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Abstract: The growth of lateral bud can greatly affect the development of apical bud and reduce
the quality of single-flower cut chrysanthemum. However, the wide use of artificial bud removal in
production leads to the increase on production cost. Therefore, it is important to study the lateral
bud development mechanism in chrysanthemum for plant type regulation and genetic improvement.
Auxin (IAA), cytokinins (CKs) and strigolactones (SLs) have direct or indirect effects on the formation
of lateral buds. D14, BRC1 and LsL are key factors regulating the signal pathways of hormones, but
their regulation mechanisms on the development of lateral buds in chrysanthemum are still unclear.
In this study, single-flower cut chrysanthemum ‘Jinba’ and spray cut chrysanthemum ‘Fenyan’ were
used as experimental materials. Quantitative real-time PCR was used to observe the effects of apical
bud removal and exogenous hormones on the growth of lateral buds and the expression levels of
DgD14, DgBRC1 and DgLsL, so as to clarify the expression characteristics of three genes in the process
of lateral bud formation. The results showed that GA was effective in promoting the growth of lateral
buds, whereas IAA and ABA had little effects on lateral bud growth or even inhibited. Removing
apical dominance can significantly affect the expression levels of three genes, which regulated the
formation and elongation of lateral buds. Additionally, the three genes showed different responses
to different hormone treatments. DgD14 had a significant response to GA, but a gentle response to
ABA. The expression levels of DgBRC1 varied in different trends, and it responded to IAA in a more
dramatic way. The levels of DgLsL reached the peaks quickly before decreased in most experimental
groups, and its response to GA was extraordinary severe.

Keywords: lateral bud; exogenous hormone; quantitative real-time PCR; DgD14; DgBRC1; DgLsL

1. Introduction

Chrysanthemum is one of the top ten famous flowers in China and top four cut flowers
in the world. Due to its unique ornamental value and high practical value, it is also an
important species of cut flowers exported from China [1]. Single-flower chrysanthemum
and spray chrysanthemum are two cultivars in cut chrysanthemum [2]. Among them,
Chrysanthemum morifolium ‘Jinba’ is a popular single-flower cut chrysanthemum cultivar
in the international market [3], but its lateral bud occurs seriously [4]. Single-flower
chrysanthemums require artificial bud removing whereas spray chrysanthemum requires
pinching to improve branching in the production, which results in a significant increase in
the production costs of cut chrysanthemum [5].

Branching is a common phenomenon in plant growth and plays an important role in
plant morphogenesis. The development of lateral branches mainly consists of two stages:
the axillary meristem differentiation to form lateral buds, and the lateral bud elongation
to form lateral branches [6]. However, apical dominance exists in most plants. Previous
studies have found that after the apical bud of ‘Jinba’ was removed, the elongation of upper
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lateral buds was obvious, whereas that of lower lateral buds was inconspicuous. It indicated
that apical dominance had an inhibitory effect on the lateral bud of chrysanthemum [7,8].

The development of lateral bud requires the participation and mediation of varieties
of plant hormones [9] affected by complex hormone regulatory networks [10,11]. A series
of classical experiments have proved that auxins, CKs and SLs are the three most important
hormones regulating the lateral bud growth [12,13]. CKs promote lateral bud formation,
whereas auxins and SLs inhibit [14,15], and ABA is considered to be an inhibitor of lateral
bud growth. Auxins transport downward from the top of the stem to inhibit the growth
of lateral bud, forming the apical dominance [16]. The higher the content of auxins in
the apical bud of cut chrysanthemum, the stronger the inhibitory effects on the growth
of lateral bud [17]. CKs can induce the synthesis [18] and upward transport of auxins in
roots, stems and leaves [19], indicating that CKs play a very important role in lateral bud
growth [20–22]. Therefore, by regulating the levels of plant hormones, we may be able to
regulate lateral bud development and improve plant phenotypes [23,24].

Many genes are involved in the regulation of lateral bud formation, development
and growth [25]. SLs play a unique role in lateral bud regulation and lateral root develop-
ment [26]. So far, one downstream gene and six key genes [27,28] involved in SLs pathway
of synthesising and transporting have been found in ‘Jinba’. D14 is a key gene in SLs
transport pathway, which can exert the physiological activity of SLs and inhibit branch
development [28,29]. Wen et al. [30] isolated DgD14 and found it being induced by auxins
and having feedback regulation [31]. The expression of DgD14 can be downregulated by
apical bud removal and restored by exogenous auxins.

BRC1 is the only known inhibitory gene that directly acts on the downstream of SLs
pathway to regulate lateral bud elongation. Chen et al. [6] isolated DgBRC1 from ‘Jinba’,
finding that apical bud removal could downregulate its expression, whereas high planting
densities could be upregulated, and it could respond to the application of apical auxins [32].

Moreover, DgLsL is also related to chrysanthemum branching. Ls is one of the first
genes to affect axillary meristem formation [33], and Ls protein is a negative regulator in GA
signaling pathway, so GA plays a certain role in axillary meristem formation [34]. DgLsL,
belongs to GRAS protein family with Ls [35], is an upstream transcriptional regulatory fac-
tor with little expression in chrysanthemum which expresses in all organs but concentrates
in where lateral branch is formed, regulating the formation of collateral meristem through
gene interaction [36]. Previous studies revealed that DgLsL regulated chrysanthemum
branching by influencing the contents of IAA and GA3 in the apical buds [37].

In this study, Chrysanthemum morifolium ‘Jinba’ and Chrysanthemum morifolium ‘Fenyan’
were used as plant materials. RT-qPCR was used to study the expression patterns of
DgD14, DgBRC1 and DgLsL in the process of lateral bud formation, and analyze the
effects of different exogenous hormones on the growth of lateral bud and gene expression.
It further revealed the mechanism of lateral bud formation regulated by three genes,
providing an effective gene reserve for the genetic improvement and oriented design
of chrysanthemum type. This study can provide a theoretical basis for the molecular
regulation of chrysanthemum lateral bud development, which is of great significance for
the selection and breeding of new varieties of chrysanthemum [11,38].

2. Materials and Methods
2.1. Plant Materials

Single-flower cut chrysanthemum ‘Jinba’ and spray cut chrysanthemum ‘Fenyan’
are shown in Figure 1, and their seedlings which grew to 12 cm tall (same batch, consis-
tent growth) were transplanted in plastic pots of the same size (upper diameter of the
flowerpot = 7 cm, lower diameter = 5 cm, height = 10 cm). The seedling substrate was a
mixture of perlite and peat soil (1:3), and the soil quality was consistent for each pot. These
transplanted chrysanthemum seedlings were incubated in a light incubator (Jiangnan
Instrument Factory, Ningbo, China) with a light/dark photoperiod of 16/8 h at 23 ◦C for
one week to ensure their healthy growth before their apical dominance were removed.
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Figure 1. Single-flower cut chrysanthemum ‘Jinba’ and spray cut chrysanthemum ‘Fenyan’.

2.2. Apical Bud Removal and Exogenous Hormone Treatment

After incubating, the apical buds of chrysanthemum seedlings with 3–4 leaflets were
removed, and 50 mg/L IAA, GA, ABA and distilled water were sprayed separately three
times a day. There were 90 strains in each group and 360 strains in total. Chrysanthemums
sprayed with exogenous hormones belonged to experimental groups and those sprayed
with distilled water belonged to the control group.

2.3. Sampling

After 0, 3 and 6 days, a 1 cm stem segment with the first lateral bud was collected from
the uppermost part of each chrysanthemum from where the apical bud had been removed,
and the lengths of those lateral buds were separately observed under a microscope (LGX-
30A, Shanghai Liguang Precise Instrument Co.,Ltd., Shanghai, China), recorded with a
camera and measured with a vernier caliper afterwards. Three lateral buds were taken
from each experimental group and control group every time, repeating for three times in
total. Then, SPSS 21.0 was used to analyze the differences in lateral bud lengths between
GA, IAA and ABA groups on day 0, 3 and 6.

Meanwhile, after 0, 24, 72 and 96 h, a 1 cm stem segment with the first lateral bud
from the top of each chrysanthemum from where the apical bud had been removed was
collected, frozen in the liquid nitrogen immediately and stored in the refrigerator at−80 ◦C
for RNA extraction. Three lateral buds were selected from each group every time, which
was repeated four times.

2.4. Expression Analysis

RT-qPCR was used to test the expression levels of DgD14, DgBRC1 and DgLsL in the
first lateral bud of ‘Jinba’ and ‘Fenyan’ after decapitating, spraying IAA, GA, ABA and
distilled water. Their variations were collated and analyzed afterwards.

Total RNA was extracted using trizol method (Vazyme Biotech Co., Ltd., Nanjing,
China) and was reverse transcribed using the Transcript® II All-in-One First-Strand cDNA
Synthesis SuperMix for qPCR (TransGen Biotech, Beijing, China) according to the user’s
manual. RT-qPCR was performed with three biological repeats using TransStart® Top
Green qPCR SuperMix (TransGen Biotech, Beijing, China). The PCR amplification program
was 95 ◦C for 2 min and 45 cycles (95 ◦C for 10 s, 60 ◦C for 20 s and 72 ◦C for 20 s), the
dissolution curve was 95 ◦C for 30 s, 65 ◦C for 30 s and 0.6 ◦C to 97 ◦C, followed by the
terminated reaction, which was 42 ◦C for 2 min using an ABI 7500 Fast Real-Time PCR
system with SYBR Green Master Mix (Bio-Rad, CFX Connect, Shanghai, China). The
2Ct (reference gene) − Ct (target gene) (Ct means cycle threshold) method was used to evaluate the
relative expression level of each gene. The β-Actin gene was used as the internal control.
The primers used for RT-qPCR are listed in Table 1.
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Table 1. Primers of DgD14, DgBRC1, DgLsL and β-actin (as the internal control gene) used for
RT-qPCR.

Gene ID Forward Primers (5′-3′) Reverse Primers (5′-3′)

DgD14 TACGAGGCATGGGTGTGTGGATC GCACGGCGCCTTCACTAACCCT
DgBRC1 CCCTTTTGGAGAGCATCAAG AGACGTCGCGGATGAAGTAT
DgLsL TTTACGCTTTACGGTGGTGGTGAG GTGGCGGCGGAATCTGTATCTTC
β-Actin TGGCATTGTGTTGGATTCTGG CCATCCCAATCATAGACGGCT

3. Results
3.1. Effects of Apical Bud Removal and Exogenous Hormones on the Growth of Lateral Buds

At 0, 3 and 6 days after apical bud removal and different exogenous hormone treat-
ments, the growth rates of lateral buds of different chrysanthemums were separately
observed and measured. The results in Tables 2 and 3 showed that the lateral buds of
Chrysanthemum morifolium ‘Jinba’ and Chrysanthemum morifolium ‘Fenyan’ elongated ob-
viously in 6 days. Moreover, comparing the measured data, it could be found that the
average lengths of lateral buds at day 6 that were sprayed with GA were significantly
greater than those sprayed with other exogenous hormones, but the average lengths of
lateral buds in IAA and ABA groups were lower than those in the control groups.

Table 2. Lengths of ‘Jinba’ lateral buds treated with exogenous hormones after apical bud removal.

Hormone 0 Days after Treatment (mm) 3 Days after Treatment (mm) 6 Days after Treatment (mm)

Control 1.26 ± 0.12 a 1.96 ± 0.15 b 2.33 ± 0.23 b
GA 1.23 ± 0.11 a 2.05 ± 0.18 a 2.40 ± 0.28 a

ABA 1.24 ± 0.13 a 1.93 ± 0.12 c 2.25 ± 0.23 c
IAA 1.24 ± 0.12 a 1.91 ± 0.15 c 2.22 ± 0.18 c

The statistical analysis of the data is based on one-way analysis of variance in SPSS 21.0. Lowercase letters a, b, c and d represent significant
differences in lateral bud length after Duncan’s test (p < 0.05) between GA, ABA, IAA and control groups 0, 3 and 6 days after treatments.
The data are expressed as mean ± standard deviation (SD).

Table 3. Lengths of ‘Fenyan’ lateral buds treated with exogenous hormones after apical bud removal.

Hormone 0 Days after Treatment (mm) 3 Days after Treatment (mm) 6 Days after Treatment (mm)

Control 1.22 ± 0.08 a 1.99 ± 0.21 b 2.26 ± 0.14 b
GA 1.23 ± 0.08 a 2.11 ± 0.23 a 2.45 ± 0.33 a

ABA 1.23 ± 0.08 a 1.89 ± 0.17 d 2.20 ± 0.20 c
IAA 1.22 ± 0.07 a 1.94 ± 0.15 c 2.19 ± 0.16 c

The statistical analysis of the data is based on one-way analysis of variance in SPSS 21.0. Lowercase letters a, b, c and d represent significant
differences in lateral bud length after Duncan’s test (p < 0.05) between GA, ABA, IAA and control groups 0, 3 and 6 days after treatments.
The data are expressed as mean ± standard deviation (SD).

In conclusion, according to the differences between the lengths of lateral buds before
and after treatments, GA promoted the growth of lateral buds compared with the control
group, whereas IAA and ABA inhibited the growth of lateral buds.

Meanwhile, the growth phenotypes of chrysanthemum lateral buds which were
under different hormone treatments were separately photographed and recorded. As can
be seen from Figures 2 and 3, the lateral buds of Chrysanthemum morifolium ‘Jinba’ and
Chrysanthemum morifolium ‘Fenyan’ continued to elongate within 6 days. The lateral bud
elongation in IAA and ABA groups was slightly smaller than that in the control group
treated with distilled water, but the difference was not significant.

In that way, the results in Figures 2 and 3 further confirmed the accuracy of the
measured data to some extent.
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3.2. Effects of Apical Bud Removal on Gene Expression Characteristics

Chrysanthemum has a strong apical dominance, and the upper lateral buds can form
quicker after the apical buds are removed. In order to clarify how genes that regulate lateral
bud development during its formation respond to apical bud removal, the expression
characteristics of DgD14, DgBRC1 and DgLsL in the first lateral buds of ‘Jinba’ and ‘Fenyan’
were analyzed. The results revealed that these three genes in the lateral buds were able to
respond quickly after the removal of apical buds, increasing or decreasing rapidly within
96 h. In both cultivars, the expression levels of DgD14 and DgLsL increased to the highest
level at 24 h and then gradually decreased, and the variations in the DgLsL level were more
significant after being removed the apical dominance. Both expression levels of DgBRC1
declined within 96 h, which became more significant during 24–72 h. Comparing these
two cultivars, the expression levels of DgBRC1 and DgLsL in the lateral buds of ‘Jinba’
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were always lower than those of ‘Fenyan’, whereas the level of DgD14 was always higher
in ‘Jinba’.
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The results above suggested that removing apical dominance can significantly affect
the expression characteristics of three genes to regulate lateral bud formation and elonga-
tion. Different genes involved in the regulation of lateral buds responded to the sudden
loss of auxin source in different ways after apical bud removal, which may be due to the
fact that they were regulated by different plant hormones, reflecting the different changing
methods of hormone concentration in the lateral buds.
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3.3. Effects of Exogenous Hormones on Gene Expression Characteristics
3.3.1. Effects on the Expression Characteristics of DgD14

The results shown in Figure 4 indicated that after removing apical buds and spraying
hormones, the responses of DgD14 to various exogenous hormones were on time and
different in the lateral buds of two cultivars of chrysanthemum. However, all of the
responses experienced the process of being promoted and then inhibited, which were
lower than the level before treatments at 96 h. The expression level in IAA group was
slightly higher than that in control group at 24 h, whereas the levels in GA and ABA group
were always lower. This suggested that spraying GA and ABA inhibited the expression of
DgD14, whereas spraying IAA promoted the expression of DgD14.
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In terms of genetic variation, DgD14 in the lateral buds was strongly responsive to
GA, but slightly responsive to ABA after the apical buds were removed. In IAA, ABA and
GA groups, the expression levels of DgD14 in the lateral buds of ‘Jinba’ were basically
higher than those in the lateral buds of ‘Fenyan’, and the variation ranges were larger. In
particular, the expression level of DgD14 in the lateral buds of ‘Jinba’ that were sprayed
with GA reached about 2.5 times as high as the original value at 72 h.

3.3.2. Effects on the Expression Characteristics of DgBRC1

As shown in Figure 5, the expression levels of DgBRC1 dramatically decreased in the
control groups where lateral buds were sprayed with distilled water. In the experimental
groups, DgBRC1 showed the strongest response to IAA and the gentlest response to ABA.
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Figure 5. Effects of hormones on DgBRC1 expression characteristics after apical bud removal. Based on one-way analysis of
variance in SPSS 21.0, lowercase letters in subfigure (a–d) represent significant differences in DgBRC1 levels after Duncan’s
test (p < 0.05) between control, IAA, GA and ABA groups 0, 24, 72 and 96 h after treatments in ‘Jinba’ and ‘Fenyan’.

After spraying GA, the expression levels of DgBRC1 in two cultivars both decreased from
0 h to 24 h and gradually increased after 24 h, reaching the highest at 96 h. After spraying IAA,
the expression level of DgBRC1 in the lateral buds of ‘Jinba’ peaked at 24 h and then began
to decrease, whereas that in the lateral buds of ‘Fenyan’ always showed an increasing trend.
After spraying ABA, the levels of DgBRC1 in two cultivars both showed a general declining
trend within 4 days but a slight increase during 24–72 h. Moreover, in the three experimental
groups, the expression levels of DgBRC1 in the lateral buds of ‘Jinba’ were basically lower
than those in the lateral buds of ‘Fenyan’, but the variation range of DgBRC1 expression level
in ‘Jinba’ was smaller in IAA and GA group and larger in ABA group.

3.3.3. Effects on the Expression Characteristics of DgLsL

Results shown in Figure 6 revealed that the expression characteristics of DgLsL in two
cultivars showed differences under different exogenous hormone treatments. In the control
group, the expression of DgLsL in the lateral buds of ‘Jinba’ was less than that in the lateral
buds of ‘Fenyan’, and its rangeability was also smaller. At 24 h after spraying IAA and
GA, the levels of DgLsL in the lateral buds of ‘Jinba’ were higher than those in the lateral
buds of ‘Fenyan’, but then they decreased, being slightly lower. In addition, the variation
range of DgLsL level in ‘Jinba’ that was sprayed with ABA was always smaller than that
of ‘Fenyan’.

Additionally, there were similarities between the expression levels of DgLsL in two
cultivars under different exogenous hormones. The levels of DgLsL in different groups
showed gradual downward trends after peaking at 24 h, except the level in the IAA group,
which decreased all of the time. Four days later, the expression levels of DgLsL in the GA
and control groups were all higher than the original values, whereas those in the IAA and
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ABA groups were all less. Moreover, DgLsL had the strongest response to GA and the
gentlest response to IAA in both cultivars.
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4. Discussion

In recent years, the molecular biology of lateral bud development in chrysanthemums
has been progressing rapidly [39]. Auxin can increase the expression of genes in the SLs
pathway and locally inhibit the expression of genes in the CKs pathway [40]. CKs and SLs
can directly enter the lateral bud to regulate its development [41], and they also have antag-
onistic effects on the regulation of lateral bud elongation. Therefore, auxin, CKs and SLs can
form a large feedback regulation loop to make a stable balance of lateral bud regulation [42].
Besides DgCCD7 [43], DgCCD8 [27], DgBRC1 [7], DgD14 [8], DgD27 [44], DgMAX2 and Dg-
MAX1, which belong to the SLs pathway, genes associated with chrysanthemum branching
including DgSZFP, CmPIN1 and DgLsL were also studied [44].

Spraying GA was the most effective treatment in promoting the growth of lateral buds
after removing apical buds, whereas spraying IAA, ABA and distilled water made little
difference to the growth of lateral buds. However, to some extent, IAA and ABA could
also inhibit the growth of lateral buds compared with distilled water. Removing apical
dominance could make DgD14, DgBRC1 and DgLsL in the lateral buds respond quickly and
affect their expression characteristics, so as to regulate lateral bud formation and elongation.
After the removal of apical buds, the expression levels of DgD14 and DgLsL all reached
the highest and then decreased gradually, and the level of DgLsL varied more significantly.
Meanwhile, the level of DgBRC1 always showed a gradual decline, proving that DgBRC1
could be downregulated by apical bud removal, and it could be restored and increased
after the application of exogenous regulators [32]. It showed that different genes involved
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in the regulation of lateral buds responded to the sudden loss of auxin source in different
ways after apical bud removal.

DgD14, DgBRC1 and DgLsL could respond to different exogenous hormones after
the removal of apical dominance, indicating that these three genes were the response
regulators of hormones regulating the growth of lateral buds in chrysanthemum. DgD14
showed a strong response to GA, but a gentle response to ABA. At 24 h after spraying IAA,
the expression level of DgD14 in the lateral bud of chrysanthemum increased, revealing
that DgD14 could be induced by auxin that enhanced the apical dominance and inhibited
the growth of lateral buds. It was consistent with the conclusion of previous studies in
that it was induced by auxin and regulated by feedback, responding to exogenous auxin
quickly [2] and complementing the phenotype of Arabidopsis thaliana mutant D14-1 [31].
Meanwhile, spraying GA and ABA further weakened apical dominance and accelerated
the growth of lateral buds, which inhibited the expression of DgD14.

DgBRC1 showed the strongest response to IAA and the gentlest response to ABA,
and the expression levels of DgLsL experienced the increase that followed by decrease
under different treatments. The expressions of DgBRC1 were inhibited in GA groups and
promoted in IAA and ABA groups to some extent, which were contrary to those of DgLsL,
proving that the growth of lateral buds in chrysanthemum was negatively correlated with
DgBRC1 expression, but positively correlated with DgLsL expression. Moreover, in the IAA
group, the expression level of DgBRC1 in the lateral bud of ‘Fenyan’ gradually increased
and reached a peak within a certain number of days, which was contrary to the conclusion
of previous studies that BRC1 was a suppressive gene directly acting on the lateral bud.
This may because that high planting densities could upregulate the expression of DgBRC1,
which was able to respond to the application of apical auxin [32].

Comparing the two chrysanthemum cultivars, the expression levels of three genes
in the lateral buds of ‘Jinba’ and ‘Fenyan’ were different. The expression level of DgD14
in ‘Jinba’ in each group was higher than that in ‘Fenyan’, but the levels of DgBRC1 and
DgLsL in ‘Jinba’ in most groups were lower than those in ‘Fenyan’, which may be due
to the differences in the branching characteristics of different chrysanthemum cultivars.
As a spray chrysanthemum cultivar, ‘Fenyan’ was more branched, and its expression
levels of genes which promoted lateral bud formation were higher. In contrast, the apical
dominance was more obvious in single-flower chrysanthemum cultivars, thus the genes
which regulated lateral bud formation were inhibited in ‘Jinba’.

5. Conclusions

In this study, the expression differences of DgD14, DgBRC1 and DgLsL in Chrysan-
themum morifolium ‘Jinba’ and Chrysanthemum morifolium ‘Fenyan’ which were removed
the apical buds and sprayed with different hormones were compared, so as to study the
responses of three genes to exogenous hormones and the effects of exogenous hormones
on the growth of lateral buds. Spraying GA encouraged the growth of lateral buds after
removing apical buds, whereas spraying IAA and ABA slightly inhibited their growth. The
removal of apical buds could regulate lateral bud formation and elongation by significantly
affect the expression characteristics of three genes that responded to it in different ways.
The same gene had different responses to different exogenous hormones. GA and ABA
led to the decrease in DgD14 expression, whereas IAA led to the increase, and under
different hormones, lateral bud growth was negatively correlated with DgBRC1 expression
and positively correlated with DgLsL expression. Meanwhile, due to the differences in
branching characteristics among different chrysanthemum cultivars, genes in different
cultivars responded differently to exogenous hormones. The expression levels of DgD14
in ‘Jinba’ were higher than that in ‘Fenyan’, but the levels of DgBRC1 and DgLsL in ‘Jinba’
were generally lower.
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