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ABSTRACT. APETALA2 plays critical roles in establishing
meristem and organ identity during plant floral development. In
this study, we obtained a CedAP2-like gene by using the mRNA
differential display technique to analyze the wild type and a
multitepal mutant of the orchid Cymbidium ensifolium. The full-
length ¢cDNA encoding the CeAP2-like transcription factor shows
significant similarity to the cDNA of AP2 from Erycina pusilla and
contains nucleotides complementary to miR172. Using a transient
gene expression system of Arabidopsis protoplasts, we found that the
accumulation of CeAP2-like protein and transcripts was negatively
regulated by miR172, indicating this gene as a putative target of
miR172. Northern blotting revealed that Ce4AP2-like is dominantly
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expressed in the sepals and petals of the wild-type flower, and shows
low expression in the gynostemium. In contrast, the accumulation
of CeAP2-like transcripts decreased significantly, especially in the
central part of the mutant flower, corresponding to its abnormal
petals and the absence of the gynostemium. Furthermore, we
found an antagonistic expression pattern between CeAP2-like and
AGAMOUS in the wild type, representing A- and C-class genes that
specify floral organ fate. However, this antagonistic distribution was
modified in the multitepal mutant, and both genes showed lower
expression than that in the wild type. This result suggested that the
balance between CeAP2-like and AGAMOUS activity was important
for the regulation of floral patterning in C. ensifolium. This study
represents the first report on a class A gene and its regulatory role
for floral development in the orchid C. ensifolium.

Key words: Orchid; Cymbidium ensifolium; Floral patterning;
APETALA2-like; miR172; AGAMOUS

INTRODUCTION

Orchids possess highly specialized floral organs, including three sepals in whorl 1,
two petals and one lip in whorl 2, and a gynostemium in the center of the flower (Wang et al.,
2011). The lip is a highly evolved petal, the shape of which is ovate to triangular, and it often
possesses a kinked to undulate margin; the gynostemium is fused by the male and female
reproductive organs and contains four pollinia on a semicircular viscidium (Schiestl and Coz-
zolino, 2008) (Figure 1A and 1B). These unique floral morphological synapomorphies define
an unusually coherent group among monocots, representing a highly advanced and terminal
line of floral evolution that is still actively evolving (Dressler, 1993). The orchid family thus
experiences high speciation rates and contains approximately 750 genera with over 25,000
species (Dressler, 2005). In association with the enormous number of orchid species, extraor-
dinary floral diversity is also observed in the family, which has drawn great horticultural inter-
est (Ghazoul, 2006; Soltis and Soltis, 2014).

Despite the unique developmental reproductive biology of orchids and their hor-
ticultural and economic value, the molecular bases of floral pattern regulation and floral
diversity in these species remain relatively unexplored, in comparison with those of other
species-rich plant families (Eveland et al., 2014; Teo et al., 2014). According to the floral
quartet model, floral morphogenesis is controlled by many transcription factors, includ-
ing ABCDE homeotic genes (Causier et al., 2010). Among these genes, the A-class genes
APETALAI (AP1) and AP2 confer sepal identity in the first floral whorl (Keck et al., 2003).
Their activity overlaps with that of the B-class genes AP3 and PISTILLATA (PI) in the
second whorl, which cause petal development (Pelaz et al., 2000). AP3, PI, and the C-class
gene AGAMOUS (AG) specify stamen identity in whorl 3, while AG in whorl 4 promotes
carpel development (Theissen and Becker, 2004; Melzer and Theissen, 2009). D class genes
are related to ovule identity, and E class genes are broadly expressed in all four whorls and
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correlate to the floral meristem establishment (Melzer et al., 2009). Moreover, studies in
Arabidopsis thaliana have shown that AP2 and AG (A- and C-class genes, respectively) act
antagonistically to specify perianth and reproductive organs (Bowman et al., 1989, 1991;
O’Maoiléidigh et al., 2014).

Recent studies on floral development-related genes in Phalaenopsis orchids have
indicated that several MADS-box transcription factors act as ABCDE demotic genes after
cloning, expression, and functional analysis (Tsai and Chen, 2006; Su et al., 2013). For
example, expression studies have shown that the identity of the petals and lip in whorl 2
is specified by the combinatorial interaction of four different DEFICIENS-like MADS-
box genes, which were generated from B-class gene duplication (Hsiao et al., 2013), and
the C- and D-class MADS-box genes from Phalaenopsis equestris (Orchidaceae) were
reported to display functions in gynostemium and ovule development (Tsai et al., 2008;
Chang et al., 2010). However, owing to lack of knowledge, extensive investigations are
required to further understand the floral ABCDE model in orchid, as shown by Wang et
al. (2011). Moreover, nearly all of the evidence regarding these ABCDE demotic genes
has been derived from Phalaenopsis, and studies in other orchid genera are greatly limited
(Huang et al., 2012; Yang et al., 2014).

In the present study, we studied the wild type and a multitepal mutant of Cymbidium
ensifolium, which is an economically important species of flowering orchid cultivated in
China, Japan, Korea, and Southeast Asia. Due to its beautiful and fragrant flowers, Cym-
bidium is highly desirable in traditional flower markets in China, and its floral traits have
attracted significant horticultural attention (Wang et al., 2014). To identify the genes related
to various floral traits in this species, we isolated genes that were differentially expressed
between the wild type and the multitepal mutant using the mRNA display technique. A
sequence homologous to 4AP2 was thereby obtained. We cloned the full lengths of the open
reading frame by rapid amplification of the 5' cDNA end (5'RACE) to characterize this
orchid AP2-like gene. Similar to AP2 in A. thaliana, this gene contains sequence motifs
complementary to miR172, the microRNA that has been shown to regulate 4P2 expression
(Zhu and Helliwell, 2011).

By using transient gene expression system of Arabidopsis protoplasts, we exam-
ined the regulation of CedAP2-like by miR172. Our results from semi-quantitative reverse-
transcription polymerase chain reaction (RT-PCR) analysis of CedP2-like expression and
fluorescence signal of the Ce AP2-like-GFP fusion protein confirmed that the accumulation of
CeAP2-like protein and transcripts was negatively regulated by miR172, indicating this gene
as a putative target of miR172 in C. ensifolium. In addition, this gene is expressed in vari-
ous floral organs, and it shows modified expression in the mutant flower, which is consistent
with the abnormal floral organs. Moreover, an increase in the expression of CeAP2-like and
a decrease in the accumulation of 4G were detected in the outer whorls of wild-type flowers.
Expression of both these genes was modified in the multitepal mutant, and both genes showed
lower expression than in the wild type, which further suggested that the mutual antagonism of
CeAP2-like and AG was involved in the regulation of orchid floral development. These results
together indicated that Ce4P2-like plays critical roles in the regulation of floral patterning in
C. ensifolium. The present study increases current understanding of the molecular mechanisms
of orchid gynostemium morphogenesis.
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Figure 1. Floral morphogenesis of wild-type plant and multitepal mutant of Cymbidium ensifolium. A. B. Wild-
type flower of C. ensifolium has three sepals and three petals. One petal is morphologically different in structure
and is known as the labellum (or lip). The male and female reproductive parts are fused in the center of the flower,
known as the gynostemium (or column). C. D. Flower of multitepal mutant exhibits petal-to-sepal transformations,
generates more sepals, while the gynostemium is absent in the center of the flower. Se: sepals (whorl 1); Pe: petals
and Li: lip (whorl 2); Gy: gynostemium (whorl 3 + whorl 4).

MATERIAL AND METHODS

Plant materials and growth conditions

The wild-type plants and multitepal mutants of C. ensifolium ‘Tianesu’ and ‘Cuiyu-
mudan’ used in this study were collected from the cultivation base of the Floricultural Re-
search Institute, Guangdong Academy of Agricultural Sciences, China. All of the plants were
grown and maintained in pots in a greenhouse at day/night temperatures of 26°/22°C under a
16-h light/8-h dark photoperiod.

Sequence alignment and phylogenetic analysis

Full-length amino acid sequences were aligned by the Clustal X 1.83 program. The
sequence alignment was further adjusted manually using the BioEdit software (http://www.
mbio.ncsu.edu/bioedit/bioedit.html). The amino acid substitution model was calculated using
Model Generator v0.84, and the optimal model of “JTT + G was selected. Phylogenetic re-
lationships were reconstructed using a maximum-likelihood method in the PHYML software
with the JTT amino acid substitution model.
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Northern blot analysis

Total RNA extracted from different tissues of C. ensifolium using the Trizol® reagent
(Life Technologies) was separated on 1.5% formaldehyde-MOPS agarose gels and blotted
onto N+ membranes (Millipore Corporation, http://www.millipore.com). Hybridization was
performed at 68°C in PerfectHybTM Plus Buffer (Sigma-Aldrich). Probes were labeled with
32P-dATP using the Klenow fragment (Takara).

For miR172 detection, small RNAs were detected following the electrophoresis of
total RNA through a denaturing 15% polyacrylamide gel and transferred to cellulose acetate
membranes (Millipore Corporation, http://www.millipore.com). Hybridization was performed
at 35°C in PerfectHyb™ Plus Buffer (Sigma-Aldrich). Probes were labeled with [**P]-dATP us-
ing terminal deoxynucleotidyl transferase (Takara). The intensity of the hybridized bands was
assessed with a Bio-profile Bio 1D image analyzer (Vilber Lourmat, Marne La Vallée, France).

GFP fusion and fluorescence analysis

For GFP fusion construction, CeAP2-like-GFP and miR 172 resistant mCeAP2-like-GFP
were driven by the 35S promoter in the pBI221 vector. (Primers are shown in Table S1). The
miR172-resistant version of mCeAP2-like contained three silent mutations within the miR172-
complementary domain of the CeAP2-like genomic clone. It thus increased the number of mis-
matches between miR 172 and mCeAP2-like without altering the amino acid sequence [using the
method as described by Liang et al. (2014)]. For the miRNA/AP2 coinfiltration experiments,
equal volumes of plasmid DNA containing 35S:ath-MIR172a (OD260/280 = 1.85) and 35S:
CeAP2-like (0OD260/280 = 1.97) or 355:mCeAP2-like (OD260/280 = 2.14) were mixed before
transformation into Arabidopsis protoplasts. Transient protein expression analysis in Arabidopsis
protoplasts was performed as described by Abel and Theologis (1994). Fluorescence assays were
conducted 12 h after transformation using a confocal laser-scanning microscope, as described
elsewhere. Arabidopsis protoplasts transiently expressing 35S:ath-MIR172a/35S:CeAP2-like
and 35S:ath-MIR172a/35S:mCeAP2-like were separately collected for RNA extraction.

Quantitative reverse-transcription PCR (RT-PCR)

Total RNA was extracted from Arabidopsis protoplasts using Trizol® reagent (Life
Technologies) and treated with DNase I (Fermentas). The OneStep RT-PCR Kit (Fermentas)
with 20 pM primers was used to synthesize cDNA from 1 pg RNA. PCRs were performed for
23 to 28 cycles, and ath-MIR172a was used as an internal standard. Each RT-PCR experiment
was repeated at least three times.

RESULTS
Isolation of the CeAP2-like gene in C. ensifolium

Floral morphogenesis is one of the most attractive characteristics of Cymbidium,
which has led to its cultivation and breeding. To identify genes associated with specific floral
organ development, a multitepal mutant was employed in this study. The mutant exhibited
petal-to-sepal transformations and more sepals overall (Figure1C and D). Moreover, when the
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mutant was compared to the wild type, the gynostemium was absent in the mutant, suggesting
interference with normal floral homeotic gene function in the perianth organs. We examined
the transcriptional variations between wild-type and multitepal flowers using the mRNA dif-
ferential display technique. A total of 89 differentially expressed fragments were identified,
with 67 up-regulated and 22 down-regulated in the multitepal mutant.

Sequence analysis found that one of the fragments showed high homology to the
cDNAs of AP2-9 from Erycina pusilla and AP2-like from Vitis vinifera, as well as to those of
AP2 from Musa acuminate and A. thaliana (Figure S1). We therefore designated the cDNA
as CeAP2-like. Using rapid amplification of cDNA ends technology (5'RACE-PCR), we ob-
tained the full 1449-nt length of the Ce4AP2-like cDNA sequence (Table S2).

The deduced CeAP2-like protein had 482 amino acid residues and possessed two AP2
domains, which are characteristic of transcriptional factors from the AP2 family. Seven DNA-
binding sites, two protein-binding sites and a nuclear localization signal sequence were found
in the CeA4P2-like sequence (Figure 2A, Figure S2). Multiple sequence alignments with other
APETALAZ2 proteins of plants demonstrated that Ce4P2-like is very closely related to AP2-9
in E. pusilla with 87.6% identity (Figure 2B).
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Figure 2. Phylogenic analysis between identified CeAP2-like sequence and its homologs in other species. A.
Phylogenic analysis and the simplified protein structure of the identified CeAP2-like sequence. B. Alignment of
the deduced amino acid sequences of CeAP2-like and other AP2-related proteins. The multiple alignments were
generated by a maximum-likelihood method in the PHYML software with the JTT amino acid substitution model.
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Furthermore, in silico RNA hybridization revealed a sequence complementary to
miR172 in the CeAP2-like cDNA, and the position of this sequence was similar to that in other
miR172-targeted 4P2 genes from different plants (Figure 3). Since the regulation of the AP2-
domain genes by miR172 has been broadly reported in both monocotyledons and dicotyledons
(Zhu and Helliwell 2011; Varkonyi-Gasic et al., 2012), our findings indicated Ce4AP2-like as a
putative target gene of miR172 in C. ensifolium.
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Figure 3. Sequence complementary to miR172 in the Ce4P2-like gene. The comparison of complementary site of
miR172 to CeAP2-like (indicated by the red frame). Free energy of duplex structures was calculated using the RNA
hybrid software (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid).

Regulation of CeAP2-like expression by miR172

To confirm the hypothesis that Ce4P2-like could be targeted by miR172, we first
detected the presence of miR172 in C. ensifolium by small RNA hybridization using an an-
tisense probe for miR172a. Our results indicated that a small single-stranded RNA of ~21 nt
accumulated in the floral organs, especially in the flower bud. This finding demonstrated the
conservation of miR172 in C. ensifolium (Figure 4). To further determine whether a miR172/
AP?2 regulatory mode existed in C. ensifolium, we constructed a GFP-tagged CeAP2-like fu-
sion and a miR172-resistant mCeAP2-like-GFP driven by 35S, respectively, and examined the
fluorescence signals from Arabidopsis protoplasts transiently coexpressing miR172/CeAP2-
like-GFP or miR172/mCeAP2-like-GFP. In comparison with the fused protein containing
the CeAP2-like sequence, the one containing the miR172-resistant mCeAP2-like sequence
displayed a strong signal in the nucleus (Figure 5SA). This confirmed that the translation of
CeAP2-like was negatively regulated by miR172. Moreover, a weak signal was also detected
in Arabidopsis protoplasts transiently coexpressing 35S:miR172/35S:CeAP2-like, suggesting
that miR172 was insufficient to clear AP2 mRNA, which was consistent with the results of
previous reports in other species (Wollmann et al., 2010; Chung et al., 2010).

Meanwhile, Arabidopsis protoplasts from last step were collected, and the RNAs were
extracted for semi-quantitative RT-PCR, to analyze the transcript abundance of Ce4 P2-like. In
accordance with the fluorescence results from the GFP fusion experiments, the cleavage site-
spanning fragment of mCeAP2-like was expressed to a greater degree than that of Ce4P2-like
[method described by Yang et al. (2009) was used] (Figure 5B). This result further confirmed
that miR172/4P2 regulation was conserved in C. ensifolium.
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Figure 4. Expression pattern of miR172 in Cymbidium ensifolium. Expression pattern of miR172 in different
tissues of C. ensifolium by northern blot. Each lane contained 15 mg total RNA, isolated from roots, pseudobulbs,
leaves, and flowers. Ethidium bromide staining of 5S RNA/tRNA is shown at the bottom as a loading control.
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Figure 5. Negative regulation of CeAP2-like expression by miR172. A. 35S5:miR172/35S:CeAP2-like and
358:miR172/35S:mCeAP2-like were co-transformed into Arabidopsis leaf protoplasts by a PEG-mediated
method. Signal of fusion protein was visualized by fluorescence microscopy. Bar = 10 pm. B. Relative
expression levels of CedP2-like in Arabidopsis leaf protoplasts coexpressing 35S:miR172/35S:CeAP2-like and
358:miR172/355:mCeAP2-like. MIR172a was used as the internal control. Top lane: full-length of Ce4P2-like; 2nd
lane: 5'cleavage fragment, 3rd lane: 3'cleavage fragment.

Expression pattern of CeAP2-like in various floral organs

In light of the differential expression of CeAP2-like shown by mRNA differential
display experiment, we reexamined its expression pattern in wild-type and multitepal flowers.
Using the northern blotting technique, strong expression signals were detected throughout
different floral developmental stages in the wild type (Figure 6A). In contrast, CeAP2-like
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transcript levels appeared to be low or absent after stage 4 in mutant flowers (Figure 6B). The
accumulation of CeAP2-like mRNA was also determined in different floral organs (Figure
7). The highest levels of CeAP2-like transcripts in wild-type plants were found in sepals and
then in the petals and the gynostemium, which was consistent with the finding in Arabidop-
sis that AP2 mRNA accumulates predominantly in the outer floral whorls (Wollmann et al.,
2010). However, the situation was different in the mutant flower that exhibited petal-to-sepal
transformations and failed to generate normal petals. The overall expression level of CeAP2-
like was lower in the mutant than in the wild type. As indicated by northern blotting shown in
Figure 7 (top lane), almost 2 times more total RNA was loaded to obtain a comparable band
of CeAP2-like in the mutant compared to that in the wild-type plant. In addition, Ce4P2-like
mRNA amount was greatly decreased in the central part of the mutant flower, likely due to
the absence of a gynostemium in the center. These results revealed that CeA P2-like expression
was modified in the multitepal flowers, which further suggested an important role of CeAP2-
like in the floral development of C. ensifolium.

Multitepal mutant

Ce-AP2like

RNA RNA

Figure 6. Expression pattern of Ce4P2-like in different floral organs. Total RNA was isolated from flowers of wild
type and the mutiltepal mutant from stage 1 to stage 5. Each lane contains 15 mg total RNA for the wild type, and
25 mg total RNA for the mutant, normalized to 5S RNA/tRNA. Stage 1 <0.5 cm; Stage 2, 0.5 to 1.0 cm; Stage 3,
1.0 to 2.0 cm; Stage 4, 2.0 to 3.0 cm; Stage 5, mature flower.
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Figure 7. Mutual antagonism between CeAP2-like and AG. Expression pattern of Ce4P2-like and AG in different
floral organs. Each lane contains 15 mg total RNA for the wild type and 25 mg total RNA for the mutant, normalized
to 5S RNA/tRNA.

Genetics and Molecular Research 14 (4): 12049-12061 (2015) ©FUNPEC-RP www.funpecrp.com.br



F.X. Yang et al. 12058

Involvement of the mutual antagonism between CeAP2-like and AG in the stamen
and petal identity of C. ensifolium

In addition to specifying petal identity, 4P2 has also been shown to function as an
antagonistic gene of AG, repressing its expression in floral outer whorls (Wollmann et al.,
2010). We therefore compared the transcript dynamics of Ce4P2-like and AG in wild-type and
multitepal flowers to determine the potential function of Ce4P2-like during floral patterning
regulation in C. ensifolium. CeAP2-like transcript abundance was dominant in the sepals and
was lower in the petals and the gynostemium of wild-type flowers (Figure 7). In comparison,
the transcript levels of 4G were abundant in the gynostemium and very low in the sepals.
This contrasting distribution pattern was similar to that observed in Arabidopsis (Wollmann et
al., 2010), and indicated that a mutual antagonism existed between Ce4P2-like and AG in C.
ensifolium. However, this antagonistic distribution was altered in mutant flowers, and a com-
parable expression of AG was observed in different floral organs, rather than the predominant
expression in the center of the flower found in wild type. This phenomenon was probably due
to the absence of a gynostemium in the mutant, which prevented the accumulation of AG tran-
scripts in the floral center. Taken together, these results indicate that the antagonism between
AP2 and AG is conserved in the orchid plant and that the CeAP2-like/AG regulatory node is
likely to act in the regulation of floral patterning of C. ensifolium.

DISSCUSSION

We performed mRNA differential display experiments in wild-type and multitepal
flowers of Cymbidium, with the aim of identifying the genes responsible for their differences
in floral traits and development. Most sequences were up-regulated in the mutant, however,
an AP2-like gene was expressed to a lesser degree in the mature multitepal flower. Further
analysis revealed that the isolated Ce4P2-like cDNA was very closely related to AP2-9 from
E. pusilla. Relatively high degrees of homology were also indicated between this cDNA and
the AP2-like sequences from Arabidopsis. Additionally, we showed strong complementarity
between CeAP2-like mRNA and miR172, as well as localization of the complementary nu-
cleotides similar to that in the cDNAs of other homologous genes identified in different plant
species (Nilsson et al., 2007; Varkonyi-Gasic et al., 2012). These results indicated the potential
regulation of 4P2 by miR172 in the orchid.

MicroRNAs (miRNAs) are regulatory small RNAs that repress the expression of their
target genes via mRNA cleavage or translational repression (Chiba and Green, 2009; Hunt-
zinger and Izaurralde, 2011). Hundreds of miRNA families have been identified as playing
crucial roles in many developmental and physiological processes in different plant species
(Jones-Rhoades and Bartel, 2004; Zhang et al., 2006). However, despite reports on small RNA
sequencing in orchid, no previous studies have investigated the function of miRNAs in orchid
species (An et al., 2011; Lin et al., 2013).

One of the most ancient miRNAs in plants is miR172, and it regulates a small group
of AP2 domain-containing, plant-specific transcription factors (Wollmann et al., 2010). Recent
studies in both dicotyledons and monocotyledons have shown that miR172 is important in
regulating phase transition and determining floral organ identity, although it causes differing
morphological outcomes in different species (Glazinska et al., 2009; Zhu et al., 2011). In the
present study, we detected the expression of this miRNA in floral organs using an miR172a
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probe. Our results indicated that miR 172 was broadly expressed throughout different develop-
mental stages and showed an increased accumulation in the floral organs, which implied that
miR 172 plays a conserved role in the vegetative development of C. ensifolium. Moreover, the
decreases in both the fluorescence signals, and the AP2 transcripts of Arabidopsis protoplasts
transiently coexpressing miR172/CeAP2-like-GFP compared to those expressing miR172-
resistant mCeAP2-like-GFP, indicated a negative regulatory role of miR172 on CeAP2-like.
Therefore, we assumed that the identified sequence was the cDNA of the miR172-targeted
AP2 gene in C. ensifolium. These investigations demonstrated that the interaction between
miR172 and its AP2 or AP2-like targets is deeply conserved and that the miR172-4P2 family
interaction has long been a critical component of plant development.

The role of AP2 in specifying floral organ identity has been widely reported (Chung
et al., 2010). Detailed analysis in Arabidopsis has confirmed the mutual antagonism between
AP2 and AG, leading to the development of a model in which AP2 activity restricts the AG
expression domain to determine whether stamens or petals develop (Wollmann et al., 2010).
In the present study, the highest accumulation of CeAP2-like was observed in the sepalsof
wild-type flowers. Conversely, the transcripts of AG were most prevalent in the gynostemium
and least prevalent in the sepals, indicating an antagonistic relationship between Ce4P2-like
and AG, as has been shown previously in Arabidopsis. However, the expression pattern of
CeAP2-like/AG was significantly different in the mutant from that in the wild type. Northern
blotting analysis indicated lower transcript abundances of 4G in the gynostemiums, as well
as lower expression level of CedAP2-like in the sepals and across the whole flowers of the
mutants, compared to those of the wild-type plants. Despite the correspondence between the
reduced CeAP2-like mRNA and the petals in mutant flowers, this result was also likely due to
the absence of a gynostemium in the floral center of the mutant, which further reduced levels
of AG and its antagonism to 4P2 expression. Thus, the CedP2-like/AG regulatory node is
likely to act in the regulation of floral patterning. However, additional physiological and mo-
lecular data are needed to confirm this hypothesis. Further studies on the overexpression and/
or RNAI of CedP2-like, together with physiological experiments using transgenic plants, will
help explain the function of this gene in the regulation of floral patterning in C. ensifolium.
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