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Abstract
Plant development and structure are constantly adjusted throughout their life cycle to adapt environmental changes in nature. 
The amount of branches mainly depends on whether axillary buds form, release and growth of axillary buds. The plants 
branching is regulated by many factors including gene transcription, hormone homeostasis, and environmental factors such 
as light, water, and nutrition. People control shoot branching according to their demands to facilitate agricultural produc-
tion. The activation and growth of lateral branches depend on a variety of internal and external environmental signals. Here 
we reviewed the recent progresses on genes, hormones, signaling materials, and external environmental conditions on the 
development of lateral branches in plant. Understanding these key nodes or regulatory networks is necessary and worthy 
challenges. The discussion of the factors affecting the formation of lateral branches provides a basis for the rational method 
of crop breeding and the cultivation of ideal plant type crops.
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Introduction

Plant species harbor hundreds of thousands of appearances 
and structural features that help us to recognize and dis-
tinguish them. Most of the beautiful landscapes around us 
are made up of varied architecture of plants. These differ-
ences also provide favorable conditions for each plant to 
survive and reproduce in complex environments. An excel-
lent example of a highly plastic development process is the 
control of shoot branching. Branching is one of the great 
inventions of plants (Jia et al. 2018; Xu et al. 2017). For the 
crop plants, shoot architecture is one of the most variable 
determinants of growth and productivity. In cereal crops, 

the vegetative growth stage of the shoot is called tiller. The 
number of tillers determine the number of flowers and seeds. 
The change of shoot architecture is caused by the variation in 
the number, length, height, position of shoots and the angle 
of branches (Barbier et al. 2019; Zhang et al. 2017). Axillary 
branch is the main branching system of angiosperms and 
gymnosperms, initiate laterally at a certain distance from 
the shoot apical meristem (Tian and Jiao 2015).

Axillary branches are related to phyllotaxis, which is 
the arrangement of leaves on the stem. The leaf can pro-
tect axillary meristem, which locates in the leaf axil (Long 
and Barton 2000). Axillary branch formation can be gener-
ally divided into three stages: axillary meristem initiation, 
meristem dormancy, and active meristem growth (Leyser 
2003), whereas in some cases a bud may directly outgrow 
without a dormancy stage (Chen et al. 2019; Fu et al. 2014; 
Xu et al. 2016). For axillary meristem, there are two theo-
ries about its formation, i.e. the detached model and the de 
novo model. The detached model hypothesizes that axillary 
meristem directly derived from the shoot apical meristem 
cells, and these meristems never lost their characteristics of 
the meristem (Garrison 1955). Using live-imaging, it has 
been found that the formation of axillary meristem requires 
a group of meristem cells to continuously express meris-
tem marker genes SHOOT MERISTEMLESS (STM). Then, 
DORNRÖSCHEN (DRN), DORNRÖSCHEN-LIKE (DRNL) 
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and transcription factor REVOLUTA (REV) directly up-
regulated STM expression, causing axillary meristem (AM) 
to be activated. DRN/DRNL activation of STM expression 
depends on REV. DRN/DRNL and REV have cumulative 
expression patterns and protein interactions, which are 
essential for upregulation of STM expression. In addition, 
another REV-interaction protein, LITTLE ZIPPER3 disturbs 
the interaction of DRN/DRNL-REV to negatively regulate 
STM expression (Shi et al. 2016; Zhang et al. 2018). The 
origin of AMs depends on a sustained STM expression. 
Recent studies have shown that ARABIDOPSIS THALI-
ANA HOMEOBOX GENE1 (ATH1) protein interacts with 
STM protein to form a self-activating circuit of STM. This 
helps to maintain the expression of the meristem marker 
gene (STM) in the leaf axils of Arabidopsis so that the fate 
of meristem cells can be maintained (Cao et al. 2020). In 
comparison, the de novo model suggests that axillary meris-
tem begins to regenerate from leaf axillary cells which have 
lost stem cell identity and have differentiated to be leaf cells 
(Snow and Snow 1942). In histologically, axillary meris-
tem origins appear to be different among different species. 
For example, there are distinct meristem cells at the base of 
each leaf in potato (Yamashita and Tahara 2006). However, 
obvious axillary meristem can be identified till after leaf 
formation during vegetative growth of Arabidopsis (Long 
and Barton 2000). Also, STM-expressing cell lineage clearly 
showed that axillary meristem derives from a meristematic 
cell population that never differentiated. Therefore, the 
detached model seems better to explain the axillary meris-
tem initiation.

In Arabidopsis, the CLAVATA  (CLV)-WUSCHEL (WUS) 
negative feedback loop coordinates stem cell proliferation 
with differentiation in the meristem, and its expression 
marks the end of the axillary bud formation alongside the 
establishment of a functional shoot apical meristem (Schoof 
et al. 2000). There are three forms of meristem dormancy, 
including paradormancy, ecodormancy, and endodormancy. 
Paradormancy is caused by endogenous signals from out-
side the bud, such as some plant hormones. Ecodormancy is 
caused by environmental influence on bud activity. Endodor-
mancy, mainly in perennials, is a deeper state of bud inac-
tivity that causes transforms in the internal state of the bud 
that cannot be changed by eliminating the factors that cause 
these changes (Lang et al. 1987). Thus, the final number of 
branches is determined by the amount of axillary meristems, 
the release of dormancy, and the activity of axillary buds.

Importantly, much of the plant’s shape comes from the 
regulation of bud growth. In genetic analysis, it has been 
found that a few transcription factors encoding genes affect 
axillary meristem initiation. For example, LATERAL SUP-
PRES-SOR (LS or LAS) of tomato and Arabidopsis, encod-
ing a GRAS domain protein, is most likely to be a tran-
scription factor, and its homolog named MONOCULM1 in 

rice has been identified as an axillary meristem initiation 
regulator (Greb et al. 2003; Li et al. 2003). After initiation, 
axillary meristems develop in the axil and then give rise to 
a secondary shoot from a bud that is initially dormant. The 
bud can be activated to grow into a secondary shoot.

There are many factors that affect the development of 
lateral branches, including the apical dominance, plant 
hormone, sugar, light, and the plant’s own heredity. In this 
paper, we mainly review the recent advancement in the 
effects of genes, hormones, signaling materials and external 
environment conditions on the lateral development.

Genes that regulate shoot branching

R2R3 MYB-family Blind gene of tomato and its homologs 
REGULATORS OF AXILLARY MERISTEMS1–3 (RAX1–3) 
in Arabidopsis participate in axillary meristem initiation 
(Müller et al. 2006). Beyond that, a bHLH family transcrip-
tion factor LAX PANICLE1 (LAX1) in rice, barren stalk1 
in maize, and REGULATOR OF AXILLARY MERISTEM 
FORMATION (ROX) in Arabidopsis, have also been identi-
fied to affect axillary meristem initiation (Gallavotti et al. 
2004; Woods et al. 2011; Yang et al. 2012). REV encodes 
a class III homeodomain/leucine zipper TF (HD-ZIPIII), 
which has a broad expression pattern in many tissue types. 
REV mutants present defects in the development of the shoot 
apical meristem, leaves, vasculature, and roots. NAC domain 
proteins CUC2 and CUC3 have partially distinct functions 
in axillary meristem initiation. CUC2 slightly affects axil-
lary meristem initiation, while CUC3 functions as a major 
regulator of axillary meristem initiation. Compared with 
single mutant, las cuc3 double mutants showed more fre-
quent axillary bud defects, indicating that las and cuc3 have 
overlapping functions in Arabidopsis axillary meristem ini-
tiation (Yang and Jiao 2016). In barley (Hordeum vulgare), 
the uniculm2 (cul2) mutant blocked the development of the 
axillary meristems and showed a lack of tillers developed 
from the crown (Okagaki et al. 2018). Li et al. (2003) used 
map-based cloning to isolate the MOC1 gene controlling 
tiller growth in rice from extremely low-tillering mutants 
that occur naturally in rice. Further studies showed that the 
MOC1 gene controlled the initiation of axillary meristems 
and the formation of tiller buds, as well as the ability to 
promote the elongation of tiller buds. In the leaf axils of 
the mutant, the axillary meristem lacked the MOC1 gene, 
leading to the failure of the axillary meristem initiation and 
tiller buds formation, resulting in the extreme low-branching 
phenotype of rice. MOC1 locates in the nucleus and regu-
lates rice tiller by influencing downstream of OsH1 (the ini-
tiation, establishment, and maintenance of meristem) and 
OsTB1 (the lateral bud elongation). OsH1 and OsTB1 were 
significantly reduced in the moc1 mutant and therefore moc1 
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may be the initiative gene for tiller control in rice. In maize, 
TB1 is a key gene that controls branching. Although the 
teosinte is highly branched, domesticated maize has a single 
stem with male at the top and female at lateral ear. High 
expression of TB1 increased the repression of branching 
in maize (Studer et al. 2011). TB1 homolog named OsTB1 
or FINECULM1 in rice and BRANCHED1 in Arabidopsis, 
pea, and tomato have also been identified to participate in 
lateral development regulation (Braun et al. 2012). The 
TB1/BRC1 gene encodes a TCP transcription factor and 
is specifically expressed in axillary buds. Overexpression 
of these genes represses lateral branch formation, whereas 
their loss-of-function mutations positively regulate it. This 
Blind/RAX pathway affects vegetative axillary meristem 
initiation of Arabidopsis and vegetative and reproductive 
branching of tomato (Yang et al. 2012; Müller et al. 2006). 
In Arabidopsis, AtBRC1 and AtBRC2 both negatively regu-
late the development of lateral branches, and AtBRC1 plays 
a more important role than AtBRC2. AtBRC1 gene mainly 
expressed during axillary bud development, and its expres-
sion was negatively correlated with the growth of buds. The 
mutant phenotype of brc1 was non-pleiotropic, while the 
constitutive overexpression of AtBRC1 reduced the growth 
of the whole plant. However, recent studies have shown that 
AtBRC1 is not a necessary condition for inhibition of Arabi-
dopsis buds (Seale et al. 2017). In addition, the AtBRC1 
homologous genes identified in tomato, pea and rose have 
been found to be involved in the inhibition of stem branching 
(Barbier et al.2015; Martín-Trillo et al. 2011; Braun et al. 
2012). Two recessive of ELIGULUM-A (ELI-A) partially 
restored the tiller phenotype of uniculm2 mutant. However, 
the ELI-A mutant plants were stunted and had fewer till-
ers. ELI-A is conserved in terrestrial plants, but the protein 
encoding is still unclear (Okagaki et al. 2018). DOMAINS 
REARRANGED METHYLASE 2 (OsDRM2) which encodes 
DNA methyltransferases also regulates tillering in rice. The 
tiller number of Osdrm2 mutant decreased significantly 
(Moritoh et al. 2012). The Dad1/phCCD8 gene of petunia 
encodes dioxygenase. When the Dad1/phCCD8 gene was 
absent in the plant, it was manifested as increased branching, 
shorter internode of the stem, and reduced root elongation. 
The Dad1 gene was transferred into petunia mutant through 
the transgenic method, so that the phenotype of the mutant 
with high branching was changed, and the plant height was 
increased. The phenotype of the transgenic strains with 
restored mutation was no different from that of the wild type. 
Some petunia dad1-1 mutants were grafted on wild-type 
rootstock as scions to restore the wild-type phenotype. Graft-
ing experiments on petunia mutants showed that the root and 
stem could produce signaling molecules via long-distance 
to control the growth of axillary buds. Mutations of dad1-1 
have all the characteristics of CKs and auxin overexpres-
sion and gibberellin (GA) suppression, which may be the 

phenotype of increased branching caused by the interaction 
between the three hormones (Cai et al. 2018). Acquaintance 
results were also found in mutants of pea RMS, and further 
tests, based on the identification of RMS1 and its predic-
tive protein sequences, demonstrated the hypothesis that a 
branch inhibitor is a novel hormone-like substance (Sorefan 
et al. 2003).

Shoot branching regulation by hormones

Auxin

Auxin is produced by young growing leaves and travels to 
the stem through a specific polar auxin transport (PAT), 
thus contributing to bud growth (Bennett et al. 2016; Dong 
et al. 2013). Some researchers suggest that auxin from the 
main stem inhibits the growth of axillary buds by inhibiting 
and/or preventing the outflow of auxin from axillary buds 
(Balla et al. 2011, 2016; Sachs 1969). Several protein fami-
lies are participated in active auxin transport, for instance the 
influx facilitators AUXIN INFLUX CARRIER PROTEIN 
1 (AUX1)/LIKE-AUX1 (LAX) proteins, the p-glycoprotein 
auxin efflux carriers (PGP), and the PINFORMED auxin 
efflux carriers (PIN) (Paponov et al. 2005). OsPIN1, a polar 
auxin transporter, plays an important role in rice auxin-
dependent tillers. OsPIN1-RNAi transgenic plants produced 
more tillers due to auxin-mediated axillary bud inhibition. 
The same phenotype was found in OsPIN2-overexpressed 
transgenic plants. Since OsLazy1 was significantly down-
regulated in transgenic rice, OsPIN2 seems to regulate tillers 
by inhibiting OsLazy1 (Parry et al. 2012). In the pin-formed1 
mutant and aux1 mutant, the former affects an important 
auxin intracellular outflow transporter, while the latter shows 
impaired auxin inflow, the axillary auxin minimum disap-
pears, and axillary meristems activation fails (Wang et al. 
2014a, b). In Arabidopsis, AUXIN-RESISTANCE1 (AXR1) 
further inhibits axillary bud formation. Auxin, the first hor-
mone found involved in regulation of shoot branching, has 
been the focus of attention for more than 100 years (Ongaro 
and Leyser 2008). A pioneering research by Thimann and 
Skoog (1933) has shown that removal of the stem tip of 
broad beans (Vicia faba) stimulates axillary bud growth, 
and application of the plant hormone auxin to the stump of 
the severed plant significantly inhibits axillary bud growth. 
The experiment showed that the outflow of auxin in lateral 
bud promoted the growth of lateral shoot. The auxin in the 
whole plant stem is mainly derived from the terminal bud, 
while the auxin in the stem after capping is mainly derived 
from the lateral bud, and the auxin from the lateral bud 
can be inhibited by the external supplement of auxin from 
the terminal bud. However, in pea, strong inhibition of the 
specific exit of auxin from the bud did not prevent early 
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desquamate induced bud growth, but reduced bud growth 
after 2 days without affecting auxin transport in the main 
stem (Chabikwa et al. 2019). Taken together, these obser-
vations suggest that auxin output from axillary buds is not 
necessary to initiate bud growth, but is important for sus-
tained bud growth. In rice, OsIAA6, which is preferentially 
expressed in axillary meristem at the base of the stem where 
tillers emerge, inhibited the growth of axillary buds and sub-
sequent tillers. The tiller number of the osiaa6 mutant is 
approximately two-fold compared to the wild type, as the 
axillary buds are released at elongated nodes, whereas in the 
wild type it is usually degraded. Therefore, OsIAA6 seems 
to have an effect on axillary bud growth rather than axillary 
meristem formation, since only one axillary bud is devel-
oped at each node. Similarly, because OsPIN1 and OsTB1 
are down-regulated in osiaa6 mutant, OsIAA6 regulates 
axillary bud growth and tiller by regulating auxin signal-
ing (Jung et al. 2015). YUCCA  encodes an enzyme similar 
to flavin monooxygenase that inhibits the growth of Arabi-
dopsis axillary buds by increasing endogenous auxin levels. 
Conversely, in the yucca1 mutant, the growth of most buds 
in the axils of rosette leaves was inhibited (Zhao et al. 2001).

Cytokinins

Although auxin released by the terminal bud plays a key 
role in formatting apical dominance, the inhibition of lat-
eral branch growth is not caused by auxin released by the 
terminal bud directly into the lateral bud (Su et al. 2011; Cai 
et al. 2018; Cheng et al. 2013). Normal axillary meristem 
initiation requires CKs biosynthesis and signal transduc-
tion, evidenced as the mutations in CKs biosynthesis genes, 
CKs receptor genes, and downstream B-type ARABIDOP-
SIS RESPONSE REGULATOR (B-ARR ) TF genes disrupt 
axillary meristem initiation (Müller et al. 2015; Wang et al. 
2014b). Werner et al. (2001) reduced the contents of endog-
enous CKs through the overexpression of CKX in transgenic 
tobacco plants. Plants lacking CKs develop stunted buds 
with smaller apical meristem. Exogenous application of CKs 
can promote lateral growth and CK levels increase when 
buds are activated. Plants lacking CKs developed stunted 
buds with small apical meristem, the plasticizing time is 
prolonged, and leaf cell production is significantly lower 
than that of the wild type, indicating that CKs are absolute 
requirement for leaf growth (Werner et al. 2001). Studies 
have shown that CKs can be transported upward with xylem 
SAP into lateral buds and promote their growth, and treat-
ment of lateral buds by exogenous cytokinins can break the 
apical dominance of plants (Davière and Achard 2017). At 
the same time, the increased level of CKs in axillary buds 
is closely related to the accelerated growth rate (Shimizu-
Sato and Mori 2002). Isoamyl transferase (IPT) controls a 
rate-limiting step in CKs biosynthesis and transcription level 

of IPT gene was regulated by auxin level (Li et al. 2018). 
Suppression of CKs biosynthetic genes synthesized by auxin 
is well known. Under the condition of removing the apex 
dominance, the expression of two pea genes PsIPT1 and 
PsIPT2 was rapidly up-regulated and CKs content increased. 
However, CKs biosynthesis was first increased in node tissue 
rather than in axillary bud. Parts of the stem CKs are trans-
ported to dormant buds to stimulate their growth (Miyawaki 
et al. 2004; Nordstrom et al. 2004; Tanaka et al. 2006). Rice 
CKs oxidase (OsCKX2) is an enzyme that degrades CKs 
and controls axillary bud growth and tiller by inhibiting CKs 
accumulation in buds. Compared with WT, OsCKX2-RNAi 
plants had more tillers, while OsCKX2-OE transgenic plants 
had fewer tillers (Yeh et al. 2015). Three different types of 
CKs are produced in higher plants, including isopentenylad-
enine (iPT), zeatin (Z), and dihydrozeatin (DZ). Müller et al. 
(2015) demonstrated that CKs synthesis and signal mutants 
of Arabidopsis were related to the stem and branches of 
intact plants, but not to the severed plants. This suggests 
that the role of CKs is to promote (in intact plants) escape 
from apical dominance, not to promote the growth of decapi-
tated induced buds. In rice and pea, CKs down-regulate the 
expression of the FINE CULM1/PsBRANCHED1 (FC1/
PsBRC1) gene, a negative regulator of lateral branch. How-
ever, in pea, CKs also appear to be independent of PsBRC1, 
since PsBRC1 mutants respond to CKs applications (Braun 
et al. 2012; Minakuchi et al. 2010). CKs have also recently 
been proposed to regulate bud growth by controlling auxin 
transport. In Arabidopsis, CKs promote the polarization 
of auxin efflux carriers, while CKs signal deletion mutant 
branches decrease, the result from the decrease of efflux car-
riers polarization (Waldie and Leyser, 2018).

Strigolactones

SLs, known as carotenoid signals, exude from the root and 
move toward the apex, inhibiting axillary branches (Ume-
hara et al. 2008). Genes involved in SLs biosynthesis or 
signaling play an important role in controlling axillary bud 
growth and SLs-mediated branching, such as an iron-binding 
protein D27, the carotenoid cleavage dioxygenases 7 and 8, 
a cytochrome P450 protein MAX1 and DWARF 14 (Yang 
et al. 2019; Zhao et al. 2020). DWARF 27 (D27) encodings 
a new iron-containing chloroplast protein, which is mainly 
expressed in young leaves, axillary buds, inflorescence pri-
mordium, lateral roots, and crown roots. Exogenous addition 
of GR24 can significantly inhibit the growth and tiller of 
axillary buds in d27 mutant. These data indicate that D27 
regulates the growth and tiller of axillary buds and partici-
pates in the synthesis of SLs (Lin et al. 2009). DWARF3, 
an Arabidopsis MAX2 homolog that encodes a nuclear-
localized F-box protein, functions in forming SCF complex 
and interacting with DWARF 14 and DWARF 53 to inhibit 
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the germination and tiller of axillary buds in rice. Rice 
OsMAX1a and OsMAX1e are homologous genes of Arabi-
dopsis AtMAX1, which regulate the synthesis of SLs and 
thus inhibit branch growth. The tiller number of OsMAX1a-
RNAi and OsMAX1e-RNAi plants was 40% higher than that 
of untransformed WT (Wai and An 2017). In addition, SLs 
can negatively regulate the transport of auxin from the main 
stem and restrict its movement from the axillary bud to the 
stem (Crawford et al. 2010; Domagalska and Leyser 2011). 
Another view is that SLs are the secondary messengers of 
auxin, which directly inhibit the growth of buds (Ferguson 
and Beveridge 2009). So these are the two models of how 
SLs and auxin interact to regulate branch branching based 
on different experimental systems. Compared with the WT, 
in DWARF10-RNAi transgenic plants, due to the reduced 
expression of most OsPINs in the stem nodes, the auxin 
transport capacity was reduced, the auxin content in the 
stem tip was high, and the tiller number was reduced (Arite 
et al. 2007). Zhang et al. (2010) found that the application 
of exogenous auxin significantly increased the expression 
of DWARF10 in stem nodes, and exogenous CKs inhibited 
the expression of DWARF10. DWARF10 plays a key role in 
controlling axillary bud growth and tiller by reducing auxin 
level and promoting CKs biosynthesis. Dwarf14 is a novel 
esterase gene involved in SLs signaling, which controls axil-
lary bud growth and tiller in rice. Although d14 mutants 
were similar to WT in that there was only one axillary bud 
per leaf axil, the axillary bud germination of d14 mutants 
was earlier than that of WT (Gao et al. 2009).

Other hormones

Recent studies suggest that brassinosteroids (BRs) regulate 
the expression of boundary-specific genes in organs and con-
tribute to the formation of boundaries (Gendron et al. 2012; 
Xu et al. 2014). At the same time, BRs are also involved in 
controlling the formation of branching plants. DWARF AND 
LOW-TILLERING (DLT) participates in feedback inhibition 
of BR biosynthesis, and rice dlt mutation showed reduced 
branching phenotype. Overexpression of GSK3/SHAGGY-
like kinase (GSK2) altered BR signaling and reduced tiller 
number (Tong et al. 2012). In contrast, bri1-EMS-suppressor 
1 (BES1) is a positive regulator of BR signaling, and the 
functional mutant of Arabidopsis BES showed more branch-
ing phenotypes than RNAi strains (Wang et al. 2013; Yin 
et al. 2002). GAs usually inhibits stem branching, while 
plants that overexpress the GA catabolism gene and GA-
deficient mutants exhibit more branching phenotypes. GA 
biosynthetic mutant ga1-3 in Arabidopsis and overexpres-
sion of AtGA2ox1 in Paspalum notatum also lead to very 
low levels of endogenous active GA, which increase the 
number of vegetative tillers (Agharkar et al. 2007). In gen-
eral, although different hormones cause plant phenotypic 

acquaintance, hormones play different roles. For example, 
both SLs and GA will repress tiller buds growing, but GA 
treatment promotes stem growth and inhibits tiller growth, 
while SLs treatment does not promote stem elongation 
(Nakamura et al. 2013). ABA signaling responses in Arabi-
dopsis brc1 mutants were significantly lower than those in 
the wild type (González-Grandío et al. 2013; Wang et al. 
2016). González-Grandío and Cubas (2014) demonstrated 
the role of ABA in BRC1 downstream, because BRC1 
induced reaction of two key regulatory factors of ABA, 
ABRE-BINDING FACTOR 3 (ABF3) and ABA INSENSI-
TIVE 5 (ABI5). It was also found that BRC1 binds and posi-
tively regulates three transcription factors: HOMEOBOX 
protein 21 (HB21), HOMEOBOX protein 40 (HB40), and 
HOMEOBOX protein 53 (HB53). These three proteins, 
together with BRC1, enhance the expression of 9-cis-epoxy-
carotene dioxidase 3 (NCED3), which is the main enzyme in 
ABA biosynthesis and leads to ABA accumulation in buds 
(González-Grandío et al. 2017). This finding demonstrated 
a direct relationship between BRC1 and ABA signaling and 
placed ABA downstream of BRC1. Consistent with this, 
BRC1 expression was found to be insensitive to ABA appli-
cation (Yao and Scott 2015).

Shoot branching regulation by external 
environment

Light

In many species, low light intensity and low red/far-red ratio 
(R/FR) negatively regulate shoot branching (Kebrom et al. 
2006). The signaling function of light in plant branches 
was first discovered by Kebrom et al. (2006), in which they 
proposed that activation of PHYB inhibited the expression 
of sorghum SbTB1 gene, resulting in high branch height 
(Kebrom et al. 2006). Similarly, in Arabidopsis, low R/
FR ratio was found to favor up-regulation of AtBRC1 by 
PHYB pathway, which is necessary to reduce bud branching 
(González-Grandío et al. 2013). Correspondingly, AtBRC1 
was rapidly and locally down-regulated after increasing R/
FR ratio (Holalu and Finlayson 2017). In addition, the rose 
exposed to the dark had no buds and higher RhBRC1 tran-
scription levels than the plants exposed to light (Roman et al. 
2016). These results indicate that BRC1 expression is very 
sensitive to light. However, this regulation may involve dif-
ferent mechanisms (Kebrom et al. 2010).

Nutrient elements

In Arabidopsis, de Jong et al. (2019) found that the extent 
to which some Arabidopsis species branch is influenced by 
nitrogen content. The study used two different Arabidopsis 
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strains to describe changes in bud branching with nitrate 
supply. The results showed that highly malleable lines were 
associated with extreme branching phenotypes, with the 
most branching lines under high nitrate conditions and the 
least branching lines under nitrate absence. OsmiR393 is 
related to rice tillering enhanced by nitrogen. OsmiR393 was 
significantly expressed in axillary meristem, and the axillary 
buds of OE transgenic plants grew vigorously and tillers 
increased. This gene regulates auxin signal transduction in 
axillary buds when up-regulation of its expression in nitro-
gen fertilizer treatment (Li et al. 2016; Xia et al. 2012). Soil 
nitrate can promote the synthesis of CKs and the growth of 
axillary buds. However, auxin can negatively regulate ADE-
NYLATE ISOPENTENYLTRANSFERASE family members, 
inhibiting synthesis of CKs to antagonise the influence of 
nitrate (Nordstrom et al. 2004). In rice, nitrogen increased 
CKs by increasing the expression level of OsIPTs in nodes. 
In addition, three hours after ammonium nitrate treatment, 
the expression of genes related to SL synthesis in roots and 
nodes was down-regulated, indicating that the inhibition of 
nitrogen on SL synthesis occurred at least partially through 
the CKs pathway (Xu et al. 2015). Li et al. (2016) showed 
that the high uptake of ammonium nitrate in the root envi-
ronment inhibited the expression of auxin synthesis and 
signal transduction related genes (OsTIR1, OsAFB2, and 
OsIAA6) and OsTB1 through inducing the overexpression 
of miRNA393 in the buds, which reduced the sensitivity of 
axillary buds to auxin and thus promoted rice tillering. In 
addition to its nutritional role, asparagine is also a signal of 
plant nitrogen status, which can counteract the expression 
of BRC1 by stimulating CKs. In rose bushes, asparagine 
is the main nitrogen element during bud growth. Sucrose, 
glucose, and fructose must combine with asparagine to up-
regulate the expression of IPT3 gene near stem and bud, so 
as to promote bud growth (Le Moigne et al. 2018). In wheat, 
phosphorus deficiency directly changed the law of normal 
tiller emergence by reducing the rate of tiller emergence 
(Rodríguez et al. 1999) Low phosphorus growth conditions 
have increased the content of SL in many species, while low 
levels of inorganic phosphate have decreased CKs yield, all 
of which lead to inhibition of branch branching (Rodríguez 
et al. 1999; Yamada et al. 2014). In the absence of phospho-
rus, plants regulate branching by affecting the expression of 
OsMAX1a and OsMAX1e genes (Wai and An 2017). Poly-
amines, fatty nitrogen compounds, also play an important 
role in controlling axillary bud development and bud growth 
in plants. Breaking down the expression of the Sadenosyl-
methionine decarboxylase (SAMDC) gene in Arabidopsis 
results in high levels of putrescine and low levels of sper-
midine and spermine. Because of the change of polyamine 
homeostasis in plants, the dormancy of axillary bud was 
broken and more branching phenotypes were observed (Ge 
et al. 2006).

Shoot branching regulation by signal 
transducers

Sugars are known to promote bud growth in many spe-
cies (Tarancón et al. 2017; Ferreira et al. 2018). Sugar 
is not only a source of carbon for plant metabolism, but 
also an important signaling agent that affects many devel-
opmental processes, including BRC1 gene expression 
(Sakr et al. 2018; Barbier et al. 2015; Dong et al. 2019; 
Ma et al. 2017). Mason et al. (2014) demonstrated that 
the initial signal released by decapitation in pea was an 
increase in the availability of sugar, rather than a decrease 
in apical auxin as traditionally believed. In addition, they 
also reported that the time when the sugar flux inside and 
outside the bud increased closely related to the down-
regulation of BRC1 expression. In this process, sugar is 
more likely to act as a signaling agent, since many non-
metabolizable sugar analogens can trigger germination and 
inhibit BRC1 expression. In addition, this effect of sugar 
on BRC1 transcription may directly or indirectly regulate 
CKs biosynthesis and SLs signal transduction through 
sugar (Barbier et al. 2015; Rabot et al. 2012).

In plant growth regulator, nitric oxide (NO) is a gase-
ous lipid free radicals, as one can be a variety of hor-
mone signaling molecules induced by fast, through the 
role of second messenger to assist complete plant growth 
hormone signal regulation, including promote seed ger-
mination, inhibition of taproot and hypocotyl elongation, 
induced lateral root and adventitious root and root hair, 
the control of cell polarity form, involved in plant geotro-
pism morphogenesis etc., in the plant by more and more 
attention in the body (Sanz et al. 2015; Wen et al. 2016). 
NO can directly regulate the physiological processes of 
many plants by regulating post-transcriptional modifica-
tions of genes (Ni et al. 2017; Gong et al. 2019; Yan et al. 
2019). For example, in the auxin signaling pathway, NO 
and auxin regulate plant growth and development through 
S-nitrosylation. S-nitrosylation TIR1 can enhance the 
interaction between TIR1/AFB and Aux/IAA, leading to 
accelerated degradation of Aux/IAA and regulation of 
auxin signal (Zhang et al. 2019). NO also regulates the 
assembly of SCFTIR1/AFB1 E3 ubiquitin ligase com-
plexes in Arabidopsis through S-nitrosylation regulation, 
thereby affecting the activation of auxin signaling (Iglesias 
et al. 2018). In recent years, it has been found that the NO 
signaling pathway inhibits the internal and polar auxin 
transport of the exocrine auxin transporter PIN-formed 
(PIN) (Ni et al. 2017). Zhang et al. (2019) found that in 
GSNOR1 functionally deficient mutant gsnor1–3, plants 
showed a high level of SNO content, and PIN2 expression 
was destroyed in the root of the mutant, thereby affect-
ing auxin signal conduction and polar auxin transport. 
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Interestingly, Terrile et al. (2012) and Shi et al. (2015) 
put forward the inconsistent views that S-nitrosylation 
inhibited Aux/IAA degradation to inhibit auxin signal-
ing, and disrupted auxin polar transport by reducing the 
level of PIN. A more accurate explanation requires further 
research.  H2O2 plays an important role in the regulation 
of the growth and development of lateral branches (Liu 
et al. 2010). After exogenous spraying 5 mM  H2O2, the 
apex dominance of plants was enhanced and the growth 
of lateral buds was inhibited. The study found that after 
the silencing of NADPH oxidase coding gene (RBOH1 
and WF11) of tomato, the  H2O2 content in the plant sig-
nificantly decreased, and the growth of lateral shoots was 
significantly promoted, reducing the apical advantage of 
the plant. The reason why  H2O2 is involved in regulating 
the growth and development of lateral shoot of tomato is 
that  H2O2 can directly affect the synthesis of auxin, and 
the expression changes of IPT2 and SL synthesis genes 
(CCD7, CCD8, and MAX1) in stem and root are also 
related to  H2O2 (Chen et al. 2016).

Conclusion

In conclusion, we can see that shoot branching is affected by 
many factors, among which the relevant genes, hormones, 
signaling materials, and external environment play key roles 
in this progress (Fig. 1). These factors may work individu-
ally or together, contributing to the establishment of plant 
architecture. However, there is a long distance to completely 
figure out the control or regulation of development of lat-
eral branches. Although many genes have been identified in 
the regulatory branches recently, their upstream regulators 
and downstream targets are largely unknown. Branching is 
a phenotype controlled by multiple genes, but the relation-
ship between genes is also poorly understood. The branch 

phenotypes of many mutant plants are familiar with plant 
hormone response phenotypes and changes in plant hormone 
content have been detected, but it is not clear that genes are 
the intermediate link that affects plant hormones. Funda-
mental understanding of these aspects will aid in controlling 
plant branches to meet the diverse requirements for practical 
production.

Acknowledgement The National Natural Science Foundation of China 
[31872943]; the Shandong Provincial Natural Science Foundation, 
China [ZR2019MC067].

References

Agharkar M, Lomba P, Altpeter F, Zhang H, Kenworthy K, Lange T 
(2007) Stable expression of AtGA2ox1 in a low-input turfgrass 
(Paspalum notatum Flugge) reduces bioactive gibberellin levels 
and improves turf quality under field conditions. Plant Biotechnol 
J 5:791–801

Arite T, Iwata H, Ohshima K, Maekawa M, Nakajima M, Kojima M, 
Sakakibara H, Kyozuka J (2007) DWARF10, an RMS1/MAX4/
DAD1 ortholog, controls lateral bud outgrowth in rice. Plant J 
51:1019–1029

Balla J, Kalousek P et al (2011) Competitive canalization of PIN-
dependent auxin flow from axillary buds controls pea bud out-
growth. Plant J Cell Mol Biol 65:571–577

Balla J, Medveďová Z, Kalousek P, Matiješčuková N, Friml J, Reinöhl 
V, Procházka S (2016) Auxin flow-mediated competition between 
axillary buds to restore apical dominance. Sci Rep 6:35955

Barbier F, Péron T, Lecerf M, Perez-Garcia MD, Barriere Q, Rolcik J, 
Boutet-Mercey S, Citerne S, Lemoine R, Porcheron B, Roman H, 
Leduc N, Le Gourrierec J, Bertheloot J, Sakr S (2015) Sucrose is 
an early modulator of the key hormonal mechanisms controlling 
bud outgrowth in Rosa hybrida. J Exp Bot 66:2569–2582

Barbier FF, Dun EA, Kerr SC, Chabikwa TG, Beveridge CA (2019) 
An update on the signals controlling shoot branching. Trends 
Plant Sci 24:220–236

Bennett T, Geneviève H, Rongen M, Waldie T, Sawchuk MG, Scarpella 
E, Ljung K, Leyser O (2016) Connective auxin transport in the 
shoot facilitates communication between shoot apices. PLoS Biol 
14:e1002446

Fig. 1  A model diagram of the 
effect of various hormones and 
genes on the development of 
lateral branch development



138 Plant Growth Regulation (2020) 92:131–140

1 3

Braun N, de Saint GA, Pillot JP, Boutet-Mercey S, Dalmais M, Anto-
niadi I, Li X, Maia-Grondard A, Signor CL, Bouteiller N, Luo 
D, Bendahmane A, Turnbull C, Rameau C (2012) The pea TCP 
transcription factor PsBRC1 acts downstream of strigolactones 
to control shoot branching. Plant Physiol 158:225–238

Cai T, Meng XP, Liu XL, Liu TN, Wang H, Jia ZK, Yang DQ, Ren 
XL (2018) Exogenous hormonal application regulates the occur-
rence of wheat tillers by changing endogenous hormones. Front 
Plant Sci 9:10

Cao XW, Wang J, Xiong YY, Yang HB, Yang ML, Ye PY, Bencivenga 
S, Sablowski R, Jiao YL (2020) A self-activation loop maintains 
meristematic cell fate for branching. Curr Biol 30:1–12

Chabikwa TG, Brewer PB, Beveridge CA (2019) Initial bud outgrowth 
occurs independent of auxin flow from out of buds. Plant Physiol 
179(1):55–65

Cheng ZJ, Wang L, Sun W, Zhang Y, Zhou C, Su YH, Li W, Sun TT, 
Zhao XY, Li XG, Cheng YF, Zhao Y, Xie Q, Zhang XS (2013) 
Pattern of auxin and cytokinin responses for shoot meristem 
induction results from the regulation of cytokinin biosynthesis 
by AUXIN RESPONSE FACTOR3. Plant Physiol 161:240–251

Chen XJ, Xia XJ, Guo X, Zhou YH, Shi K, Zhou J, Yu JQ (2016) 
Apoplastic  H2O2 plays a critical role in axillary bud outgrowth 
by altering auxin and cytokinin homeostasis in tomato plants. 
New Phytol 211(4):1266–1278

Chen MX, Zhu FY, Wang FZ, Ye NH, Gao B, Chen X, Zhao SS, Fan 
T, Cao YY, Liu TY, Su ZZ, Xie LJ, Hu QJ, Wu HJ, Xiao S, 
Zhang JH, Liu YG (2019) Alternative splicing and translation 
play important roles in hypoxic germination in rice. J Exp Bot 
70(3):817–833

Crawford S, Shinohara N, Sieberer T, Williamson L, George G, Hep-
worth J, Müller D, Domagalska MA, Leyser O (2010) Strigolac-
tones enhance competition between shoot branches by dampen-
ing auxin transport. Development 137:2905–2913

Davière JM, Achard P (2017) Organ communication: cytokinins on the 
move. Nature plants 3(8):1–2

de Jong MD, Tavares H, Pasam RK, Butler R, Ward S, George G, 
Melnyk CW, Challis RJ, Kover PX, Leyser O (2019) Natural 
variation in Arabidopsis shoot branching plasticity in response to 
nitrate supply affects fitness. PLoS Genet 15(9):e1008366

Domagalska MA, Leyser O (2011) Signal integration in the control of 
shoot branching. Nat Rev Mol Cell Biol 12:211–221

Dong ZB, Jiang C, Chen XY, Zhang T, Ding L, Song WB, Luo HB, 
Lai JS, Chen HB, Liu RY, Zhang XL, Jin WW (2013) Maize 
LAZY1 mediates shoot gravitropism and inflorescence develop-
ment through regulating auxin transport, auxin signaling, and 
light response. Plant Physiol 163:1306–1322

Dong F, Wang CZ, Sun XD, Bao ZL (2019) Sugar metabolic changes 
in protein expression associated with different light quality com-
binations in tomato fruit. Plant Growth Regul 88:3

Ferguson BJ, Beveridge CA (2009) Roles for auxin, cytokinin, and 
strigolactone in regulating shoot branching. Plant Physiol 
149:1929–1944

Ferreira DA, Soldi MCM, Cheavegatti Gianotto A, Carneiro MS, Ama-
deu RR, Aricetti JA, Wolf LD, Hoffmann HP, Abreu LGFD, 
Caldana C (2018) Metabolite profiles of sugarcane culm reveal 
the relationship among metabolism and axillary bud outgrowth 
in genetically related sugarcane commercial cultivars. Front Plant 
Sci 9:857

Fu XL, Xiao W, Wang DL, Chen M, Tan QP, Li L, Chen XD, Gao 
DS (2014) Roles of endoplasmic reticulum stress and unfolded 
protein response associated genes in seed stratification and bud 
endodormancy during chilling accumulation in Prunus persica. 
PLoS ONE 9:e101808

Gallavotti A, Zhao Q, Kyozuka J, Meeley RB, Ritter MK, Doebley 
JF, Pe ME, Schmidt RJ (2004) The role of barren stalk1 in the 
architecture of maize. Nature 432:630–635

Gao Z, Qian Q, Liu X, Yan M, Feng Q, Dong G, Liu J, Han B (2009) 
Dwarf 88, a novel putative esterase gene affecting architecture 
of rice plant. Plant Mol Biol 71:265–276

Garrison R (1955) Studies in the development of axillary buds. Am J 
Bot 42:257–266

Gendron JM, Liu JS, Fan M, Bai MY, Wenkel S, Springer PS, Barton 
MK, Wang ZY (2012) Brassinosteroids regulate organ boundary 
formation in the shoot apical meristem of Arabidopsis. Proc Natl 
Acad Sci USA 109:21152–21157

Ge C, Cui X, Wang Y, Hu Y, Fu Z, Zhang D, Cheng Z, Li J (2006) 
BUD2, encoding an S-adenosylmethionine decarboxylase, is 
required for Arabidopsis growth and development. Cell Res 
16:446–456

Gong B, Yan YY, Zhang LL, Cheng F, Liu Z, Shi QH (2019) Unravel-
ling GSNOR-mediated S-nitrosylation and multiple developmen-
tal programs in tomato plants. Plant Cell Physiol 60:2523–2537

González-Grandío E, Poza-Carrión C, Sorzano COS, Cubas P (2013) 
BRANCHED1 promotes axillary bud dormancy in response to 
shade in Arabidopsis. Plant Cell 25:834–850

González-Grandío E, Cubas P (2014) Identification of gene functions 
associated to active and dormant buds in Arabidopsis. Plant Sig-
nal Behav 9:e27994

González-Grandío E, Pajoro A, Franco-Zorrilla JM, Tarancón C, 
Immink RG, Cubas P (2017) Abscisic acid signaling is controlled 
by a BRANCHED1/HD-ZIP I cascade in Arabidopsis axillary 
buds. Proc Natl Acad Sci USA 114:E245–E254

Greb T, Clarenz O, Schafer E, Müller D, Herrero R, Schmitz G, Theres 
K (2003) Molecular analysis of the LATERAL SUPPRESSOR 
gene in Arabidopsis reveals a conserved control mechanism for 
axillary meristem formation. Genes Dev 17:1175–1187

Holalu SV, Finlayson SA (2017) The ratio of red light to far red light 
alters Arabidopsis axillary bud growth and abscisic acid signal-
ling before stem auxin changes. J Exp Bot 68:943–952

Iglesias MJ, Terrile MC, Correa-Aragunde N, Colman SL, Izquierdo-
Álvarez A, Fiol DF, París R, Sánchez-lópez N, Marina A, Cal-
derón Villalobos LIA, Estelle M, Lamattina L, Martínez-Ruiz 
A, Casalongué CA (2018) Regulation of  SCFTIR1/AFBs E3 ligase 
assembly by S-nitrosylation of Arabidopsis SKP1-like1 impacts 
on auxin signaling. Redox Biol 18:200–210

Jia XC, Liu P, Lynch JP (2018) Greater lateral root branching density 
in maize improves phosphorus acquisition from low phosphorus 
soil. J Exp Bot 69:4961–4970

Jung H, Lee DK, Choi DY, Kim JK (2015) OsIAA6, a member of the 
rice Aux/IAA gene family, is involved in drought tolerance and 
tiller outgrowth. Plant Sci 236:304–312

Kebrom TH, Burson BL, Finlayson SA (2006) Phytochrome B 
represses Teosinte Branched1 expression and induces sorghum 
axillary bud outgrowth in response to light signals. Plant Physiol 
140:1109–1117

Kebrom TH, Brutnell TP, Finlayson SA (2010) Suppression of sorghum 
axillary bud outgrowth by shade, phyB and defoliation signalling 
pathways. Plant Cell Environ 33:48–58

Lang GA, Early JD, Darnell RD, Martin GC (1987) Endo-, para- and 
ecodormancy: physiological terminology and classification for 
dormancy research. HortScience 22:371–377

Le Moigne MA, Guérin V, Furet PM, Billard V, Lebrec A, Spíchal 
L, Roman H, Citerne S, Morvan-Bertrand A, Limami A, Vian 
A, Lothier J (2018) Asparagine and sugars are both required to 
sustain secondary axis elongation after bud outgrowth in Rosa 
hybrid. J Plant Physiol 222:17–27

Leyser O (2003) Regulation of shoot branching by auxin. Trends Plant 
Sci 8:541–545

Lin H, Wang R, Qian Q, Yan M, Meng X, Fu Z, Yan C, Jiang B, Su 
Z, Li J, Wang Y (2009) DWARF27, an iron-containing protein 
required for the biosynthesis of strigolactones, regulates rice 
tiller bud outgrowth. Plant Cell 21:1512–1525



139Plant Growth Regulation (2020) 92:131–140 

1 3

Liu Y, Ye N, Liu R, Chen M, Zhang J (2010)  H2O2 mediates the reg-
ulation of ABA catabolism and GA biosynthesis in Arabidopsis 
seed dormancy and germination. J Exp Bot 61:2979–2990

Li XY, Qian Q, Fu ZM, Wang YH, Xiong GS, Zeng DL, Wang XQ, 
Liu XF, Teng S, Hiroshi F, Yuan M, Luo D, Han B, Li JY 
(2003) Control of tillering in rice. Nature 422:618–621

Li X, Xia K, Liang Z, Chen K, Gao C, Zhang M (2016) Micro-
RNA393 is involved in nitrogen-promoted rice tillering 
through regulation of auxin signal transduction in axillary 
buds. Sci Rep 6:32158

Li MJ, Wei QP, Xiao YS, Peng FT (2018) The effect of auxin and 
strigolactone on ATP/ADP isopentenyltransferase expression 
and the regulation of apical dominance in peach. Plant Cell Rep 
37:1693–1705

Long J, Barton MK (2000) Initiation of axillary and floral meristems 
in Arabidopsis. Dev Biol 218:341–353

Martín-Trillo M, Grandío EG, Serra F, Marcel F, Rodríguez-Buey 
ML, Schmitz G, Theres K, Bendahmane A, Dopazo H, Cubas P 
(2011) Role of tomato BRANCHED1-like genes in the control of 
shoot branching. Plant J 67:701–714

Mason MG, Ross JJ, Babst BA, Wienclaw BN, Beveridge CA (2014) 
Sugar demand, not auxin, is the initial regulator of apical domi-
nance. Proc Natl Acad Sci USA 111:6092–6097

Ma QJ, Sun MH, Lu J, Liu YJ, Hu DG, Hao YJ (2017) Transcrip-
tion factor AREB2 is involved in soluble sugar accumulation by 
activating sugar transporter and amylase genes. Plant Physiol 
174:2348–2362

Minakuchi K, Kameoka H, Yasuno N, Umehara M, Luo L, Kobayashi 
K, Hanada A, Ueno K, Asami T, Yamaguchi S, Kyozuka J (2010) 
FINE CULM1 (FC1) works downstream of strigolactones to 
inhibit the outgrowth of axillary buds in rice. Plant Cell Physiol 
51:1127–1135

Miyawaki K, Matsumoto-Kitano M, Kakimoto T (2004) Expression 
of cytokinin biosynthetic isopentenyltransferase genes in Arabi-
dopsis: tissue specificity and regulation by auxin, cytokinin, and 
nitrate. Plant J 37:128–138

Moritoh S, Eun CH, Ono A, Asao H, Okano Y, Yamaguchi K, Shi-
matani Z, Koizumi A, Terada R (2012) Targeted disruption of 
an orthologue of DOMAINS REARRANGED METHYLASE 2, 
OsDRM2, impairs the growth of rice plants by abnormal DNA 
methylation. Plant J 71:85–98

Müller D, Schmitz G, Theres K (2006) Blind homologous R2R3 Myb 
genes control the pattern of lateral meristem initiation in Arabi-
dopsis. Plant Cell 18(3):586–597

Müller D, Waldie T, Miyawaki K, To JP, Melnyk CW, Kieber JJ, 
Kakimoto T, Leyser O (2015) Cytokinin is required for escape 
but not release from auxin mediated apical dominance. Plant J 
82(5):874–886

Nakamura H, Xue YL, Miyakawa T, Hou F, Qin HM, Fukui K, Shi 
X, Ito E, Ito S, Park SH, Miyauchi Y (2013) Molecular mecha-
nism of strigolactone perception by DWARF14. Nat Commun 
4(1):1–10

Ni M, Zhang L, Shi YF, Wang C, Lu YR, Pan JW, Liu JZ (2017) Exces-
sive cellular S-nitrosothiol impairs endocytosis of auxin efflux 
transporter PIN2. Front Plant Sci 8:1988

Nordstrom A, Tarkowski P, Tarkowska D, Norbaek R, Astot C, Dolezal 
K, Sandberg G (2004) Auxin regulation of cytokinin biosyn-
thesis in Arabidopsis thaliana: a factor of potential importance 
for auxin-cytokinin-regulated development. Proc Natl Acad Sci 
USA 101:8039–8044

Okagaki RJ, Haaning A, Bilgic H, Heinen S, Druka A, Bayer M, 
Waugh R, Muehlbauera GJ (2018) ELIGULUM-A regulates 
lateral branch and leaf development in Barley. Plant Physiol 
176(4):2750–2760

Ongaro V, Leyser O (2008) Hormonal control of shoot branching. J 
Exp Bot 59(1):67–74

Paponov IA, Teale WD, Trebar M, Blilou I, Palme K (2005) The PIN 
auxin efflux facilitarors: evolutionary and functional perspec-
tives. Trends Plant Sci 10:170–177

Parry G, Marchant A, May ST, Swarup R, Swarup K, James N, Gra-
ham N, Allen T, Chen Y, Fan X, Song W, Zhang Y, Xu G (2012) 
Over-expression of OsPIN2 leads to increased tiller numbers, 
angle and shorter plant height through suppression of OsLAZY1. 
Plant Biotechnol J 10:139–149

Rabot A, Henry C, Baaziz KB, Mortreau E, Azri W, Lothier J, Hamama 
L, Boummaza R, Leduc N, Pelleschitravier S, Gourrierec JL, 
Sakr S (2012) Insight into the role of sugars in bud burst under 
light in the rose. Plant Cell Physiol 53:1068–1082

Rodríguez D, Andrade FH, Goudriaan J (1999) Effects of phosphorus 
nutrition on tiller emergence in wheat. Plant Soil 209:283–295

Roman H, Girault T, Barbier F, Péron T, Brouard N, Pěnčík A, Novák 
O, Vian A, Sakr S, Lothier J, Gourrierec JL, Leduc N (2016) 
Cytokinins are initial targets of light in the control of bud out-
growth. Plant Physiol 172:489–509

Sachs T (1969) Polarity and the induction of organized vascular tissues. 
Ann Bot 33:263–275

Sakr S, Wang M, Dédaldéchamp F, Perez-Garcia MD, Ogé L, Hamama 
L, Atanassova R (2018) The sugar-signaling hub: overview of 
regulators and interaction with the hormonal and metabolic net-
work. Int J Mol Sci 19:E2506

Sanz L, Albertos P, Mateos I, Sanchez-Vicente I, Lechón T, Fernán-
dez-Marcos M, Lorenzo O (2015) Nitric oxide (NO) and phyto-
hormones crosstalk during early plant development. J Exp Bot 
66:2857–2868

Schoof H, Lenhard M, Haecker A, Mayer KFX, Jürgens G, Laux T 
(2000) The stem cell population of Arabidopsis shoot meristems 
is maintained by a regulatory loop between the CLAVATA  and 
WUSCHEL Genes. Cell 100:635–644

Seale M, Bennett T, Leyser O (2017) BRC1 expression regulates bud 
activation potential but is not necessary or sufficient for bud 
growth inhibition in Arabidopsis. Development 144:1661–1673

Shimizu-Sato S, Mori H (2002) Control of outgrowth and dormancy 
in axillary buds. Plant Physiol 127:1405–1413

Shi YF, Wang DL, Wang C, Culler AH, Kreiser MA, Suresh J, Cohen 
JD, Pan JW, Bake B, Liu JZ (2015) Loss of GSNOR1 function 
leads to compromised auxin signaling and polar auxin transport. 
Mol Plant 8:1350–1365

Shi BH, Zhang C, Tian CH, Wang J, Wang Q, Xu TF, Xu Y, Ohno C, 
Sablowski R, Heisler MG, Theres K, Wang Y, Jiao Y (2016) 
Two-step regulation of a meristematic cell population acting in 
shoot branching in Arabidopsis. PLoS Genet 12:7

Snow M, Snow R (1942) The determination of axillary buds. New 
Phytol 41:13–22

Sorefan K, Booker J, Haurogné K, Goussot M, Bainbridge K, Foo E, 
Chatfield S, Ward S, Beveridge C, Rameau C, Leyser O (2003) 
Max4 and RMS1 are orthologous dioxygenase-like genes that 
regulate shoot branching in Arabidopsis and pea. Genes Dev 
17(12):1469–1474

Studer A, Zhao Q, Ross-Ibarra J, Doebley J (2011) Identification of a 
functional transposon insertion in the maize domestication gene 
tb1. Nat Genet 43:1160–1163

Su YH, Liu YB, Zhang XS (2011) Auxin–cytokinin interaction regu-
lates meristem development. Mol Plant 4:616–625

Tanaka M, Takei K, Kojima M, Sakakibara H, Mori H (2006) Auxin 
controls local cytokinin biosynthesis in the nodal stem in apical 
dominance. Plant J 45:1028–1036

Tarancón C, González-Grandío E, Oliveros JC, Nicolas M, Cubas P 
(2017) A conserved carbon starvation response underlies bud 
dormancy in woody and herbaceous species. Front Plant Sci 
8:788

Terrile MC, París R, Calderón-Villalobos L, Iglesias MJ, Lamattina L, 
Estelle M, Casalongue CA (2012) Nitric oxide influences auxin 



140 Plant Growth Regulation (2020) 92:131–140

1 3

signaling through S-nitrosylation of the Arabidopsis TRANS-
PORT INHIBITOR RESPONSE 1 auxin receptor. Plant J 
70:492–500

Thimann KV, Skoog F (1933) Studies on the growth hormone of plants. 
III. The inhibiting action of the growth substance on bud devel-
opment. Proc Natl Acad Sci USA 19:714–716

Tian C, Jiao Y (2015) A systems approach to understand shoot branch-
ing. Curr Plant Biol 3–4:13–19

Tong H, Liu L, Jin Y, Du L, Yin Y, Qian Q, Zhu L, Chu C (2012) 
DWARF AND LOW-TILLERING acts as a direct downstream 
target of a GSK3/SHAGGY-like kinase to mediate brassinoster-
oid responses in rice. Plant Cell 24(6):2562–2577

Umehara M, Hanada A, Yoshida S, Akiyama K, Arite T, Takeda-
Kamiya N, Magome H, Kamiya Y, Shirasu K, Yoneyama K, 
Kyozuka J, Yamaguchi S (2008) Inhibition of shoot branching by 
new terpenoid plant hormones. Nature 455:195–200

Wai AH, An G (2017) Axillary meristem initiation and bud growth in 
rice. J Plant Biol 60(5):440–451

Waldie T, Leyser O (2018) Cytokinin targets auxin transport to promote 
shoot branching. Plant Physiol 177:803–818

Wang Y, Sun S, Zhu W, Jia K, Yang H, Wang X (2013) Strigolactone/
MAX2-induced degradation of brassinosteroid transcriptional 
effector BES1 regulates shoot branching. Dev Cell 27:681–688

Wang Q, Kohlen W, Rossmann S, Vernoux T, Theres K (2014a) 
Auxin depletion from the leaf axil conditions competence for 
axillary meristem formation in Arabidopsis and tomato. Plant 
Cell 26:2068–2079

Wang Y, Wang J, Shi B, Yu T, Qi J, Meyerowit EM, Jiao Y (2014b) The 
stem cell niche in leaf axils is established by auxin and cytokinin 
in Arabidopsis. Plant Cell 26:2055–2067

Wang DL, Gao ZZ, Du PY, Xiao W, Tan QP, Chen XD, Li L, Gao 
DS (2016) Expression of ABA metabolism-related genes sug-
gests similarities and differences between seed dormancy and 
bud dormancy of Peach (Prunus persica). Front Plant Sci 6:1248

Wen D, Gong B, Sun SS, Liu SQ, Wang XF, Wei M, Yang FJ, Li Y, 
Shi QH (2016) Promoting roles of melatonin in adventitous root 
development of Solanum lycopersicum L. by regulating auxin 
and nitric oxide signaling. Front Plant Sci 7:718

Werner T, Motyka V, Strnad M, Schmülling T (2001) Regula-
tion of plant growth by cytokinin. Proc Natl Acad Sci USA 
98(18):10487–10492

Woods DP, Hope CL, Malcomber ST (2011) Phylogenomic analyses of 
the BARREN STALK1/LAX PANICLE1 (BA1/LAX1) genes and 
evidence for their roles during axillary meristem development. 
Mol Biol Evol 28:2147–2159

Xia K, Wang R, Ou X, Fang Z, Tian C, Duan J, Wang Y, Zhang M 
(2012) OsTIR1 and OsAFB2 downregulation via OsmiR393 over-
expression leads to more tillers, early flowering and less toler-
ance to salt and drought in rice. PLoS ONE 7:364–373

Xu Y, Zhang X, Li Q, Cheng ZY, Lou HJ, Ge L, An HL (2014) 
BdBRD1, a brassinosteroid C-6 oxidase homolog in Brachypo-
dium distachyon L., is required for multiple organ development. 
Plant Physiol Biochem 86:91–99

Xu JX, Zha MR, Li Y, Ding YF, Chen L, Ding CG, Wang SH (2015) 
The interaction between nitrogen availability and auxin, cyto-
kinin, and strigolactone in the control of shoot branching in rice 
(Oryza sativa L.). Plant Cell Rep 34:1647–1662

Xu Q, Truong TT, Barrero JM, Jacobsen JV, Hocart CH, Gubler F 
(2016) A role for jasmonates in the release of dormancy by cold 
stratification in wheat. J Exp Bot 67(11):3497–3508

Xu D, Qi X, Li JH, Han XJ, Wang JN, Jiang YZ, Tian YT, Wang YE 
(2017) PzTAC and PzLAZY from a narrow-crown poplar con-
tribute to regulation of branch angles. Plant Physiol Biochem 
118:571–578

Yamada Y, Furusawa S, Nagasaka S, Shimomura K, Yamaguchi 
S, Umehara M (2014) Strigolactone signaling regulates rice 
leaf senescence in response to a phosphate deficiency. Planta 
240:399–408

Yamashita H, Tahara M (2006) A LINE-type retrotransposon active in 
meristem stem cells causes heritable transpositions in the sweet 
potato genome. Plant Mol Biol 61:79–84

Yang M, Jiao Y (2016) Regulation of axillary meristem initiation by 
transcription factors and plant hormones. Front Plant Sci 7:1–17

Yang F, Wang Q, Schmitz G, Müller D, Theres K (2012) The bHLH 
protein ROX acts in concert with RAX1 and LAS to modulate 
axillary meristem formation in Arabidopsis. Plant J 71:61–71

Yang YY, Ren YR, Zheng PF, Zhao LL, You CX, Wang XF, Hao YJ 
(2019) Cloning and functional identification of a strigolactone 
receptor gene MdD14 in apple. Plant Cell Tissue Organ Cult 
140:197–208

Yan YY, Jing X, Tang HM, Li XT, Gong B, Shi QH (2019) Using tran-
scriptome to discover a novel melatonin-induced sodic alkaline 
stress resistant pathway in Solanum lycopersicum L. Plant Cell 
Physiol 60:2051–2064

Yao C, Scott AF (2015) Abscisic acid is a general negative regulator 
of Arabidopsis axillary bud growth. Plant Physiol 169:611–626

Yeh SY, Chen HW, Ng CY, Lin CY, Tseng TH, Li WH, Maurice 
SBK (2015) Down-regulation of cytokinin oxidase 2 expression 
increases tiller number and improves rice yield. Rice 8:36

Yin YH, Wang ZY, Mora-Garcia S, Li JM, Yoshida S, Asami T, Chory 
J (2002) BES1 accumulates in the nucleus in response to brassi-
nosteroids to regulate gene expression and promote stem elonga-
tion. Cell 109:181–191

Zhang S, Li G, Fang J, Chen W, Jiang H, Zou J, Liu X, Zhao X, Li X, 
Chu C, Xie Q, Jiang X, Zhu L (2010) The interactions among 
DWARF10, auxin and cytokinin underlie lateral bud outgrowth 
in rice. J Integr Plant Biol 52:626–638

Zhang MR, Ma FW, Shu HR, Han MY (2017) Branch bending affected 
floral bud development and nutrient accumulation in shoot termi-
nals of ’Fuji’ and ’Gala’ apples. Acta Physiol Plant. https ://doi.
org/10.1007/s1173 8-017-2450-5

Zhang C, Wang J, Wenkel S, Chandler JW, Werr W, Jiao YL (2018) 
Spatiotemporal control of axillary meristem formation by inter-
acting transcriptional regulators. Development 145(24):158352

Zhang J, Huang D, Wang C, Wang B, Fang H, Huo J, Liao W (2019) 
Recent progress in protein S-nitrosylation in phytohormone sign-
aling. Plant Cell Physiol 60(3):494–502

Zhao Y, Christensen SK, Fankhauser C, Cashman JR, Cohen JD, 
Weigel D, Chory J (2001) A role for flavin monooxygenase-like 
enzymes in auxin biosynthesis. Science 291:306–309

Zhao B, Wu TT, Ma SS, Jiang DJ, Bie XM, Sui N, Zhang XS, Wang 
F (2020) TaD27-B gene controls the tiller number in hexaploid 
wheat. Plant Biotechnol J 18:513–525

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s11738-017-2450-5
https://doi.org/10.1007/s11738-017-2450-5

	Shoot branching regulation and signaling
	Abstract
	Introduction
	Genes that regulate shoot branching
	Shoot branching regulation by hormones
	Auxin
	Cytokinins
	Strigolactones
	Other hormones

	Shoot branching regulation by external environment
	Light
	Nutrient elements

	Shoot branching regulation by signal transducers
	Conclusion
	Acknowledgement 
	References




