still unexplained.

After treatment with ABA, the expression levels were not obvi-
ously changed after 8 h excepting a transitory upregulation at
5 min. This result was consistent with Gonzalez-Grandio and
Cubas’s study supporting a model in which ABA acts downstream
of BRC1 [69]. In addition, the change in GhBRC1 expression in cot-
ton treated with BR or JA is similar to that in plants treated with
6BA or GA3. Ni et al. [76] found that GA negatively influences
BRC1 expression in Jatropha curcas, but the expression was not
obviously downregulated except from 30 min to 1 h in this study.
Although there are no reports that BR and JA regulate the expres-
sion of the BRC1 gene, we speculate that BR and JA may participate
in regulating the development of plant branches. According to Fer-
guson and Beveridge [77], this kind of regulation could be involved
in various metabolism pathways, such as feedback regulation,
long-distance hormone transport and the interplay of plant hor-
mone metabolism and signalling.
5. Conclusions

This is the first report of the function of BRC1 in cotton. This
work describes detailed expression and functional studies of
GhBRC1. The results demonstrate that GhBRC1 may have a pivotal
role in branch development, flowering, growth, and germination by
integrating multiple hormone pathways, including SL and other
hormone pathways. The study further showed that the functions
of GhBRC1 partly differ from those of Arabidopsis BRC1. Further
research is needed to elucidate the gene network of GhBRC1 in cot-
ton and to clarify its roles in the control of branching and hormone
response in this economically important crop plant.
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Fig. 9. Functional enrichment analysis of genes differentially expressed in GhBRC1-silenced lines. (A) The number of differentially expressed genes identified between
GhBRC1-silenced and control of 3798 and JX lines. (B) Venn diagram showing the overlap in differentially expressed genes for the two comparison groups. 3798 (c:e) indicates
the differentially expressed genes between the control (c) and experimental (e) groups for variety 3798; JX (c:e) indicates the differentially expressed genes between the
control and experimental groups for variety JX. The number represents the number of differentially expressed genes. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG)
functional enrichment analysis of genes differentially expressed between GhBRC1-silenced and control 3789 lines. (D) Enrichment of the differentially expressed genes in
GhBRC1-silenced 3798 in plant hormone signalling pathways.
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