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Abstract Chrysanthemums (Dendranthema morifo-
lium) are one of the most economically important
perennial flowering plants, with floricultural (cut
flowers), ornamental crop (pot and garden flowers)
and, for some cultivars, medicinal uses. Plant archi-
tecture is an important agronomic trait for plants
with a high ornamental and economic value. In this
study, two miniature-related genes, DmCPD and
DmGA200x, were cloned and their tissue-specific
expression patterns were analyzed. The results showed
that the two genes were both highly expressed in
stems, mature leaves, and flowers, and that DmCPD
was also highly expressed in pedicels. To generate
miniature plants, an RNAi expression vector targeting
both DmCPD and DmGA20ox was constructed and
transformed into chrysanthemum plants. Smaller plant
size and slower growth and development of flowers
were observed in dual-silenced chrysanthemums.
Brassinosteroid and gibberellin contents in leaves
and flower buds of transgenic plants were significantly
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decreased. Furthermore, the expressions of brassino-
lide-, gibberellin-, and flowering-related genes were
down-regulated by varying degrees in dual-silenced
plants. These results suggest that DmCPD and
DmGA200x play important roles in plant architecture,
and brassinolide and gibberellin are important hor-
mones in controlling plant architecture. This minia-
turization strategy provides an efficient approach for
generating new varieties of ornamental plants and
crops.
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Introduction

Chrysanthemums (Dendranthema morifolium) are one
of the most important perennial flowering plants, and
can be used as cut flowers, pot and garden flowers, and
medicinal materials (Teixeira da Silva 2003). In
China, the greenhouse production of chrysanthemums
is on the rise. Most chrysanthemum cultivars are short-
day that bloom in autumn (Shchennikova et al. 2003),
which constrains their year-round production as cut
flowers. To meet the year-round market demand,
regulation of flowering initiation and development is a
highly desired goal in chrysanthemum breeding.
Plant architecture is an important agronomic trait
in plants. Dwarfism in cereal crops grown under
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intensive agriculture has a positive influence on crop
agronomy by increasing lodging resistance and
decreasing the chances of damage due to wind and
rain (Cai et al. 2012). For ornamental plants, plant
architecture is more important. Miniature Rosa chin-
ensis is a new variety of the rose family. As its leaves
and flowers are small and beautiful, it is admired by
many people and has become one of the most popular
potted flowers on the international flower market. The
tomato cultivar Micro-Tom, produced for ornamental
purposes, displays a very dwarf phenotype with small
and red ripened fruits (Scott 1989), and has become a
popular potted plant. Thus, breeding miniature plant
varieties should meet the demands of the intensive
agriculture and flower markets. Although conven-
tional breeding has made a great contribution to
improve the traits of plants, it is time-consuming. In
recent years, genetic engineering has become an
important approach in plant breeding.

Plant growth and development are regulated by
both environmental and hormonal signals (Depuydt
and Hardtke 2011). Based on the phenotype of mutants
with disrupted hormone biosynthesis or perception,
cytokinin, auxin, gibberellins, and brassinosteroids are
considered to be essential for growth (Depuydt and
Hardtke 2011). Moreover, brassinosteroids (BRs) and
gibberellins (GAs) are inferred to be two major
growth-promoting hormones that have similar effects
on promoting cell and stem elongation and division
(Bai et al. 2012).

Brassinosteroids (BRs) are growth-promoting hor-
mones in plants with structural similarity to animal
steroid hormones, regulating senescence, male fertil-
ity, pollen and root development, and fruit ripening. In
addition, they modulate the plant’s response to
numerous environmental signals (Kim and Wang
2010; Clouse 2011). The biochemical definition of
the BR biosynthetic pathway and the discovery of BR-
deficient and BR-insensitive mutants in Arabidopsis
and several crop plants provided convincing evidence
that BRs were essential for normal plant development
(Fujioka and Yokota 2003). In Arabidopsis, the CPD
gene encodes a cytochrome P450 (CYP90) protein,
which is required for the C23 hydroxylation of
cathasterone to teasterone and plays an essential role
in the synthesis of brassinolide (Szekeres et al. 1996;
Kauschmann et al. 1996). The hypocotyl elongation
defect of the cpd mutant can be rescued by C23-
hydroxylated derivatives of cathasterone (Mandava
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1988). These previous studies showed that regulating
BR biosynthesis or signaling could control the devel-
opment and height of plants.

Gibberellins (GAs) are involved in many develop-
mental processes, including seed germination, stem
elongation, leaf expansion, and flower, seed, and fruit
development (Peng et al. 1999b; Sasaki et al. 2002a).
Modification of these processes by application of
chemicals that alter GA content was a common
agronomic practice. For example, GA; was used to
stimulate berry growth in seedless grape production
(Christodoulou et al. 1968). Inhibitors of GA biosyn-
thesis were used as growth retardants to control the
stature of cereals and ornamental pot plants (Hedden
and Hoad 1994). GA is one of the most important
determinants of plant height (Sasaki et al. 2002b; Qiao
and Zhao 2011). Dwarfism is often caused by
mutations in genes controlling the biosynthesis or
signaling pathway of GA. In the 1960s, a high-
yielding semi-cpd variety of rice, IR8, was achieved
by introducing a major dwarfing gene (sd-I) that
encoded a defective GA20-oxidase (GA20ox) gene
(Spielmeyer et al. 2002b), which led to the rice “green
revolution” (Sui et al. 2012; Sasaki et al. 2002b). At
the same time, a dominant wheat semi-cpd cultivar
Norin 10 carrying Rht genes facilitated a burst in
productivity and led to the wheat “green revolution”
(Evans 1998). Norin 10 contained the Rht-Blb
(formerly called Rhtl) and Rht-D1b (formerly called
Rht2) alleles that encode a mutant form of DELLA
protein, a GA signaling repressor (Peng et al. 1999a;
Hedden 2003). These studies demonstrated that
controlling GA biosynthesis or signaling was crucial
for the production of plants with suitable height for
modern production methods.

The flowering time is affected by many variables,
including environmental and growth factors such as
temperature, photoperiod, light intensity, nutrient
status, and phytohormones (Cockshull and Kofranek
1994; Damann and Lyons 1996; Karlsson and Hans-
com 1992; Smith and Kamp-Glass 1990). Flowering
can thus be induced artificially at specific times by
altering environmental factors and externally applying
phytohormones, but the process is labor- and energy-
intensive. Genetic transformation techniques provide
a promising way of introducing new traits by regulat-
ing the expression levels of exogenous and endoge-
nous genes in plants (Shimada et al. 2001; Zhang et al.
2013).
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In this work, we aimed to obtain miniature chry-
santhemums which require a small area and may have
better ornamental value. From previous studies, we
found that BR/GA biosynthesis or signaling genes
could affect the height of a plant. Only silencing one
dwarf-related gene may not achieve our desired degree
of dwarfness, and silencing the combination of genes
that have a similar function may achieve better results.
Thus, we constructed an RNAi expression vector
targeting both DmCPD and DmGA20ox, which are
related to BR and GA biosynthesis, respectively,
transformed chrysanthemum plants, and obtained a
miniaturized type of chrysanthemum. This study
provides a theoretical and technical foundation for
future molecular breeding of ornamental plants.

Materials and methods
Plant materials and growth conditions

Pink chanetii was used as the test material in this study.
The culture conditions were as follow: 16 h per day
illumination intensity of 1,000-2,000 Ix at25 + 2 °C,
and 8 h per day of darkness at 18 &+ 2 °C, for 2 days.
Wild-type and transgenic plants with six leaves were
transplanted into plastic pots, moved into the experi-
mental field, and managed routinely.

Isolation of DmCPD and DmGA20ox gene
fragments from chrysanthemum and sequence
analysis

Total RNA of chrysanthemum was extracted using
TRIzol (Invitrogen, USA) according to the manufac-
turer’s instructions, then 1 pg total RNA was used to
synthesize first-strand cDNA through reverse tran-
scription polymerase chain reaction (M-MLYV reverse
transcriptase, Promega) with Oligo d(T),g primer. One
to two microliters of the cDNA obtained was used to
clone the fragments of DmCPD and DmGA20o0x
genes with primers (DmCPD-F, DmCPD-R) and
(DmGA200x-F, DmGA200x-R) (Table 1S) through
high-fidelity PCR (Prime START™ HS DNA poly-
merase, Takara). The amplified products were tailed
using DNA A-Tailing kit (Takara) and linked into
pGEM-T Easy vector (Promega). Positive clones were
selected out via E. coli JM109 transformation and
confirmed by sequencing (Invitrogen). Multiple

sequence alignments were performed by DNAMAN
version 5.2.2. The phylogenic tree was calculated by
MEGA (Molecular Evolutionary Genetics Analysis)
version 3.1 (Kumar et al. 2004).

Construction of DmCPD and DmGA20ox RNAI
vector

In order to achieve the purpose of dual silencing, we
first connected the above two specific gene fragments
together: the DmCPD fragment was amplified from
the above plasmid CPD-pGEM-T Easy with
DmCPD(F + Xbal) and DmCPD(R + Xhol) primers
(Table 1S), then double-digested with Xbal and Xhol
restriction endonucleases and linked into GA20ox-
pGEM-T plasmid at Spel and Sall restriction sites.
After that, the two gene fusion fragments were
amplified from plasmid CPD/GA200x-pGEM-T with
DmGA200x-F + KH and DmCPD-R + X primers
(Table 1S), then double-digested with Xbal and
HindIIl restriction endonucleases and linked into
pHANNIBAL plasmid at Xbal and HindIlII restriction
sites in the sense orientation to obtain GA200x/CPD-
pHANNIBAL plasmid. At the same time, the two gene
fusion fragments were amplified from plasmid CPD/
GA200x-pGEM-T with DmGA20ox-F + KH and
DmCPD-R + XS primers (Table 1S), then double-
digested with Kpnl and Xhol restriction endonucleases
and linked into GA200x/CPD-pHANNIBAL plasmid
at Kpnl and Xhol restriction sites in the antisense
orientation. Finally, the double-stranded (ds) RNA
expression unit, containing the DmCPD/GA200x
fragment in sense orientation, PDK intron, and
DmCPD/GA200x fragment in antisense orientation
was purified and linked into the plant binary vector
pBI121 with Sacl and Xbal restriction sites.

Plant transformation of DmCPD/GA200ox RNA1
vector

The resulted binary vector was transformed into the
Agrobacterium LBA4404 strain following the proto-
cols described by Chen et al. (2004). An Agrobacte-
rium-mediated transformation was performed as
follows: young leaves of chrysanthemums were cut
and washed in tap water for 45-60 min, then washed
with 70 % (v/v) ethanol for 2 min, stirring constantly,
and rinsed 3 times with sterile water. They were then
washed with a 0.1 % (w/w) solution of mercuric
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chloride for 12 min, rinsed 5-6 times with sterile
water, and finally dried with sterile absorbent paper.
The above leaves were cut into small pieces having a
diameter of 6-8 mm, and were placed on the MS solid
agar medium (pH 5.8). The medium was then replaced
with a fresh MS medium and the leaves were cultured
under the same conditions to obtain chrysanthemum
leaves explants. For transformation, the chrysanthe-
mum leaf explants were cut into small pieces having a
diameter less than 6 mm, then soaked in an Agrobac-
terium bacteria solution for 15 min, with excess broth
sucked away by sterile absorbent paper, and cultured
on a co-culture medium (MS solid medium containing
2 mg/L 6-BA and 0.5 mg/L NAA,pH 5.8),25 &+ 2 °C
under dark conditions for 48 h. After being washed
with sterile water, the explants were transferred to the
bud-inducing medium (MS solid medium containing
4 mg/L 6-BA, 0.1 mg/L NAA, 3 mg/L AgNOs;,
400 mg/L Carb and 15-20 mg/L Kan, 0.1 % activated
carbon, pH 5.8), and cultured under these conditions:
16 h per day illumination intensity of 1,000-2,000 1x
at 25 £ 2 °C and 8 h per day darkness at 18 + 2 °C.
The medium was replaced every 3 weeks until green
shoots grew to 2-3 cm.

After that, the shoots were transferred to a rooting
medium (1/2 MS solid medium containing 0.1 mg/L
NAA, 200 mg/L Carb, and 15 mg/L Kan, pH 5.8) and
cultured under the same conditions of illumination and
temperature. The transgenic plants were detected with
primers NPTII-F (5-TTGTCACTGAAGCGGGAA
GG-3') and NPTII-R (5-CGATACCGTAAAGCAC
GAGGAA-3).

Quantitative real-time PCR analysis

RNA extraction and cDNA synthesis were performed
as described above. The synthesized cDNAs were
diluted twice with RNase/DNase-free water. Quanti-
tative real-time PCR analysis was carried out using the
CFX96™ Real-Time System (C1000™ Thermal
Cycler, BioRad). All reactions were performed using
the SYBR® Go Tagq II kit (Promega) in a 10 pL total
sample volume (5.0 pL 2 x SYBR Premix Go Tagq,
0.5 pL primers, 1.0 uL cDNA, and 3.5 pL. ddH,0). To
remove the effect of genomic DNA and the template
from the environment, NTC (no template control) and
NRT (no reverse transcription control) were per-
formed. Three replications for each sample were used
and standard curves were run simultaneously. Melting
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curve analysis of JPCR samples revealed that there
was only one product for each gene primer reaction.
The PCR products were sequenced to confirm the
specific amplification. The DmACTIN (Ohmiya et al.
2006) gene was used as the internal standard in tissues.
The primers DmCPD(RT)-F/DmCPD(RT)-R and
DmGA200x(RT)-F/DmGA200x(RT)-R  (Table 1S)
were used to determine the expression levels of
DmCPD and DmGA20ox in wild-type and transgenic
lines. Furthermore, the expression levels of GAs, BRs,
and flowering-related genes, such as EXPI (Expan-
sion), XTH5 (Xyloglucan endotransglucosylase/
hydrolase), XET (Xyloglucan endotransglucosylase),
IAA4 (a member of the auxin-induced Aux/IAA
family), CDM36 (a MADS-Box gene), CDM111 (a
MADS-Box gene), CmFL (FLORICAULA/LEAFY),
CsFTL3 (a chrysanthemum FLOWERING LOCUS
T-like gene), and CmNRRa (an orthologous gene of
OsNRRa) were detected simultaneously. Primers are
shown in Table 1S.

Measuring the stem height, leaf size, and flowering
time

In order to understand the differences between wild-
type and transgenic lines, we measured the stem
height, width, and length of mature leaves (45 circles
from top) from wild-type and transgenic plants. Ten
mature leaves of each plant were measured for width
and length, and ten plants were measured for stem
height. Flowering time and stem growth speed of wild-
type and transgenic lines were also counted. For stem
growth, stem heights were measured from 40 days
after colonization, once every 20 days. Flowering
time was calculated from colonization to flowering
(Table 1).

Quantification of brassinosteroid and gibberellin
content by ELISA

The one-step double-antibody sandwich method,
enzyme-linked immunosorbent assay (ELISA), was
used to detect the concentration of endogenous BR and
GA in mature leaves and flower buds of wild-type and
transgenic lines. For BR extraction, a 0.5-g sample
was ground in a mortar and homogenized in a 5-mL
extraction solution (isopropyl alcohol). Extracts were
centrifuged at 10,000 rpm for 20 min at 4 °C, and the
supernatant was analyzed by ELISA (Chai et al. 2013).
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Table 1 Days from field planting to the time of first flower
bud and first flower for wild-type and transgenic lines (n = 10)

Chrysanthemum First flower bud First flower
lines (days) (days)

Wild type 142 + 0.30 154 £+ 0.50
RNAI-1 154 £ 0.45 167 £ 0.50
RNAi-3 153 + 0.40 167 £ 0.55
RNAi-10 148 £ 0.55 162 + 0.50

For the extraction of GA, a 0.5-g sample was ground in
an ice-cooled mortar in 5 mL 80 % (v/v) methanol
extraction medium. The extract was incubated at 4 °C
for 4 h and centrifuged at 4,000 rpm for 15 min at the
same temperature. The supernatant was also analyzed
by ELISA. The BR and GA ELISA experiments were
carried out using the same procedure according to the
manufacturer’s instructions (http://www.wksubio.
com/product/5794959.html). BR and GA contents
were measured at 450 nm using a Bio-Rad 680
microplate reader. The results are the means of three
replicates. The correlation coefficients (R%) of BR and
GA standard curves were 0.996 and 0.992, respec-
tively. The concentration of each sample was calcu-
lated using a linear regression equation.

Measurement of chlorophyll contents

One gram of weighed fresh mature leaves was pounded
to pieces in liquid nitrogen, extracted with 10 mL mixed
acetone and ethanol (2:1, v/v) solution for 48 h in the
dark, and centrifuged at 5,000 rpm for 10 min at 4 °C.
The absorbance of the supernatant was measured at 645
and 663 nm in a PerkinElmer Lambda 900 UV/VIS/
NIR spectrophotometer using the above-mentioned
mixed solution as a blank. Total chlorophyll content
was calculated using the formula according to the
method of Arnon (1949): Chl (mg/g) = 20.29 x Ags +
8.02 x Aggs- The chlorophyll of each sample was
extracted and measured in triplicate.

Results

Isolation and expression of DmCPD
and DmGA20ox genes in chrysanthemum

Following the sequences of DmCPD (GenBank:
KC522361) and DmGA200x (GenBank: AB371601)

in NCBI (http://www.ncbi.nlm.nih.gov), the two gene
fragments were cloned with specific primers (DmCPD-
F, DmCPD-R) and (DmGA200x-F, DmGA200x-R),
respectively (Table 1S), and sequenced. Phylogenetic
and amino acid analysis showed that DmCPD had a
high identity to EpCPD and AaCPD (Supplemental
Fig. 1a), and belonged to a very conservative cyto-
chrome P450 family (Supplemental Fig. 1b), and
DmGA200x shared a high identity with HaGA20ox and
LsGA20ox (Supplemental Fig. 2a), and belonged to the
20G-Fe(II) oxygenase superfamily [this family con-
tains members of the 2-oxoglutarate (20G) and Fe(I)-
dependent oxygenases] (Supplemental Fig. 2b).

Quantitative real-time PCR technology was per-
formed to analyze the expression of DmCPD and
DmGA200x. The results showed that expression
patterns of the two genes were similar except in the
pedicel (P). They were all highly expressed in rapid
growth or development tissues, such as stems (ST),
young leaves (YL), mature leaves (ML), flower buds
(FB), and flowers (F), especially in stems, mature
leaves, and flowers, while in other tissues, such as
roots (R) and senescent leaves (SL), a notably low
expression was observed (Fig. la, b). These results
suggest that these two genes play important roles in the
growth and development of plant height, leaves, and
flowers.

Generation of transgenic chrysanthemum plants

An RNAI construct targeting the specific fragment of
DmCPD and DmGA20ox was created and transformed
into wild-type plants Pink chanetii via Agrobacterium-
mediated T-DNA transformation. Six independent
transgenic lines were confirmed to be positive trans-
genic lines by PCR analysis using specific primers for
the reporter gene NPTII. Quantitative real-time PCR
results showed that transcripts of DmCPD and
DmGA200x were clearly reduced in the transgenic
lines compared with the wild type, and three trans-
genic lines RNAi-1, RNAi-3, and RNAi-10 showed
better inhibitory effect than the others (Fig. 1c, d).

Transgenic chrysanthemum plants show
a miniature phenotype

During plant development, dual-silenced transgenic

plants displayed a slower growth rate and smaller size
than the wild type in the same time (Fig. 2a—e). To
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Fig. 1 Expression pattern and silencing effects of DmCPD and
DmGA200x genes in wild-type chrysanthemums and transgenic
lines. The expression pattern of DmCPD (a) and DmGA200x
(b) genes of chrysanthemum plants (3 months old) by qRT-PCR
analysis. R root, ST stem, YL young leaf, ML mature leaf, SL
senescent leaf, P pedicel, FB flower bud, F flower. Silencing
effects of DmCPD (c¢) and DmGA20ox (d). WT, wild type;

quantify the differences between wild-type and trans-
genic lines, we measured the width and length of
mature leaves (4-5 circles from top), height of stems,
and the growth rate of stems, respectively. The results
showed that the leaf size of transgenic plants is about
60 % of that of the wild type and plant height is
approximately 30 % of that of the wild type (Fig. 3a—
c). The speed of stem growth of transgenic lines is
approximately 30 % of that of the wild type (Fig. 3d).
The results showed that dual-silenced transgenic
plants have shorter stems, smaller leaves, and smaller
plants. In addition, transgenic chrysanthemums
showed dark-green leaves. We extracted the total
chlorophyll from mature leaves. The result revealed
that the transgenic lines contained 5-20 % more
chlorophyll than the wild type (Fig. 3g).

Transgenic chrysanthemum plants delayed
flowering time

Flowering time is an important ornamental trait for
chrysanthemum floricultural production. Under the
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RNAi-1, RNAi-3, RNAi-5, RNAi-9, RNAi-10 and RNAi-11
were different transgenic lines. Relative expression was
normalized using a house-keeping gene DmACTIN
(AB205087). The data represent the mean from three replicates
with three biological repeats. Error bars SE. The expression
level of genes in the wild type was set to 1

same conditions, wild-type plants start to grow flower
buds 142 days after field planting, 12 days later than
the transgenic lines start to grow flower buds
(Table 1). The time of first flowering of wild-type
plants was 154 days after field planting, and that of
transgenic lines was about 162-167 days under the
same conditions (Fig. 2c—e, Table 1).

Contents of gibberellins and brassinosteroids
in transgenic plants were significantly decreased

In order to explore the underlying reasons for the
smaller shapes of transgenic plants, endogenous
gibberellin and brassinosteroid contents were deter-
mined in mature leaves and flower buds using an
enzyme-linked immunosorbent assay. The results
showed that the contents of the two plant hormone
were significantly decreased in transgenic plants: the
brassinosteroids of transgenic lines were reduced by
30 % compared to the wild type, and the gibberellins
of transgenic mature leaves were about 60 % that of
the wild type (Fig. 3e, f).
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T v/
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Fig. 2 Phenotype of DmCPD and DmGA20ox-silenced lines
and wild type. a Phenotype of wild-type and transgenic plants,
90 days after colonization. b Leaf phenotype of wild-type and
transgenic plants, 90 days after colonization. ¢ Phenotype of
wild-type and transgenic plants, 150 days after colonization.

Expressions of gibberellin-, brassinosteroid-
and flowering-related genes were significantly
affected in transgenic plants

To further characterize the molecular mechanism of
the growth rate and flowering of transgenic plants, a
set of GA-, BR-, and flowering-related genes were
examined. According to previous research, the plant
hormone gibberellin (GA) induces flower formation in
anumber of species, including chrysanthemums (Lang
1957; Pharis and King 1985; Wilson et al. 1992).

In our study, the transcripts of GA- and BR-related
genes that mainly focused on promoting cell elonga-
tion, EXPI, XTH5, XET and IAA4, were all signifi-
cantly down-regulated in the leaves and stems of

RNAi-10

d Top phenotype of wild-type and transgenic plants, 150 days
after colonization. e Top phenotype of wild-type and transgenic
plants, 150 days after colonization. f Different stages of flower
bud development of wild type. WT wild type; RNAi-1, RNAi-3,
RNAI-10 were different transgenic lines

transgenic lines (Fig. 4a—d). These results showed that
the decreased expression of cell wall expansion and
cell elongation genes and growth-promoting genes in
dual-silenced lines might affect plant cell elongation
and development.

Furthermore, a set of flowering-related genes,
CDM36,CDM111, FL, FTL, and NRRa, were detected
in flower buds of wild-type and transgenic lines. These
results showed that, except for NRRa, the other four
flowering-related genes were all markedly down-
regulated in the initial two stages of flower bud
development in dual-silenced lines (Fig. 4e—i). These
results suggested that down-regulated flowering-
related genes in the transgenic lines might affect the
flowering of plants.
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and transgenic plants. Length (a) and width (b) of mature leaves
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n = 10. d Stem growth speed of wild-type and transgenic lines,
n = 10. BR (e) and GA (f) content in leaves and flower buds of
wild-type and transgenic lines. g Total chlorophyll content in

Discussion

The chrysanthemum is one of the most popular
ornamental plants in the world. The market conti-
nously demands new cultivars, and thus chrysanthe-
mum breeding is of great importance. We obtained a
smaller type of chrysanthemum by the dual-silencing
of DmCPD and DmGA20ox. This study indicates that
dual-silencing similar functioning genes involved in
plant architecture is a feasible method of achieving
miniaturization of the plant, and lays the theoretical
and technical foundation for the molecular breeding of
miniaturized flowers or ornamental plants in the
future.

An optimized Agrobacterium-mediated
transformation system of chrysanthemums

The chrysanthemum is an excellent edible, freezing-
tolerant landscape plant known for its varied and
beautiful leaves. To improve its ornamental traits,
transgenic technology has become a more effective
means than traditional breeding methods. To
date, much research on the tissue cultures of
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mature leaves of wild-type and transgenic lines. WT, wild type;
RNAIi-1, RNAi-3 and RNAi-10 are different transgenic lines.
The data represent the mean from three replicates with three
biological repeats. Asterisks indicate P values below 0.05
between the wild type and others by  test. Error bars SE

chrysanthemums has been done (Gertsson and An-
dersson 1985; Hill 1968; Kaul et al. 1990; Malaure
et al. 1991; Teixeira da Silva 2003) and the genetic
transformation of chrysanthemums has also been
studied (van Wordragen et al. 1991; Seiichim et al.
1995; Lemieux et al. 1990; Sherman et al. 1998;
Pavingerova et al. 1994; Takatsu et al. 1998). In
previous studies, many cultivars of chrysanthemums,
such as Dendranthema grandiflorum (Ramat.) Kitam-
ura, Peach Margaret, Polaris, and two potted plants,
Heklaand and Iridon, have been used as materials.
These results indicate that the genotype of chrysan-
themums is an important factor affecting the transfor-
mation efficiency. In this study, a new Chinese variety
Pink chanetii was selected as the material, and factors
affecting the adventitious shoot regeneration in vitro
were studied in detail. We found that whatever the
culture medium, a small piece of young leaf with
wounds on four sides was the best explant. The
addition of 3 mg/LL AgNO; and 0.1 % activated
carbon in the medium could greatly increase the
frequency of shoot regeneration and prevent brown-
ing. The optimum rooting medium was 1/2
MS 4+ NAA 0.1 mg/L 4+ Carb 200 mg/L 4 Kan
10-15 mg/L. The transformation rate was 4.2 %.
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Fig. 4 The detection results of brassinolide-, gibberellin- and
flowering-related genes. Expression analysis of EXPI (a), XTHS5
(b), XET (c) and IAA4 (d) in leaf and stem of wild-type and
transgenic lines. Expression analysis of CDM36 (e), CDM111
(f), FL (g), FTL (h) and NRRa (i) in F1 and F2 stage flower buds
of wild-type and transgenic lines. WT wild-type; RNAi-1,

Reduction of GA and BR content slowed

the growth rate and affected the morphological
development of DmCPD-DmGA200x silenced
plants

To date, the functions of GA and BR associated with
plant growth and development have been intensively
investigated. The two plant hormones are involved in
many aspects of plant growth and development, which
necessarily require precise regulation of GA and BR
levels in the plant body. Gibberellin mainly promotes
stem extension, germination, seed dormancy, flower-
ing, gender performance, root development, and the
aging suppression of leaves and fruit (Tyler et al.
2004; Kende and Lang 1964; Olszewski et al. 2002; Fu

Flower stages

F Flower stages e

RNAi-3 are different transgenic lines; F1 and F2 were the initial
two development phases of flower buds. The data represent the
mean from three replicates with three biological repeats.
Asterisks indicate P values below 0.05 between the wild type
and others by ¢ test. Error bars SE

and Harberd 2003; Groot et al. 1987). BR plays
important regulatory roles in seed dormancy and
germination, organ differentiation, vascular tissue
development, flowering and senescence, morphogen-
esis, and other various important growth and devel-
opment processes (Souter et al. 2002; Schlagnhaufer
and Arteca 1985; Diener et al. 2000; Topping et al.
1997).

In this study, DmCPD-DmGA20ox silenced plants
showed slower growth speed and smaller size than
wild-type plants. To reveal the molecular mechanism
of this phenotype, a set of GA- and BR-related genes
mainly promoting cell elongation, EXPI, XTHS5, XET,
and IAA4, were detected in wild-type and transgenic
lines. Plant cell wall expansion protein EXPI,

@ Springer
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regulated by GAs and BRs, unlocks the network of
polysaccharides, permitting turgor-driven  cell
enlargement (Cosgrove 2000, 1998). Xyloglucan is
one of the primary structural components of the plant
cell wall. Therefore, XTHs function may affect both
cell shape and plant morphogenesis. XTH5 and XET
encoding xyloglucan endotransglucosylase/hydro-
lases, regulated by GAs and BRs, affect the recruit-
ment of cell wall-modifying activity in response to
environmental stress and growth (Xu et al. 1995;
Campbell and Braam 1998; Iliev et al. 2002). IAA4, a
BR- and auxin-regulated gene, promotes plant growth
and development (Wong et al. 1996; Abel et al. 1995).
These genes were all significantly down-regulated in
transgenic lines (Fig. 4a—d).

In addition, brassinosteroid and gibberellin content
were markedly decreased in transgenic plants. These
results indicated that dual-silencing of DmCPD and
DmGA20o0x in chrysanthemums reduced the GA and
BR levels in plants, and down-regulated the expres-
sion of cell wall expansion and cell elongation genes,
and subsequently affected plant cell elongation to
produce smaller plants with a slower growth speed.

DmCPD-DmGA20ox silencing affected
the flowering and chlorophyll content of plant

Flower development includes the formation and
maintenance of inflorescence and floral meristems,
and is controlled by environmental conditions and
developmental regulation (Blazquez et al. 1998; Parcy
et al. 1998). In Arabidopsis, the flowering time of GA-
biosynthetic and GA-signaling mutants is well corre-
lated with the expression level of SOCI. The socl null
mutant shows reduced sensitivity to GA for flowering,
while overexpression of SOCI rescues the non-
flowering phenotype of gal-3, which shows that the
GA pathway provides a positive factor for SOCI
activation (Moon et al. 2003). Arabidopsis mutant dd1
(cpd and delayed-flowering 1) shows dwarfism and
late-flowering, and is deficient in gibberellin biosyn-
thesis, and the phenotype is rescued by exogenous
GA; (Magome et al. 2004). In this study, transgenic
plants showed a late-flowering phenotype (Fig. 2c—e).
To explore the molecular mechanism of this pheno-
type, a set of flowering related genes mainly promot-
ing flowering, CDM36, CDM111, FL, and FTL, were
detected in flower buds of wild-type and transgenic
lines. CDM36 is a chrysanthemum MADS-box
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transcription factor, belonging to the SOCI1 protein
subfamily (Shchennikova et al. 2004), which plays an
essential role in integrating multiple flowering signals
to regulate the transition from vegetative to reproduc-
tive development (Moon et al. 2003). CDM111, a
MADS-box gene, is a member of the APET-
ALAI(API) subfamily, and overexpression of
CDM111 in Arabidopsis plants results in dramatically
reduced time to flowering (Honma and Goto 2001;
Mandel and Yanofsky 1995). In addition, CDM111 is
able to partially complement the apl-/ mutant from
Arabidopsis, illustrating that CDM111 is the func-
tional equivalent of AP/ (Bowman et al. 1993). GA
promotes the expression of FL, which belongs to the
FLORICAULA/LEAFY homologous gene from chry-
santhemums (Blazquez et al. 1998). FTL3, a chrysan-
themum FLOWERING LOCUS T-like gene, is a key
regulator of flowering in chrysanthemums. F7TL3 has
the potential to induce early flowering because of its
overexpression in chrysanthemums (Oda et al. 2012).
These genes were all significantly down-regulated in
transgenic lines (Fig. 4e-h). Judging from these
results, silencing of the gibberellin biosynthetic gene
GA200x resulted in reduced GA content in the flower
buds, thereby down-regulating the expression levels of
CDM36, CDM111, FL, and FTL3, and eventually
might lead to delayed flowering of transgenic plants.
We also detected NRRa, which was strongly expressed
in flower buds and peduncles, and NRRa RNAi
transgenic plants flowered 40-64 days -earlier,
whereas NRRa-overexpressing plants exhibited a
delayed flowering phenotype (Zhang et al. 2013).
However, the expression levels in wild-type and
transgenic lines had no significant difference (Fig. 41).
Why was NRRa not affected by the dual-silencing of
DmCPD and DmGA200x? That needs further study.
Many Arabidopsis BR synthesis and signaling
pathway mutants show extension of nutritional growth
and delayed flowering time. For instance, under the
same growth conditions, BR synthesis mutants dez2
(Fujioka et al. 1997), dwf4 (Azpiroz et al. 1998), and
cpd (Li and Chory 1997) and BR-insensitive mutant
bril (Domagalska et al. 2007) all show late-flowering
phenotypes. Studies have found that the endogenous
BR content of def2 mutant is 10 % of that of the wild
type, and cpd, dwf4, and bril mutants accumulate
different BR precursors in vivo (Szekeres et al. 1996;
Azpiroz et al. 1998; Noguchi et al. 1999). These data
show that endogenous BR content and change of BR
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signal transduction are involved in flowering time
regulation. Therefore, in our study, reduced brassin-
olide content in the transgenic flower buds may delay
the flowering time.

Moreover, dual-silenced chrysanthemums con-
tained approximately 5-21 % more chlorophyll than
wild-type plants (Fig. 3g). A similar phenotype exists
in GA-insensitive or GA-deficient mutants of Arabi-
dopsis, which have high levels of chlorophyll (Koor-
neef et al. 1985).

Simultaneous silencing of DmCPD
and DmGA20ox is an effective way of achieving
miniaturization of chrysanthemum

Currently, dwarfing genes are concentrated in the GA,
BR, auxin biosynthesis, and signal transduction and
light signaling pathways (Ross et al. 2001; Yin et al.
2007). Genes of cytokinins and ethylene synthesis and
signaling pathways (De Grauwe et al. 2005) may also
become important factors in research on ornamental
plant miniaturization. Moreover, cell wall synthesis
and metabolism, temperature and other environmental
factors, DNA methylation (Finnegan et al. 1996),
microRNA (Achard et al. 2004), and transcription
factors are important regulatory elements for plant
growth and development. In this study, BR/GA
biosynthesis genes DmCPD and DmGA20ox were
selected to construct an RNAi vector. Through
transgenic technology, simultaneously silenced chry-
santhemum plants were produced and exhibited dwarf
and late flower phenotypes. This result indicates that
jointly silencing DmCPD and DmGA20ox genes is a
feasible method for miniature chrysanthemum
breeding.
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