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ABSTRACT. Axillary branching is controlled by a very complex 
mechanism involving various endogenous and environmental factors. 
Previous studies have shown that Tb1/BRC1 is the point of integration 
in the network of molecular mechanisms regulating axillary branching 
in plants. In this study, we cloned the Tb1/BRC1 ortholog, NtBRC1, 
from Nicotiana tabacum and functionally analyzed its role in the control 
of axillary branching in tobacco. Overexpression of NtBRC1 resulted 
in significant retardation of axillary branching, and downregulation 
of this gene resulted in significant acceleration of axillary branching 
after decapitation. This indicates a negative role for this gene in the 
regulation of axillary branching. In-line with previous reports, NtBRC1 
was found to be expressed predominantly in axillary buds. Additionally, 
as expected, expression was decreased 8 h following decapitation, 
which further confirms its role in the suppression of axillary 
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branching. Furthermore, the expression of NtBRC1 was significantly 
downregulated by cytokinin, but was not affected by GR24, a synthetic 
strigolactone. Based on the data collected in the present study, we 
demonstrate that NtBRC1 negatively regulates axillary branching in 
tobacco after decapitation and functions downstream of the cytokinin 
signaling pathway inside axillary buds.
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INTRODUCTION

Tb1/BRC1 belongs to the TCP family of transcription factors (TFs), which is named 
after the first characterized members (TB1, CYC, and PCFs) and encodes a basic helix-loop-
helix-type TF (Cubas et al., 1999). The TCP family can be divided into two clades, classes I 
and II (Steiner et al., 2012); Tb1/BRC1 belongs to the TB1/CYC subgroup of class II (Aguilar-
Martínez et al., 2007). Mutation of the BRC1 gene in Arabidopsis resulted in a significantly 
higher number of rosette branches than observed in the wild-type. Mutation of the Tb1 gene 
resulted in a profusion of tillers in maize and, similarly, mutation of the BRC1 gene resulted 
in an increased shoot-branching phenotype in pea (Doebley et al., 1997; Aguilar-Martínez et 
al., 2007; Braun et al., 2012). Overexpression of Tb1 reduced tiller and spike number in wheat 
(Lewis et al., 2008). Tb1/BRC1 is expressed primarily in the axillary bud, and its expression is 
negatively correlated with bud activity, which is consistent with its function in the suppression 
of axillary bud outgrowth (Hubbard et al., 2002; Aguilar-Martínez et al., 2007). These 
observations strongly suggest that the Tb1/BRC1 gene plays a critical role in controlling the 
outgrowth of the axillary bud, and represents a candidate integrator within the axillary bud, 
which responds to endogenous and environmental stimuli in the control of axillary branching.

Many endogenous and environmental factors are involved in the regulation of axillary 
branching in plants, including phytohormones, such as auxin, cytokinin (CK), and strigolactone 
(SL), and environmental factors, such as nutrients and light (Rameau et al., 2015). Although 
the cross-talk between these factors in the regulation of axillary branching has not been 
fully elucidated, numerous recent studies have shown that a common downstream molecular 
integrator, Tb1/BRC1, exists in this complicated network, and mediates the regulating functions 
of those factors. Auxin was the first phytohormone to be studied in the apical dominance, a 
term used to describe the phenomenon whereby the growing shoot apex inhibits the outgrowth 
of the axillary bud located below (Snow, 1937). Auxin, which is mainly synthesized in the 
intact shoot apex, is thought to be transported basipetally to suppress axillary bud outgrowth. 
However, exogenous application of auxin to the decapitated shoot does not seem to enter the 
axillary bud (Hall and Hillman, 1975; Morris, 1977; Cline, 1996), and direct application of 
auxin to axillary buds does not inhibit their outgrowth (Shimizu-Sato et al., 2009) suggesting 
that a secondary messenger mediate this process. CK has been proposed as one such candidate 
secondary messenger. CK exerts the opposite effect to auxin in apical dominance. Application 
of CK to axillary buds is sufficient to trigger axillary branching even in the presence of an 
intact growing shoot apex (Sachs and Thimann, 1967; Pillay and Railton, 1983; Ohkawa, 
1984). Another putative second messenger acting downstream of auxin is SL, which was 
characterized in a series of studies using enhanced shoot branching mutants (Beveridge et al., 
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1994; Beveridge, 2000; Gomez-Roldan et al., 2008). SL is primarily produced in the plant 
root and is translocated acropetally to suppress branching (Dun et al., 2012). The interaction 
between these three classes of phytohormones has been summarized in a model showing 
that auxin produced in the shoot apex moves down the plant to repress CK biosynthesis 
and induce SL biosynthesis, which subsequently suppresses the outgrowth of axillary buds 
(Domagalska and Leyser, 2011).

Previously, studies have shown that BRC1 integrates endogenous and environmental 
signals. In pea, the PsBRC1 gene acts downstream of the CK and SL signaling pathway 
to suppress axillary bud outgrowth as evidenced by its upregulation in response to GR24 
(a synthetic SL analog) and its downregulation in response to 6- benzylaminopurine 
(Braun et al., 2012). Furthermore, in rice, FC1, an ortholog of BRC1, has been found to 
work downstream of CK and SL to inhibit axillary bud outgrowth, since treatment with 
6-benzylaminopurine suppressed FC1 expression and GR24 treatment did not repress tiller 
growth in the fc1 mutant (Minakuchi et al., 2010). In accordance with these observations, 
the expression of AtBRC1 has been shown to be reduced in max mutants in Arabidopsis 
(Aguilar-Martínez et al., 2007). More recently, the phytohormone gibberellin (GA) was 
reported to be a positive regulator in the control of axillary branching, and expression of 
JcBRC1 declined within 24 h of treatment with GA or CK (Ni et al., 2015). Besides the 
phytohormones, sugar has been proposed as the initial regulator of axillary bud outgrowth 
following decapitation, and exogenous sucrose downregulates the expression of PsBRC1 
in pea (Mason et al., 2014). In addition, environmental factors, such as planting density 
and decapitation, were also found to regulate the expression of AtBRC1 (Aguilar-Martínez 
et al., 2007).

In this study, we aimed to characterize an ortholog of BRC1 in tobacco. We used the 
coding sequence (CDS) of SIBRC1b from tomato to BLAST against the Sol genomics database, 
and cloned its ortholog from tobacco, designated as NtBRC1. Phytohormone treatment and 
transgenic analysis suggested that this gene is involved in the regulation of axillary branching 
and functions downstream of the CK signaling pathway.

MATERIAL AND METHODS

Plant material and treatments

Wild-type and transgenic tobacco plants (Nicotiana tabacum ‘Yunyan 87’) were 
grown in a greenhouse for about 2 months. Samples of the shoot apex, root, leaf, stem, 
and axillary buds at nodes 1, 2, 3, 5, and 8 (the axillary bud at node 1 is located in the 
axil of the topmost fully expanded leaf and node 8 is mostly near the base) were collected 
from wild-type tobacco plants before decapitation and the axillary buds at node 1 were 
collected 0, 0.5, 1, 3, 5, 8, 24, 48, 72, and 96 h after decapitation for quantification of the 
gene expression. Three transgenic plants from each line were selected and the axillary bud 
in node 1 was collected for the quantification of gene expression before decapitation. The 
remaining transgenic plants from each line were decapitated and the lengths of branching 
shoots at node 1 were measured 16-days post decapitation. For SL and CK treatments, 10 
µL 5 µM GR24, or 5 µM 6-benzylaminopurine was applied directly to the axillary bud at 
node 4 and the axillary buds were collected for quantification of gene expression after 3 
h of treatment.
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NtBRC1 cloning from tobacco

A BLAST search was performed against the genome database of N. tabacum 
(https://solgenomics.net/) using the cDNA sequence of SlBRC1b (GenBank accession No. 
HM597230). To obtain the full length cDNA, total RNA was extracted from axillary buds 
using the SuperPure Plantpoly RNA Kit (GeneAnswer, China) and cDNA was synthesized 
using SuperScriptTM Reverse Transcriptase (Invitrogen, USA) with an oligo (dT) primer. 
The primers used in the PCR were as follows: ATGTATCCGCCAAGCAACAG (forward 
primer), GCTATTGAAATCCTAAAAAAT (reverse primer). The PCR fragment was cloned 
into pCR®-BluntII-TOPO® (Invitrogen) for sequencing.

Generation of transgenic tobacco plants

Gateway technology was used to generate gene constructs using pK2G7.0 and 
PK7GW1WG2 as backbones for NtBRC1 overexpression and knockdown (RNAi) respectively. 
The CDS of NtBRC1 was first obtained by PCR from the axillary bud cDNA. The primers 
used to generate gene constructs were as follows: GGATCCATGTATCCGCCAAGCAACAG 
(forward primer for overexpression construct), CTCGAGCTATTGAAATCCTAAAAAAT 
(reverse primer for overexpression construct), GGATCCCAGGAGCTGTTACAAACAGTC 
(forward primer for RNAi construct), and CTCGAGAAAGTCTCATCCTTCGGTCTC 
(reverse primer for RNAi construct). The full-length CDS and partial fragment for RNAi 
constructs were first cloned in pCR®-BluntII-TOPO®, then cleaved and inserted into pENTR 
2B, which was subsequently used to generate final gene constructs following the kit instructions 
(Gateway LR clonaseTM II enzyme mix, Invitrogen, USA).

Transgenic plants were produced from the cultivar Yunyan 87 using standard 
Agrobacterium tumefaciens-based leaf disc transformation (Horsch et al., 1985). Initial primary 
transformants (T0) were grown in the greenhouse. Transgenic plants were self-pollinated to set 
seeds of T1 lines, from which the seedlings were screened on the growth medium with 100 
mg/L kanamycin. Healthy seedlings were selected and grown in the greenhouse.

Real-time PCR for gene expression quantification

Total RNA was extracted as described above. qRT-PCR was performed using 
LightCycler 480 SYBR Green I Master (Rox) (Roche, Germany) on a LightCycler 4800 II 
(Roche, Germany) according to the manufacturer instruction. The N. tabacum actin gene 
was used as a control for normalization. Three technical replicates were performed using the 
following PCR program: 95°C for 5 min; 45 cycles of 95°C for 20 s, followed by 58°C for 
15 s and 72°C for 15 s using the primer: CTTTCCCTTGATGCAGCTCG (forward primer), 
TGCCTCCTCCTTTATTGCCT (reverse primer). Axillary bud samples from wild-type or 
transgenic plants were analyzed with three or four biological replicates and gene expression 
was normalized against the reference gene: actin.

RESULTS

Identification of the tobacco NtBRC1 gene

We searched for a BRC1 ortholog in the genome database of N. tabacum 
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(https://solgenomics.net/) using the cDNA sequence of SlBRC1b and identified a cDNA sequence 
that was most similar to SlBRC1b. After this sequence was analyzed, we designed primers to 
clone the CDS of this gene from tobacco. A gene with a CDS of 984 nucleotides was cloned, 
which encoded a TCP TF of 328 amino acids. BLAST analysis of this protein against the NCBI 
database showed that it shares the highest sequence similarity (48% identical) with SlBRC1b 
from tomato. Thus, we designated it NtBRC1. To infer the evolutionary relationship between 
NtBRC1 and other TCP proteins in the CYC/TB1 subgroup, a phylogenetic tree was constructed 
using the maximum likelihood method in MEGA5.2. This shows that the NtBRC1 is most 
closely related to SlBRC1b (Figure 1) indicating that NtBRC1 is an ortholog of BRC1 in tobacco.

Figure 1. Phylogenetic tree of NtBRC1 and other TCP proteins belonging to the TB1/CYC subgroup of class II. 
AtBRC1 (CAL64010) and AtBRC2 (CAL64011) are from Arabidopsis, TB1 (Q93WI2) is from maize, OsTB1 
(BAC54954) is from rice, and SlBRC1b (NP_001234572) is from tomato. The accession numbers in the parentheses 
are from the NCBI database.

Transgenic analysis of the role of NtBRC1 in axillary branching

To explore the potential function of NtBRC1 in the regulation of axillary branching, 
we generated eight T1 lines transformed with an overexpression construct and seven T1 lines 
transformed with an RNAi construct. When these transgenic plants had been grown for about 
2 months in the greenhouse, we selected three plants from each line to investigate the levels of 
NtBRC1 expression in node 1 axillary buds. Based on the results of qRT-PCR quantification, 
we selected three overexpression lines with significantly increased expression (about 2-7 
fold) and three downregulated lines with significantly decreased expression (about 30-40% 
versus the vector control) (Figure 2) for further study. No obvious phenotypic differences 
were observed in those transgenic lines compared to the vector control before decapitation. In 
particular, no visible growth of the axillary buds was observed in the non-decapitated RNAi 
plants as we predicted. However, after decapitation, all the overexpression lines showed 
significantly repressed axillary bud outgrowth, and all the RNAi lines displayed significantly 
increased axillary bud outgrowth at node 1 (Figure 3) indicating that the NtBRC1 gene 
negatively regulates axillary branching following decapitation in tobacco.

NtBRC1 is predominantly expressed in the axillary bud

Since BRC1 has been reported to be almost exclusively expressed in the axillary bud 
(Martín-Trillo et al., 2011), we examined the transcript level of NtBRC1 in different organs of 
tobacco. Figure 4 shows that NtBRC1 is predominantly expressed in the axillary buds of intact 
tobacco plants, with similar levels of expression observed from the top to the basal axillary 
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buds. In other organs, such as the root, stem, and leaf, expression was barely detected. This 
expression pattern supports the role of NtBRC1 in the control of axillary branching. Meanwhile, 
we observed weak expression in the main shoot apex (about 16-fold lower than in the axillary 
buds) suggesting that it may also function in the development of the shoot apical meristem.

Figure 4. Expression pattern of NtBRC1 in different organs of tobacco. The values are reported as means ± SE (N = 4).

Figure 2. Expression of NtBRC1 in transgenic lines. OE: overexpression line, KD: RNAi line, and VC: vector 
control. The values are reported as means ± SE (N = 3) and the asterisk indicates a significant difference compared 
to the VC by the Student t-test (P < 0.05).

Figure 3. Length of the axillary branch at node 1 of transgenic plants 16 days after decapitation. OE: overexpression 
line, KD: RNAi line, and VC: vector control. The values are reported as means ± SE (N = 7-15) and the asterisk 
indicates a significant difference compared to the VC by the Student t-test (P < 0.05).
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Response of NtBRC1 expression to decapitation

Since decapitation gives rise to the outgrowth of axillary buds in tobacco, we 
continued to examine the effect of decapitation on NtBRC1 expression in the axillary buds 
over a 96-h time course. We selected the axillary bud at node 1 for this experiment, because 
at this position, it is the most responsive to decapitation as it grows more vigorously than 
other axillary buds situated below (data not shown). The results show that the expression of 
NtBRC1 began to decrease at 8 h after decapitation (about 42% wild-type levels) and further 
decreased to about 30% of wild-type levels at 48 h. Subsequently, the expression of NtBRC1 
was maintained at this low level over the 96-h study period (Figure 5).

Figure 5. Response of NtBRC1 expression to decapitation. The values are reported as means ± SE (N = 3) and the 
asterisk indicates a significant difference compared to the control (0 h) by the Student t-test (P < 0.05).

NtBRC1 is downregulated by CK

To determine whether NtBRC1 is regulated by SL and CK, we examined the expression 
of this gene 3 h after treatment with GR24 (5 µM) or 6-benzylaminopurine (5 µM). As shown in 
Figure 6, NtBRC1 was not significantly affected by GR24, but was significantly downregulated 
by 6-benzylaminopurine, with an approximate 2-fold reduction in transcript levels.

Figure 6. Expression of NtBRC1 in response to 6-benzylaminopurine or GR24. The values are reported as means ± 
SE (N = 3) and the asterisk indicates a significant difference compared to the control by the Student t-test (P < 0.05).
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DISCUSSION

Tobacco is one of the most widely cultivated non-food crops in China. Decapitation, 
which is a common agricultural practice in tobacco production, releases axillary buds from the 
apical dominance and results in axillary branching, which has to be removed by the tobacco 
farmers. Breeding for varieties with less or inhibited axillary branching has attracted the 
research interests of tobacco breeders, but little progress has been made in recent years.

It is well known that phytohormones play critical roles in the control of axillary bud 
outgrowth, especially auxin, CK, and SL, and a common molecular integrator, BRC1, has 
been suggested to mediate the functions of these phytohormones (Rameau et al., 2015). In 
this study, we cloned an ortholog of Tb1/BRC1 in tobacco, designated as NtBRC1. NtBRC1 
shares high amino acid sequence similarity (48% identical) with SlBRC1b from tomato. The 
tissue-specific expression pattern of NtBRC1 reveals that its expression primarily occurs in 
the axillary buds (Figure 4), which is consistent with the expression pattern of its orthologs in 
other plant species (Aguilar-Martínez et al., 2007; Martín-Trillo et al., 2011) and its putative 
function as a regulator of axillary bud outgrowth. However, unlike SlBRC1b, which was 
reported to be expressed at variable levels in axillary buds at different node positions (the 
highest in the basal axillary buds far from the apex, and the lowest in the axillary buds closest 
to the apex) (Martín-Trillo et al., 2011), NtBRC1 expression appeared to be independent of the 
stem position of the axillary buds based on the observation that expression in axillary buds at 
different nodes of tobacco plant remains relatively constant (Figure 4). This discrepancy may 
reflect an evolutionary divergence in the functional mechanism between these two orthologs, 
even though tomato and tobacco are very closely related species in the same family.

Because decapitation causes axillary bud outgrowth at node 1 in tobacco plants, we 
hypothesized that the expression of NtBRC1 in this bud would be down regulated by decapitation. 
Consistent with this hypothesis, the expression of NtBRC1 was found to decrease in response 
to decapitation with transcription levels declining significantly at 8 h after decapitation. Even 
after 96 h of treatment, the transcript level remained low and did not return to the control level 
(Figure 5). Since CK was found to negatively regulate the expression of NtBRC1 (Figure 
6), the downregulation of NtBRC1 by decapitation may be mediated by the increase of CK 
in the buds (Turnbull et al., 1997). In addition, the observation that SL did not significantly 
affect the expression of NtBRC1 3 h after treatment may suggest that either NtBRC1 functions 
independently of SL or that SL does not affect the function of NtBRC1 via transcriptional control.

Even though these results strongly suggest that NtBRC1 could function similarly to its 
orthologs in other plant species, transgenic functional analysis of this gene is still necessary to 
validate its role in the control of axillary branching in tobacco. For the T1 transgenic lines, we 
anticipated some phenotype changes, at least in the RNAi lines with significantly repressed 
expression of NtBRC1. Unexpectedly, the transgenic plants showed no visible difference from 
the vector control plants before decapitation, in particular regarding the outgrowth of axillary 
buds in the RNAi lines. However, following decapitation, we observed a difference in axillary 
bud outgrowth in those transgenic lines compared to the vector control. Overexpression of 
NtBRC1 significantly inhibited the axillary bud outgrowth and knocking-down the expression 
of NtBRC1 promoted axillary bud outgrowth (Figure 3). This result confirmed that NtBRC1 
functions as a suppressor of tobacco axillary branching. The RNAi lines may not have 
exhibited increased axillary branching prior to decapitation, because 1) the expression of 
NtBRC1 in RNAi plants was reduced to about one-third but was not completely inhibited, and 
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therefore, could function to repress axillary branching in non-decapitated tobacco plant; or 2) 
the common tobacco we used in this study was tetraploid, and should have homologous genes 
for NtBRC1, which may exhibit functional redundancy.

In summary, we cloned a TB1/BRC1 ortholog, NtBRC1, from tobacco and examined 
the effects of its overexpression and knockdown. The data collected in this study clearly 
demonstrate that NtBRC1 suppresses the outgrowth of axillary buds in tobacco plants 
following decapitation. In the future, NtBRC1 may sever as a good candidate gene for use in 
the development of tobacco varieties with arrested axillary branching.
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