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Abstract
Although gibberellin (GA) has been reported to control branching, little is known about how GA mediates signals regulat-
ing the outgrowth of axillary buds (ABs). In the current study, the effect of the exogenous application of 5.0 mM GA3 on 
ABs outgrowth on 1-year-old ‘Nagafu No. 2’/T337/M. robusta Rehd. apple trees was investigated and compared to the bud-
activating treatments, 5 mM BA or decapitation. Additionally, the expression of genes related to bud-regulating signals and 
sucrose levels in ABs was examined. Results indicated that GA3 did not promote ABs’ outgrowth, nor down-regulate the 
expression of branching repressors [MdTCP40, MdTCP33, and MdTCP16 (homologs of BRANCHED1 and BRC2)], which 
were significantly inhibited by the BA and decapitation treatments. MdSBP12 and MdSBP18, the putative transcriptional 
activators of these genes, which are expressed at lower levels in BA-treated and decapitated buds, were up-regulated in the 
GA3 treatment in comparison to the BA treatment. Additionally, GA3 did not up-regulate the expression of CK response- and 
auxin transport-related genes, which were immediately induced by the BA treatment. In addition, GA3 also up-regulated the 
expression of several Tre6P biosynthesis genes and reduced sucrose levels in ABs. Sucrose levels, however, were still higher 
than what was observed in BA-treated buds, indicating that sucrose may not be limiting in GA3-controlled AB outgrowth. 
Although GA3 promoted cell division, it was not sufficient to induce AB outgrowth. Conclusively, some branching-inhibiting 
genes and bud-regulating hormones are associated with the inability of GA3 to activate AB outgrowth.
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Introduction

The pattern of shoot branching is a major determinant in 
the establishment of plant architecture. In many crops and 
fruit trees, branching has a profound effect on yield (Kebrom 
et al. 2013; Patrick and Colyvas 2014; Rameau et al. 2015). 
In modern apple orchards, fruit production needs to begin 
with a short juvenile stage as early as possible in order to 
ensure an early return on investment. In this regard, planting 

well-branched, rather than single-stem, apple trees on dwarf-
ing rootstocks greatly contributes to early flowering and the 
onset of production (Kviklys 2006; Bostan 2010; Elfving 
2010; Dun et al. 2012; Atay and Koyuncu 2013). Many 
nursery-grown apple trees, such as ‘Fuji’, exhibit poor levels 
of natural branching (Volz et al. 1994; Atay and Koyuncu 
2013). Apple lateral branches are derived from the out-
growth of axillary buds (ABs), which is controlled by a com-
plex interaction of phytohormones and environmental condi-
tions (Domagalska and Leyser 2011; Rameau et al. 2015). 
Although plant branching is influenced by environmental 
factors, such as temperature (Labuschagné et al. 2003; Naor 
et al. 2003), light (Kebrom and Mullet 2016; Holalu and 
Finlayson 2017), nutrition (Yoneyama et al. 2007), and plant 
density (Aguilarmartínez et al. 2007), considerable research 
has focused on the role of phytohormones and their interac-
tion in regulating AB outgrowth (Leyser 2009).

ABs can either undergo immediate outgrowth and turn 
into a lateral branch or they can remain dormant under 
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natural environmental conditions. Auxin was the first hor-
mone that was suggested to play a crucial role in the sup-
pression of ABs by apical dominance (Thimann and Skoog 
1934; Domagalska and Leyser 2011). There is a strong cor-
relation between AB outgrowth and bud auxin export based 
on Sachs’ auxin transport model (Ho et al. 1981; Bennett 
et al. 2014); specifically, AB is activated when auxin is 
transported out of the bud. In contrast, cytokinins (CKs) 
have been found to directly promote AB outgrowth (Leyser 
2009). Exogenous applications of CK, and the up-regulation 
of CK biosynthesis, induce AB outgrowth (Muller et al. 
2015; Zeng and Zhao 2016). Cytokinin response-regulators 
(RRs), which are the key components in CK signal transduc-
tion pathways, were also reported to have an essential role in 
shoot branching (Muller et al. 2015). Additionally, strigolac-
tones (SLs), which represent a new class of phytohormones 
(Brewer and Beveridge 2009; Agusti et al. 2011), have been 
reported to act antagonistically to CK in regulating AB out-
growth (Dun et al. 2012). However, the outgrowth of ABs 
on CK-treated shoots or decapitated shoots can be efficiently 
inhibited by the application of Germination Releaser 24 
(GR24), a widely used analog of SL (Bergmann et al. 1993; 
Brewer and Beveridge 2009; Dun et al. 2012, 2013). Str-
igolactone deletion mutants, which exhibit a strong branch-
ing phenotype, have also been identified in diverse species, 
including A. thaliana (max), pea (rms), rice (dwarf), and 
petunia (dad) (Sorefan et al. 2003; Arite et al. 2007; Simons 
et al. 2007; Hao et al. 2009).

In addition to hormone signals, local control at the node 
and in the bud contributes to the regulation of bud acti-
vation. BRANCHED1 (BRC1), a member of class II TB1 
CYCLOIDEA PCF (TCP) type transcription factors, is spe-
cifically expressed in non-growing ABs (Aguilarmartínez 
et al. 2007; Finlayson 2007; Martín-Trillo et al. 2011). As a 
repressor of branching, BRC1 is induced by SL and down-
regulated by CK or decapitation in a variety of plant spe-
cies (Aguilarmartínez et al. 2007; Minakuchi et al. 2010; 
Martín-Trillo et al. 2011; Braun et al. 2012; Muhr et al. 
2016). BRC1 transcript abundance also decreases in acti-
vated, elongating ABs (Aguilarmartínez et al. 2007; Fin-
layson 2007). Additionally, BRC1 knock-out mutants also 
exhibit a highly branched phenotype, while overexpression 
results in an inhibition of AB outgrowth (Aguilarmartínez 
et al. 2007; Minakuchi et al. 2010; Martín-Trillo et al. 2011; 
Nicolas et al. 2015; Muhr et al. 2016).

Previous studies have demonstrated the role of sugar in 
the promotion of AB outgrowth (Nunes et al. 2013; Mason 
et al. 2014; François et al. 2015), including a significant 
increase in sugar metabolism and transport during the out-
growth of ABs (Henry et al. 2011; Rabot et al. 2012). In 
pea, more recent studies have found that an adequate supply 
of sugar is essential for the activation of AB outgrowth and 
down-regulation of BRC1 expression (Mason et al. 2014; 

François et al. 2015). Otori et al. (2017) demonstrated that 
improvements in the capacity of sucrose biosynthesis results 
in enhanced shoot branching. Additionally, trehalose 6-phos-
phate, which functions as a signal of sucrose availability 
in plants (Lunn et al. 2006; Yadav et al. 2014), has been 
suggested to be involved in the triggering AB outgrowth 
in garden pea (Fichtner et al. 2017). Additionally, defo-
liation, which reduces the availability of photoassimilates, 
suppressed the outgrowth of ABs following decapitation 
(Mason et al. 2014; Fichtner et al. 2017).

In comparison to the well-known role of gibberellins 
(GAs) in internode elongation (Daviere et al. 2014), the 
specific role of GA in shoot branching has not been char-
acterized well. GA-deficient mutants in Arabidopsis (Sil-
verstone et al. 1998), rice (Lo et al. 2008), and pea (Murfet 
et al. 1993) all exhibited greater levels of shoot branching 
in comparison to their wild-type counterparts. Additionally, 
the overexpression of GA catabolism genes to reduce GA1 
level produces increased branching phenotypes (Agharkar 
et al. 2007; Lo et al. 2008; Mauriat et al. 2011; Zawaski and 
Busov 2014) and the application of GA3 suppressed tillering 
in rice (Lo et al. 2008). In LMP1::AtGA2ox2 hybrid aspen 
plants, a reduction in bioactive GAs was observed which 
resulted in a much higher percentage of lateral buds produc-
ing a branch as compared to wild-type (Mauriat et al. 2011). 
In GA2ox overexpressing plants, this was followed by a sig-
nificant increase in lateral branch outgrowth as compared to 
WT plants (Zawaski and Busov 2014). Collectively, these 
observations suggest that GA acts as a negative regulator 
of branching. However, the promotion of AB outgrowth 
by GA3, GA4 or GA4+7 has been reported in some species, 
such as sweet cherry (Elfving et al. 2011), rose (Choubane 
et al. 2012), and the perennial woody plant Jatropha curcas 
(Ni et al. 2015), respectively. The loss of function mutants 
of DELLA, which are repressors of GA signaling (Peng 
et al. 1997), displayed reduced shoot branching (Cheng 
et al. 2004). These reports indicate that the effect of GAs on 
AB outgrowth varies in different species. Few studies have 
focused on identifying the potential pathways through which 
gibberellin modulates other branch-regulating signals in the 
control of ABs, and especially for apple ABs.

GA3 is a main form of biologically active gibberellins. In 
our previous study, we used GA3 for the exogenous applica-
tion on apple trees to investigate the effect of GA3 on flow-
ering (Zhang et al. 2016; Fan et al. 2017). Additionally, the 
exogenous application of GA3 was reported to trigger AB 
outgrowth in the perennial woody plant Jatropha curcas (Ni 
et al. 2015). As a result, we chose to examine whether the 
application of GA3 was effective for the outgrowth of ABs 
in apple.

In the present study, we examined the effect of GA3 on 
AB outgrowth in 1-year-old ‘Nagafu No. 2’ (a ‘Fuji’ cul-
tivar) / T337 /M. robusta Rehd., a grafting combination 
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widely produced in Chinese nurseries. The effect of an exog-
enous application of GA3 on AB outgrowth was compared 
with the effect of the bud-activating treatments, exogenous 
application of BA or decapitation. The expression pattern of 
several genes associated with the repression of branching, 
bud-regulating hormones, sugar metabolism, cell prolifera-
tion, and sucrose levels was also characterized to determine 
how GA3 modulates the control of branching. Our results 
provide basic information pertaining to the role of GA3 in 
regulating AB outgrowth via crosstalk with other branch-
regulating signals.

Materials and methods

Plant material and treatments

One-year-old ‘Nagafu No. 2’ (a ‘Fuji’ cultivar) grafted 
onto a T337 interstem and M. robusta Rehd. rootstock were 
grown at the experimental nursery of the Northwest Agricul-
ture and Forestry University in Yangling (34°52′N, 108°7′E), 
China. The plants were cultivated in the nursery using a 
spacing of 50 cm × 25 cm. The following steps were used 
in the propagation and cultivation of the apple trees: First, 
seeds of M. robusta Rehd. were sown during the Spring of 
2014 and the T337 buds were subsequently grafted on the 
rootstocks at approximately 20 cm above the ground level 
during the Autumn of 2014. Second, the portions of root-
stocks situated above the buds were cut off during the Spring 
of 2015; after pruning, only T337 buds were allowed to grow 
through the vegetation period. Third, the ‘Nagafu No. 2’ 
scion buds were grafted on the interstems at approximately 
30 cm above the first grafting points during the Autumn of 
2015; subsequently, the T337 part situated above the scion 
buds were cut off during the Spring of the following year 
(2016). Afterwards, we were able to obtain the 1-year-old 
‘Nagafu No. 2’ (a ‘Fuji’ cultivar)/T337 /M. robusta Rehd. 
grafted combinations, which were used in our experiments 
during July (2016). The plant materials were subjected to 
standard management practices.

During July (2016), exogenous applications of GA3, 
cytokinin (6-benzylaminopruine, BA), and BA + PAC 
(paclobutrazol) were applied on the grafted apple trees 
when terminal shoots reached 70–80 cm in length, as meas-
ured from the point of the scion graft to the top of the main 
shoot. 5.0 mM working solutions of GA3 and BA amended 
with 0.05% dimethyl sulfoxide (DMSO) were applied with 
a sprayer. The 5.0 mM PAC solution amended with 0.05% 
DMSO was applied immediately after the BA treatment. 
Spraying treatments were applied by hand using a 1-L 
Solo Snazzy pressurized hand sprayer. The GA3, BA, and 
BA + PAC sprays were applied to the top sections (contain-
ing 8 ABs) of newly developing scion shoots. The control 

materials were sprayed with distilled water containing 0.05% 
DMSO. A single spray of each solution (approximately 
5 mL) was applied to each tree. Each treatment consisted of 
three biological replicates where one replicate consisted of 
100 plants. A schematic representing trees and replicates was 
prepared to help document our exogenous applications in the 
experiment blocks and this method was used to minimize 
the interaction of the applications (Fig. S1). To minimize 
variability between samples, only the ABs at node 3 from 
the apex were sampled in each of the treatments. ABs were 
sampled at 0, 4 and 8 h after the treatments were applied. For 
molecular analyses, 20 ABs were sampled from 10 plants at 
each sampled time-point; constituting one biological rep-
licate. For the measurement of sucrose content, ABs in 70 
plants were sampled and the 10 remaining plants were used 
for phenotyping. The sampled materials were immediately 
frozen in liquid nitrogen and stored at − 80 °C. Bud length 
at nodes 3 was measured using a vernier caliper every 2 
days after the treatments were administered. As shown in 
Fig. 1a–e, ABs exhibiting expansion and elongation, with 
emergence of a ‘growing tip’, were defined as indicators of 
ABs outgrowth. The percentage of induced ABs was deter-
mined at 1 week after treatments.

Extraction and measurement of sucrose content 
in ABs

At each time point, approximately 30 frozen ABs obtained 
from the GA3 and BA treatments and the untreated trees 
were ground and subsequently weighted (0.3 g) for measure-
ments of sucrose content. The extraction was performed as 
described by Rosa et al. (2009) and the identification was 
conducted using a high-performance liquid chromatography 
(HPLC) system with a model 1525 pump (Waters 1525, 
USA) and 2707 autosampler (Waters 2707, USA) with a 
thermostat. Solute elution was monitored using a Visible 
detector (Waters 2414, USA) and data acquisition and pro-
cessing were performed by the Breeze software (Waters, 
USA). Twenty microliters of purified extract was injected 
by auto-sampler (Waters 2707). Analysis conditions were 
as follows: a Waters Sugar-Pak I column (Waters C18) 
was used; the column temperature was 90 °C; the mobile 
phase was 50 mg/L calcium ethylenediaminetetraacetic acid 
(EDTA-Ca; dissolved in redistilled water); the flow rate was 
0.5 ml/min; the total run time was 20 min; and the Visible 
detector (Waters 2414) oven temperature was 40 °C.

RNA extraction and cDNA synthesis

At each time point, total RNA from ABs obtained from 
the GA3, BA and decapitation treatments and the untreated 
trees was extracted using a CTAB-based method (Gambino 
et al. 2008). Integrity of the total RNA, as indicated by three 
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bright stripes, was verified by running the samples on 2% 
agarose gels and RNA concentrations were determined using 
a Nanodrop 2000 spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE, USA). All of the obtained OD260/280 
values ranged between 1.8 and 2.0. Last, cDNA were syn-
thesized using a PrimeScript RT Reagent Kit with gDNA 
Eraser (TaKaRa Bio, Shiga, Japan).

qRT‑PCR analysis

The relative expression of genes involved in branching 
inhibition (MdTCP33, MdTCP40, MdTCP16, MdSBP12, 
and MdSBP18), cytokinin biosynthesis and signaling 
(MdIPT1, MdIPT3, MdRRB9, MdRRB11, MdRRA3, and 
MdRRA14), auxin biosynthesis and transport (MdYUCCA6a, 

Fig. 1   Effect of the exogenous application of GA3, BA, or BA + PAC 
on the outgrowth of ABs in 1-year-old apple trees. a Inactive bud. b, 
c Induced outgrowth buds. d, e Lateral branches. f Branching phe-
notypes of treated shoots after the application of different hormo-
nal treatments. Scale bars = 2  cm. g, h Representative ABs treated 
with GA3, BA, or BA + PAC. Scale bars = 2  cm. i The percentage 
of induced ABs (in treated section), which exhibited expansion and 

elongation with the ‘growing tip’ appearing was evaluated 1  week 
after treatments (n = 30). j ABs’ length at nodes 3 was measured 
using a vernier caliper every 2 days starting after treatments (n = 30). 
The data represent the mean ± standard error in i and j. Small letters 
(a, b, c) above the bars indicate significant differences according to 
Tukey test between the different treatments at each time-point. Red 
arrows indicate the induced outgrowth buds with the ‘growing tip’
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MdYUCCA6b, MdYUCCA10a, MdAUX1-1, MdAUX1-2, and 
MdPIN1), DELLAs (MdRGL1a, MdRGL1b, MdRGL2a, 
MdRGL2b, MdRGL3a, and MdRGL3b), Tre6P biosynthesis 
(MdTPS5, MdTPS6, MdTPS7, MdTPS8, and MdTPS10) and 
cell proliferation (MdCYCA1;1, MdCYCB1;1, MdCYCB1;2, 
MdCDKB2;1, MdCDC20a, MdCDC20b, MdTCP13, 
MdTCP38, and MdTCP34) was analyzed by Quantita-
tive real-time PCR (qRT-PCR). Related protein sequences 
that were reported in other species were used as queries 
in BLASTP searches with default parameters against the 
Malus domestica Genome database (Malus domestica 
Genome database v1.0, http://www.rosac​eae.org/). The 
gene names (the abbreviation and full names) and the apple 
accession numbers, as well as the species and proteins of 
the homologue on which the apple protein is based, were 
listed in Table S1. The apple Actin gene served as a refer-
ence gene. Specific primers used in the qRT-PCR analyses 
were designed using Primer Premier 6.0 software. Primer 
sequences are listed in Table S2.

The reaction mixtures contained 10.0 µL of 2 × SYBR 
Premix Ex Taq II (TaKaRa, Beijing, China), 2.0 µL of cDNA 
template (150 ng/µl), 0.8 µL of the forward and reverse prim-
ers, and 6.4 µL of ddH2O, to make a total volume of 20 µL. 
The qRT-PCR assays were run on a CFX ConnectTM Optics 
Module (Bio-Rad, Singapore) with an initial denaturation 
of 95 °C for 180 s, followed by 39 cycles of 95 °C for 15 s, 
58 °C for 20 s, and 72 °C for 20 s. The resulting fragments 
were subjected to a melting-curve analysis immediately after 
real-time PCR to verify the presence of gene-specific PCR 
products under the following conditions: 95 °C for 15 s, 
followed by a constant increase from 60 to 95 °C at a 2% 
ramp rate. Each reaction was performed in triplicate and the 
2−DDCt method was used to calculate the relative expression 
level of the different genes (Livak and Schmittgen 2001).

Statistical analysis

Statistical analyses of the qRT-PCR data were performed in 
Excel 2003. Treatment effects were determined by ANOVA 
and the means were compared by the Tukey test using SPSS 
18 (Chicago, IL, USA). Differences in values were consid-
ered statistically significant at P < 0.05. Figures were gener-
ated in Sigma Plot 10.0 (Systat Software, Inc.).

Results

Phenotypic changes in AB outgrowth in response 
to different exogenous applications

The impact of GA3 on the outgrowth of ABs was examined. 
In contrast to exogenous application of BA, GA3 was not 
effective for promoting apple ABs’ outgrowth (Fig. 1). ABs 

on GA3-treated shoots remained inactive (Fig. 1i, j). Addi-
tionally, a co-application of BA and paclobutrazol (an inhibi-
tor of gibberellin biosynthesis, PAC) (Ghosh et al. 2011) did 
not affect the number of ABs that were activated compared 
to the BA treatment alone (Fig. 1i), but significantly reduced 
the length of lateral branches mediated by BA at node 3 
(Fig. 1j). These data suggest that the inhibition of endog-
enous GA may limit the growth of lateral branches that are 
activated by BA in apple.

GA3 supply does not inhibit the expression 
of branching‑inhibitor genes

BRANCHED1 (BRC1) and BRANCHED1(BRC2) act as 
inhibitors of AB outgrowth and are specifically expressed 
in ABs (Aguilarmartínez et al. 2007; Finlayson 2007). Tran-
script levels of MdTCP40, MdTCP16 and MdTCP33, which 
are homologs of AtBRC1 and AtBRC2 (Xu et al. 2014), were 
analyzed by quantitative real-time PCR (qRT-PCR) in dif-
ferent tissues in order to determine their role in the local 
control of AB outgrowth (Fig. S2 a–d). Results indicated 
that all of these genes were highly expressed in ABs. In 
addition, MdTCP40 and MdTCP16 also exhibited high levels 
of expression in flower buds, which could be considered as 
another axillary structure (Fig. S2 a, b). In contrast, the level 
of a class I TCP gene, MdTCP34, which is a homolog of 
AtTCP15 (Xu et al. 2014), was examined as a negative con-
trol (Fig. S2d). Results indicated that MdTCP34 was highly 
expressed in roots and fruits (Fig. S2 d), thus providing fur-
ther support for the specific high expression of MdTCP40, 
MdTCP16, and MdTCP33 in ABs.

Since BRC1 and BRC2 transcript levels are often used as 
a marker for the inhibition of bud growth (Aguilarmartínez 
et al. 2007), their expression levels were analyzed in ABs 
obtained from GA3-, BA-, or decapitation-treated shoots 
(Fig. 2). MdTCP33, MdTCP40, and MdTCP16 were sig-
nificantly down-regulated at 4 and 8 h after the BA and 
decapitation treatments, except for MdTCP16, which did 
not exhibit a difference at 8 h after decapitation (Fig. 2a–f). 
In contrast, these genes did not exhibit any difference in 
transcript levels in GA3-treated vs. non-treated bud samples 
at the 4 h sampling time. In fact, MdTCP40 and MdTCP16 
expression levels were distinctly up-regulated at 8 h in 
GA3-treated ABs (Fig. 2b, c). Taken together, these data sug-
gest that the inactivity of apple AB to activate in response 
to GA may be due to the inability of GA3 to suppress the 
putative branching-inhibitor genes. Transcript levels of 
MdSBP12 and MdSBP18, which are homologs of AtSPL2 
and AtSPL9/15 (Li et al. 2013) that potentially activate TB1 
(BRC1) expression (Lu et al. 2013; Liu et al. 2017), were 
also strongly reduced at 4 and 8 h after the BA and decapita-
tion treatments (Fig. 2g–j). In contrast, no significant differ-
ence in MdSBP12 expression was observed at 4 h and 8 h in 

http://www.rosaceae.org/
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GA3-treated buds vs. untreated buds. In contrast, however, 
MdSBP18 was down-regulated at 4 and 8 h after the GA3 
treatment.

GA3 supply may not induce CK responses effectively

In order to examine the involvement of cytokinin-related 
responses in GA3-, BA + PAC-, and BA-treated buds, tran-
script levels of cytokinin synthesis-related genes (MdIPT1 
and MdIPT3) and CK signaling-related genes (MdRRB9, 

MdRRB11, MdRRA3, and MdRRA14) were analyzed (Fig. 3). 
MdIPT1 was down-regulated by the GA3 treatment at 4 h, 
but significantly up-regulated at 8 h. In contrast, MdIPT1 
transcript levels did not change in BA + PAC- or BA-treated 
buds at the 8-h sampling time point, relative to transcript 
levels in non-treated buds. MdIPT3, however, exhibited 
higher expression in buds treated with exogenous hormones 
than in untreated buds from 4 to 8 h, with an exception for 
in BA-treated buds at 8 h whose expression did not appreci-
ably change. MdRRB9 and MdRRB11 (B-type MdRR genes) 

Fig. 2   Effect of GA3, BA and decapitation on the expression of 
branching regulators (MdTCP33, MdTCP40, MdTCP16, MdSBP12, 
and MdSBP18) in ABs located at node 3 of 1-year-old apple trees. 
Samples from non-treated and treated ABs were collected at 0, 
4, and 8  h after the treatments. Decapitation was conducted on the 
1-year-old nursery apple trees when the main stem reached to 90 cm 
by removing approximately 1 cm of the shoot tip. All transcript lev-

els were normalized to their respective corresponding levels in non-
treated controls (0 h). Apple actin was used as a reference gene. The 
data represent the mean ± standard error of three replicates. Small let-
ters (a, b, c) above the bars indicate statistically significant differences 
(P < 0.05) according to Tukey test between non-treated and treated 
ABs at each time-point. Decap: decapitation
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(Li et al. 2017) were significantly up-regulated during the 
first 8 h in the presence of BA, but not GA3 (Fig. 3c, d). 
MdRRA3 and MdRRA14 (A-type MdRRs genes) (Li et al. 
2017) were markedly up-regulated by the BA treatment at 
all time points, while the co-application of BA + PAC did not 
effect on transcript levels; except for MdRRA14 which was 
up-regulated at 8 h in the BA + PAC treatment in comparison 
to the BA treatment (Fig. 3e, f). MdRRB9 and MdRRB11 
did not exhibit any change in response to the GA3 treat-
ment; however, their expression levels were lower than in the 
untreated buds at 8 h. MdRRA3 and MdRRA14 were up-regu-
lated at 4 h in the GA3 treatment, but not as strongly as in the 
BA treatment and were down-regulated at 8 h. Collectively, 
these data indicate that GA3 does not have a major impact 
on cytokinin-signaling-related gene expression. DELLAs, 
which are repressors of GA signaling (Peng et al. 1997), 
have been reported to influence the transactivation ability of 
type-B ARR genes (Marínde et al. 2015). Transcript levels 
of six MdDELLA genes (MdRGL1a, MdRGL1b, MdRGL2a, 
MdRGL2b, MdRGL3a, and MdRGL3b), which were iden-
tified in the apple genome (Foster et al. 2006), were also 
investigated (Fig. S3). MdRGL1a and MdRGL3a were not 
up-regulated at 4 h, but exhibited significant up-regulation 
at 8 h after the GA3 treatment. MdRGL1b and MdRGL2a 
were significantly down-regulated at 4 h, whereas they were 
up-regulated at 8 h in GA3-treated buds. MdRGL2b and 
MdRGL3b exhibited higher expression in GA3-treated buds 

than in untreated buds at all sampling time points, except for 
MdRGL2b, which did not exhibit a significant increase in its 
transcript level at 8 h. MdRGL1a, MdRGL2b, MdRGL3a, 
and MdRGL3b were also strongly up-regulated at 4 or 8 h 
in the BA treatment. MdRGL1b and MdRGL2a, however, 
were down-regulated in the BA-treated buds at all of the 
sampled time points.

Effect of GA3 supply on auxin export out of ABs

The export of auxin out of ABs into subtending stems has 
been previously demonstrated in activated ABs (Li and 
Bangerth 1999; Balla et al. 2011). In order to investigate 
the involvement of bud auxin export in GA3-, BA + PAC-, 
and BA-treated ABs, the relative expression of auxin syn-
thesis-related genes (MdYUCCA6a, MdYUCCA6b, and 
MdYUCCA10) and transport-related genes (MdAUX1-1, 
MdAUX1-2 and MdPIN1) was examined (Fig. 4). MdY-
UCCA6a and MdYUCCA6b were up-regulated, but MdY-
UCCA10 was strongly down-regulated by all hormone 
treatments at all of the sampled time points. The expression 
of MdAUX1-1, MdAUX1-2, and MdPIN1 did not exhibit 
a response to the GA3 treatment and their level of expres-
sion was similar to expression levels in untreated buds at 
4 and 8 h. In contrast, transcripts of these genes were rap-
idly up-regulated in ABs with the presence of BA at the 8-h 
time point. The expression levels in BA-treated ABs were 

Fig. 3   Effect of GA3, BA + PAC, or BA on the expression of cyto-
kinin synthesis-related genes (MdIPT1 and MdIPT3) and signal-
ing-related genes (MdRRB9, MdRRB11, MdRRA3, and MdRRA14) 
in apple ABs located at node 3. Samples from non-treated, GA3-, 
BA + PAC-, and BA-treated ABs were collected at 0, 4, and 8 h after 
the treatments. All transcript levels were normalized to their respec-

tive corresponding levels in non-treated controls (0  h). Apple actin 
was used as a reference gene. The data represent the mean ± standard 
error of three replicates. Small letters (a, b, c) above the bars indicate 
statistically significant differences (P < 0.05) according to Tukey test 
between non-treated, GA3-, BA + PAC-, and BA-treated ABs at each 
time-point
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significantly higher than in the GA3 treatment. These data 
indicate that the export of auxin out of ABs may not be 
induced by the GA3 treatment.

Effect of GA3 supply on SL

To test the involvement of strigolactones in GA3-, 
BA + PAC-, and BA-treated buds, the expression of strigo-
lactones synthesis-related genes (MdMAX1 and MdD14) 

and SL signaling-related genes (MdMAX2) were quanti-
fied (Fig. 5). MdMAX1 was significantly down-regulated by 
all hormone treatments at 4 and 8 h, respectively (Fig. 5a). 
MdD14 exhibited lower expression in GA3-treated buds than 
in untreated buds at 4 h, while its expression did not appre-
ciably change in response to the BA treatment at all of the 
sampling time points (Fig. 5b). The expression of MdMAX2 
was down-regulated in GA3-treated buds at 4 h, while no 
difference was observed in the presence of BA-treated vs. 

Fig. 4   Effect of GA3, BA + PAC, or BA on the expression of auxin 
synthesis-related genes (MdYUCCA6a, MdYUCCA6b, and MdY-
UCCA10a) and transport-related genes (MdAUX1-1, MdAUX1-2, 
and MdPIN1) in apple ABs located at node 3. Samples from non-
treated, GA3-, BA + PAC-, and BA-treated ABs were collected at 
0, 4, and 8 h after the treatments. All transcript levels were normal-

ized to their respective corresponding levels in non-treated controls 
(0 h). Apple actin was used as a reference gene. The data represent 
the mean ± standard error of three replicates. Small letters (a, b, c) 
above the bars indicate statistically significant differences (P < 0.05) 
according to Tukey test between non-treated, GA3-, BA + PAC-, and 
BA-treated ABs at each time-point

Fig. 5   Effect of GA3, BA + PAC, or BA on the expression of strigol-
actone synthesis-related genes (MdMAX1 and MdD14) and signaling-
related gene (MdMAX2) in apple ABs located at node 3. Samples 
from non-treated, GA3-, BA + PAC-, and BA-treated ABs were col-
lected at 0, 4, and 8 h after the treatments. All transcript levels were 
normalized to their respective corresponding levels in non-treated 

controls (0  h). Apple actin was used as a reference gene. The data 
represent the mean ± standard error of three replicates. Small let-
ters (a, b, c) above the bars indicate statistically significant differ-
ences (P < 0.05) according to Tukey test between non-treated, GA3-, 
BA + PAC-, and BA-treated ABs at each time-point
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non-treated bud samples at 4 h (Fig. 5c). MdMAX2, however, 
was strongly up-regulated by all hormone applications at 8 h.

GA3 supply promotes Tre6P biosynthesis in ABs

In order to determine whether or not the activation of ABs 
in decapitated shoots is correlated with Tre6P levels, the 
expression of several MdTPS genes that are essential com-
ponents of the Tre6P biosynthetic pathway (Du et al. 2017) 
were analyzed using qRT-PCR (Fig. 6a–e). As expected, all 
five MdTPS genes (MdTPS5, MdTPS6, MdTPS7, MdTPS8, 

and MdTPS10) were strongly up-regulated within 4 and 8 h 
after decapitation; especially MdTPS5 which exhibited more 
than a 120-fold increase in transcript levels at 8 h (Fig. 6a). 
MdTPS gene transcript accumulation was also investigated 
in response to the GA3 and BA treatments (Fig.  6f–j). 
MdTPS5 and MdTPS8 were strongly down-regulated by the 
GA3 treatment at 4 h, while MdTPS8 was significantly up-
regulated at 8 h. MdTPS6, however, did not exhibit a sig-
nificant difference in expression between GA3- treated and 
untreated buds at 4 and 8 h. MdTPS7 and MdTPS10 were 
up-regulated at all of the sampling time points of GA3 with 

Fig. 6   Effect of decapitation, GA3, and BA on the expression of 
Tre6P biosynthesis-related genes (MdTPS5, MdTPS6, MdTPS7, 
MdTPS8, and MdTPS10) in apple ABs located at node 3. Samples 
from non-treated and treated ABs were collected at 0, 4, and 8  h 
after the treatments. Decapitation was conducted on the 1-year-old 
nursery apple trees when the main stem reached to 90 cm by remov-
ing approximately 1  cm of the shoot tip. All transcript levels were 

normalized to their respective corresponding levels in non-treated 
controls (0  h). Apple actin was used as a reference gene. The data 
represent the mean ± standard error of three replicates. Small letters 
(a, b, c) above the bars indicate statistically significant differences 
(P < 0.05) according to Tukey test between non-treated and treated 
ABs at each time-point. Decap: decapitation
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respect to control, expect for MdTPS7, which did not exhibit 
a significant increase in its expression at 8 h. MdTPS5 was 
significantly down-regulated at 4 h, whereas, it was up-reg-
ulated at 8 h in the BA treatment. MdTPS7, however, was 
strongly up-regulated at 4 h. MdTPS6 and MdTPS8 did not 
exhibit a significant difference in expression between BA-
treated and untreated buds at 4 and 8 h. The expression of 
MdTPS10, however, increased in response to the BA treat-
ment. Collectively, the data indicate that there was no cor-
relation between Tre6P biosynthesis and the inactivity of 
ABs in the GA3 treatment.

GA3 supply reduces endogenous sucrose content 
in ABs

To examine the effect of GA3 and BA on sucrose metabolism 
in ABs, endogenous sucrose levels were examined (Fig. 7). 
In general, sucrose content strongly decreased during the 
sampled time points in response to the GA3 and BA treat-
ments. The levels of sucrose in GA3-treated ABs, however, 
were higher than in BA-treated ABs at all of the examined 
time points, except for 48 h. These data suggest that the 
effect of GA3 or CK on bud regulation may not be mediated 
by the supply of sucrose to ABs.

GA3 supply activates cell proliferation in ABs

The function of CK is primarily executed through the control 
of cell cycle activity (Roef and Onckelen 2010). Based on 
this fact and the lack of a stimulatory effect of GA3 on AB 

outgrowth, the expression of several cell division-related 
genes was analyzed in response to the GA3 and BA treat-
ments (Fig. 8). Expression levels of three class I TCP genes 
(MdTCP13, MdTCP38, and MdTCP34), which are homologs 
of AtTCP14 and AtTCP15 (Xu et al. 2014) and are associated 
with the promotion of cell proliferation (Martin et al. 2011), 
were also examined. Results indicated that the expression 
of MdCYCA1;1, MdCYCB1;1, MdCYCB1;2, MdCDKB2;1, 
MdCDC20a, and MdCDC20b increased in BA-treated ABs 
at 4 or 8 h, relative to their expression in untreated ABs 
(Fig. 8a–f). MdCYCB1;1, MdCYCB1;2, and MdCDC20a, 
however, were also up-regulated by the GA3 treatment at 
4 or 8 h (Fig. 8b, c, e). Specifically, the class I TCP genes, 
MdTCP13, MdTCP38, and MdTCP34, all exhibited higher 
expression at all of the sampled time points in both GA3- 
and BA-treated ABs, relative to their expression in untreated 
ABs (Fig. 8g–i).

Discussion

Although a positive regulatory role of GA3 in branching 
has been observed in some species such as sweet cherry 
(Elfving et al. 2011), the perennial woody plant J. curcas 
(Ni et al. 2015; Rinne et al. 2016) and hybrid aspen (Rinne 
et al. 2016), the outgrowth of ABs in nursery apple trees was 
not found to be stimulated by the exogenous application of 
GA3 in our study. Additionally, we also investigated how 
the ABs respond to different concentrations of GA3 and BA. 
Treatment with higher concentrations of GA3 did not lead to 
promotion in AB outgrowth, while the application of higher 
concentrations of BA (7 mM) led to a similar increased num-
ber of stimulated lateral buds (data was not shown). These 
data indicated that the inactive ABs in GA3-treated shoots 
may not be caused by the selected concentration of GA3. The 
co-application of BA and PAC results in a reduced length of 
developing lateral branches (Fig. 1j) indicating that bud dor-
mancy may inhibit the role of GA3 in internodal elongation.

To further characterize the observation that gibberel-
lin is unable to activate AB outgrowth, we examined the 
expression of the bud-specific gene, BRC1 (BRANCHED1) 
and BRC2 (Aguilarmartínez et al. 2007), both of which are 
important regulators of shoot branching. BRC1 and BRC2 
are class II TCP transcription factors that possess a con-
served function in negatively regulating AB outgrowth in 
various plant species, such as Arabidopsis (Aguilarmartínez 
et al. 2007), sorghum (Kebrom and Finlayson 2006), rice 
(Minakuchi et al. 2010), pea (Braun et al. 2012), tomato 
(Martín-Trillo et al. 2011), potato (Nicolas et al. 2015), and 
poplar (Muhr et al. 2016). In the present study, expression 
analyses were used to identify likely apple BRC orthologs 
based on their typical expression patterns including high 
levels of expression in non-growing ABs (Aguilarmartínez 

Fig. 7   Changes in sucrose levels in ABs located at node 3 in response 
to the GA3 and BA treatments. Samples from non-treated, GA3, 
and BA-treated ABs were collected at 0, 4, 8, 24, and 48 h after the 
treatments. The data represent the mean ± standard error of three 
replicates. Small letters (a, b, c) above the bars indicate statistically 
significant differences (P < 0.05) according to Tukey test between 
non-treated, GA3-, and BA-treated ABs at each time-point
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et al. 2007; Finlayson 2007; Martín-Trillo et al. 2011) and 
down-regulation under conditions that promote AB out-
growth (Aguilarmartínez et al. 2007; Minakuchi et al. 2010; 
Braun et al. 2012; Ni et al. 2015). The identified apple BRC 
orthologs were highly expressed in ABs; however, MdTCP40 
and MdTCP16 were also highly expressed in flower buds 
(Fig. S2a–c). This pattern of expression is similar to the 
reported pattern of expression of AtBRC1 and AtBRC2, 
which also exhibited considerable expression in floral organs 
(Aguilarmartínez et al. 2007; Finlayson 2007). Moreover, 
BRC1 has also been reported to inhibit the floral transi-
tion of the axillary meristems in Arabidopsis by interact-
ing with FLOWERING LOCUS T (FT) (Niwa et al. 2013). 
In contrast, the expression of BRC1 and BRC2 was down-
regulated during the outgrowth of ABs (Aguilarmartínez 
et al. 2007). Similar patterns of expression were observed in 
ABs in decapitation or CK treatments in Arabidopsis (Agui-
larmartínez et al. 2007), tomato (Martín-Trillo et al. 2011), 
rice (Minakuchi et al. 2010), pea (Braun et al. 2012), and 

poplar (Muhr et al. 2016). Therefore, it was reasonable to 
hypothesize that BRC1 and BRC2 homologues in apple ABs 
may exhibit a similar reduction of expression in response to 
the BA and decapitation treatments. Indeed, the expression 
of MdTCP33, MdTCP40, and MdTCP16 was significantly 
down-regulated in BA- and decapitation-treated ABs rela-
tive to their expression in untreated ABs (Fig. 2a–f). These 
results support the conserved role of MdTCP33, MdTCP40, 
and MdTCP16 as functional BRC1 and BRC2 orthologs. 
Based on these results, we also investigated their expression 
in ABs following the application of GA3. Transcript levels 
for all of these genes remained unchanged at 4 h by the GA3 
treatment, and levels of MdTCP40 and MdTCP16 expres-
sion were highly up-regulated at 8 h (Fig. 2a–c). These data 
suggest that GA3 may limit the activation of ABs. Addi-
tionally, the expression of TB1 (BRC1) can be activated by 
OsSPL14 (homologs of Arabidopsis AtSPL9) in rice (Lu 
et al. 2013); as well as in bread wheat (Lu et al. 2013; Liu 
et al. 2017). In our study, the expression levels of apple BRC 

Fig. 8   Effect of GA3 and BA on the expression of cell prolifer-
ation-related genes (MdCYCA1;1, MdCYCB1;1, MdCYCB1;2, 
MdCDKB2;1, MdCDC20a, MdCDC20b, MdTCP13, MdTCP38, 
and MdTCP34) in apple ABs located at node 3. Samples from non-
treated, GA3-, and BA-treated ABs were collected at 0, 4, and 
8  h after the treatments. All transcript levels were normalized to 

their respective corresponding levels in non-treated controls (0  h). 
Apple actin was used as a reference gene. The data represent the 
mean ± standard error of three replicates. Small letters (a, b, c) above 
the bars indicate statistically significant differences (P < 0.05) accord-
ing to Tukey test between non-treated, GA3-, and BA-treated ABs at 
each time-point
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genes were correlated with related MdSPL genes (MdSBP12 
and MdSBP18) in GA3-, BA- and decapitation-treated ABs, 
respectively (Fig. 2g–j). These results raise the possibility 
that MdSBP12 or MdSBP18 activates the expression of apple 
BRC-homologues.

Exogenous treatments with hormones have a signifi-
cant effect on the balance of branch-related endogenous 
hormones that are present in ABs. CKs are involved in the 
activation of AB outgrowth in various species, including 
apple. CK-responsive type-B RR genes are believed to act 
as DNA-binding transcription factors that mediate CK sign-
aling in the regulation of plant development (Sakai et al. 
2001; Moubayidin et al. 2010). Many CK-regulated genes 
require the activation of type-B ARRs (Taniguchi et al. 2007; 
Argyros et al. 2008). The strongest evidence for the function 
of type-B ARRs in regulating the CK signaling has been 
obtained from the functional analysis of ARR1. Specifi-
cally, the over-expression of ARR1 in Arabidopsis results 
in the production of ectopic shoots and causes increased 
sensitivity to CK, while arr1-1 mutants exhibit dimin-
ished sensitivity to CK (Sakai et al. 2001). Our previous 
study indicated that the increase in apple floral induction 
by the application of exogenous CK might be due to the 
transcriptional activation of apple ARR1 on the flowering 
integrator, MdSOC1a/b (Li et al. 2017). It is also possible 
that ARR1 may target the expression of branching-related 
genes to promote AB outgrowth. In this scenario, the main-
tenance of AB dormancy after treatment with GA3 may be 
due to the lower expression of two homologues of ARR1 
(MdRRB9 and MdRRB11) relative to their expression in BA-
treated buds. In Arabidopsis, GA3 can suppress cytokinin 
responses through SPY-independent pathways, in which SPY 
suppresses GA signaling and promotes cytokinin responses 
(Greenboim-Wainberg and Weiss 2005; Maymon et al. 2009; 
Steiner and Weiss 2012). Additionally, DELLAs, which are 
considered as repressors of GA signaling (Peng et al. 1997; 
Cheng et al. 2004), have been reported to be recruited by 
type-B ARRs to enhance their transcription ability (Marínde 
et al. 2015). As a result, della mutants consistently exhibit 
reduced shoot branching (Cheng et al. 2004). Indeed, four 
(MdRGL1a, MdRGL2b, MdRGL3a, and MdRGL3b) out of 
six apple MdDELLA genes exhibited high levels of expres-
sion in response to the BA treatment (Fig. S3). GAs trigger 
DELLA degradation and thereby promote growth (Davière 
and Achard 2013). Transcript levels of apple MdDELLA 
genes, however, increased in response to the GA3 treatment 
(Fig. S3). Similar results have been previously reported 
(Itoh et al. 2002; Richter et al. 2010), indicating that the 
enhancement of DELLA gene expression may be due to 
a feedback mechanism. CK-responsive type-A RRs act as 
negative inhibitors of the CK signaling. CK-response in 
multiple type-A RR mutants has been examined and results 
indicate that the ABs in wild-type plants were activated after 

CK treatment, whereas the ABs in arr3,4,5,6,7,15 multi-
ple mutants were not (Muller et al. 2015). In our study, the 
transcript abundance of MdRRA3 and MdRRA14 increased 
in BA-treated ABs at 4 and 8 h (Fig. 3e, f). Activation of the 
expression of these genes is required for the CK-mediated 
activation of ABs (Muller et al. 2015). Conversely, GA3 
suppressed the induction of the CK primary-response gene, 
A-ARR5 (Greenboim-Wainberg and Weiss 2005), and similar 
results were also found in the present study. The expres-
sion of MdRRA3 and MdRRA14, which cluster with ARR5 
(Li et al. 2017), was not significantly induced by exog-
enous application of GA3. Muller et al. (Muller et al. 2015) 
reported, however, that IPT-mediated CK synthesis in bud 
initiation did not require the ARRs involved in bud activa-
tion. We speculate that the up-regulation of CK biosynthesis 
observed in GA3-treated buds at 4 or 8 h (Fig. 3) may play 
a role in bud development, but not the initial activation of 
ABs.

Auxin acts antagonistically to cytokinins, which inhibits 
the outgrowth of AB mediated by apical dominance. There 
is a strong correlation, however, between AB outgrowth and 
the export of auxin out of the bud that AB outgrowth occurs 
along with bud auxin export (Li and Bangerth 1999; Balla 
et al. 2011; Domagalska and Leyser 2011). As reviewed by 
Muller and Leyser (2011), CK-mediated activation of ABs 
has been reported to be dependent on the change of endog-
enous auxin levels in buds. In our results, CK was found to 
up-regulate the biosynthesis of auxin in ABs. Indeed, the 
application of BA increased the expression of two auxin 
biosynthesis genes (YUCCA6a and YUCCA6b) (Fig. 4a, b). 
The effect of cytokinin on auxin biosynthesis has been previ-
ously reported in associated stem tissues (Li and Bangerth 
2003). In our study, the auxin transcript genes, MdAUX1-1, 
MdAUX1-2, and MdPIN1, were up-regulated in response 
to exogenous application of BA (Fig. 4d–f). We also can-
not determine, however, if the promotion of auxin biosyn-
thesis in ABs is caused by CK directly or by the increased 
export of auxin from AB tissues; which would also stimulate 
endogenous auxin synthesis. ABs treated with GA3 exhibited 
increased auxin synthesis, but no significant difference in the 
expression of auxin transport genes (MdAUX1-1, MdAUX1-
2 and MdPIN1) was observed relative to untreated buds. It 
should be noted that GA also enhances apical dominance 
(Willige et al. 2011). Therefore, the application of GA3 may 
increase the auxin levels in the main stem, which intensifies 
the competitiveness of the main shoot apex for access to a 
common polar auxin transport stream (PATS) (Bennett et al. 
2006; Crawford et al. 2010); hence preventing auxin export 
from ABs.

Recent studies have shown that AB outgrowth can be 
regulated by strigolactones. In buds, the expression of 
the strigolactone synthesis-related genes, MdMAX1, was 
down-regulated by GA3 and BA (Fig. 5a). MdMAX2, a key 
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regulatory gene in the signal transduction of strigolactones, 
was inhibited at 4 h, while its expression was up-regulated 
at 8 h by GA3 treatment (Fig. 5c). These effects may result 
from the independence of GAs and SLs in repressing AB 
outgrowth (De et al. 2013). However, in Rosa hybrida plants, 
RwMAX2 was repressed early by sucrose; which could trig-
ger the outgrowth of ABs (François et al. 2015). It was 
considered that the SL response through RwMAX2 may be 
involved in bud outgrowth that is promoted by sucrose. In 
contrast, the expression of MdMAX2 was strongly induced 
in BA-treated buds. It is plausible that this contrasting result 
may indicate that the outgrowth of ABs promoted by CK 
was not caused by the inhibition of SL, which was reported 
to act antagonistically with CK in bud outgrowth control 
(Dun et al. 2012). Additionally, SLs and CK can act directly 
in buds to control their outgrowth (Dun et al. 2012). Our 
previous physiological study demonstrated that the co-
application of GA3 with BA did not inhibit the BA-triggered 
bud outgrowth, but promoted an increase in the length of 
developing shoots derived from the outgrowth of ABs (data 
was not shown). However, the outgrowth of ABs induced by 
CK can be efficiently inhibited by the application of GR24 
(Brewer and Beveridge 2009; Dun et al. 2012, 2013). We 
hypothesize that GA3 may play a role in internode elonga-
tion in the presence of a promoter of branching rather than 
the inhibition of AB outgrowth, similar to what SL does. 
However, in rice, there is evidence that DELLA SLR1 can 
interact with DWARF14 (D14; the putative SL receptor) 
in an SL-dependent manner (Nakamura et al. 2013). As a 
result, further investigations are warranted and necessary to 
elucidate the probable mechanism underlying the interplay 
of GA and SL signaling in controlling AB outgrowth.

In addition to the role of branch-related hormones, 
sucrose and Tre6P have been recently demonstrated to have 
a strong influence on shoot branching (Mason et al. 2014; 
François et al. 2015; Fichtner et al. 2017). Tre6P, a signal of 
sucrose availability in plants (Lunn et al. 2006; Yadav et al. 
2014), is synthesized by Tre6P synthase (TPS) and dephos-
phorylated to trehalose by Tre6P phosphatase (TPP). Con-
sistent with the results obtained by Fichtner et al. (Fichtner 
et al. 2017), all of the examined MdTPS genes (MdTPS5, 
MdTPS6, MdTPS7, MdTPS8, and MdTPS10) were rap-
idly induced and maintained high levels of expression in 
response to decapitation in the present study (Fig. 6a–e). 
In sorghum, the expression of several TPS and TPP genes 
changed during the outgrowth of sorghum buds (Kebrom 
and Mullet 2016). Constitutive over-expression of TPS raises 
Tre6P levels, thus generating a ‘high-sucrose’ signal which 
also results in enhanced branching (Yadav et al. 2014). As 
a bud-activating treatment, the application of BA, however, 
did not lead to changes in the expression of MdTPS genes 
that were similar to those observed in response to decapi-
tation (Fig. 6). However, contrary to the effect of GA3 on 

AB activation (Fig. 1), an increased abundance of MdTPSs 
transcripts was observed in GA3-treated buds (Fig. 6g–j). 
We speculate that the supply of sucrose to ABs may act 
directly in buds’ outgrowth after removal of the apex. On 
the other hand, the application of exogenous hormones may 
not affect the import of sucrose into ABs, but it may impact 
the synthesis in ABs, which may not be the dominant factor 
in the control of AB outgrowth. Additionally, examination 
of endogenous sugar levels in ABs indicated that sucrose 
levels were lower in GA3-treated buds than in untreated 
buds (Fig. 7). The lowest sucrose level at each time point, 
however, was observed in BA-treated buds, suggesting that 
the effect of GA3 or CK on bud regulation may not be medi-
ated by the level of endogenous sucrose to ABs. Interest-
ingly, CKs were not reported to be necessarily involved in 
sucrose-triggered AB outgrowth in Rosa hybrida plants 
(François et al. 2015). These data support that supposition 
that the function of CK and sucrose in bud activation may 
involve independent signaling pathways. Considering the 
positive correlation between Tre6P biosynthesis and AB 
outgrowth in decapitated shoots, Tre6P or sucrose, at least, 
do not appear to be repressors of AB outgrowth in apple. 
In our previous study, the exogenous application of sucrose 
on apple trees significantly enhanced floral induction (Du 
et al. 2017); whereas a positive effect on AB outgrowth was 
not observed (data not shown) as found in previous studies 
(Mason et al. 2014; François et al. 2015). We suggest that 
perhaps the timing or location, concentration, or the sucrose 
type (such as sucrose analogues) of the sucrose-treatment are 
crucial factors for eliciting the response. Mason et al. (2014) 
reported that a relatively low sucrose supply to ABs may 
limit bud release. Therefore, further studies are required to 
determine whether sucrose application has a positive effect 
on apple AB outgrowth.

Since the exogenous application of CK can activate buds, 
and due to their known roles in promoting cell division in 
the shoot apical meristem (SAM), an intuitively obvious 
mechanism for CK-mediated bud activation is their ability to 
promote cell proliferation. GAs and CKs are known to exert 
antagonistic regulation of SAM activity, which is enhanced 
by CKs and restricted by GAs (Yanai et al. 2005). Therefore, 
it seems logical to presume that the activation of AB out-
growth may be related to the activation of cell proliferation 
in buds. Indeed, there is evidence that the proliferating cell 
nuclear antigen (PCNA/DNA polymerase auxiliary protein) 
gene is induced in response to decapitation and repressed if 
buds reentered a dormant state (Shimizu and Mori 1998). 
Some TCP genes were also found to be involved in the 
control of growth and cell cycling, such as axillary mer-
istem activity (Kosugi and Ohashi 1997; Aguilarmartínez 
et al. 2007; Finlayson 2007). In our study, the expression 
of selected cell proliferation-related genes increased in 
response to the BA treatment after 4 or 8 h (Fig. 8). Cell 
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proliferation can also be activated by GA3; however, GA3 
did not result in the activation of ABs. These data indicate 
that although the bud remains inactive, the expression of cell 
division-related genes in ABs can also be induced by GA. In 
transgenic tobacco plants, the overexpression of AtcyclinD2 
and AtcyclinD3 was not reflected by an increase in shoot 
branching (Boucheron et al. 2005). Considering the role of 
GA in the control of stem elongation (Daviere et al. 2014), 
which occurs from early stages along with cell proliferation 
(Martin et al. 2011), we hypothesize that the induction of 
cell proliferation by the supply of GA3 may be related to the 
preparation of internode elongation rather than the activa-
tion of AB outgrowth. Thus, if a bud is not activated, sim-
ply inducing cell proliferation is not sufficient to trigger AB 
outgrowth. In contrast, the regulation of CK synthesis and 
response can have a direct effect on AB outgrowth (Muller 
et al. 2015). These findings suggest that CK must do more 
than simply up-regulate cell proliferation to promote AB 
outgrowth. In Fig. 9, we present a working model for some 
of the factors that are putatively involved in the regulation 
of AB outgrowth by GA3.

In summary, the present study demonstrated that exog-
enous applications of GA3 do not activate the outgrowth of 

ABs in apple, but they effectively increase lateral branch 
length. It is plausible that the inability of ABs to activate in 
response to GA3 may be partly due to the up-regulation of 
branching inhibitors and the expression of the MdSBP1 and 
MdSBP18 genes. Additionally, GA3 induced a decrease in 
the transcription of CK response-regulator genes and auxin 
transport-related genes in ABs, which resulted in the inabil-
ity of GA3 to induce CK response and the export of auxin 
out of the bud and subsequent AB outgrowth. It is also pos-
sible that changes in Tre6P biosynthesis and sucrose levels 
may not be a limiting factor in the GA3- and CK-mediated 
regulation of AB outgrowth. Additionally, the activation of 
cell proliferation in response to the exogenous application 
of GA3 is not sufficient for inducing AB outgrowth. Col-
lectively, our results provide basic information pertaining 
to the role of GA3 in bud regulation via crosstalk with other 
branching-regulating signals.
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