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Epimedium L. (Berberidaceae, Ranales), a perennial traditional Chinese medicinal herb,
has become a new popular landscape plant for ground cover and pot culture in
many countries based on its excellent ornamental characteristics and, distinctive and
diverse floral morphology. However, little is known about the molecular genetics of
flower development in Epimedium sagittatum. Here, we describe the characterization of
EsSVP that encodes a protein sharing 68, 54, and 35% similarity with SVP, AGAMOUS-
like 24 (AGL24) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOCH1)
in Arabidopsis, respectively. Quantitative RT-PCR (gRT-PCR) indicated that EsSVP
transcripts were principally found in petiole and leaf tissues, with little expression in
roots and flowers and no in fruits. The highest EsSVP expression was observed in
leaves. The flowering time of 35S::EsSVP in most Arabidopsis thaliana and in all
petunia plants was not affected in both photoperiod conditions, but 35S::EsSVP 5#
and 35S..EsSVP 1# Arabidopsis lines induced late and early flowering under long
day (LD, 14 h light/10 h dark) and short day (SD, 10 h light/14 h dark) conditions,
respectively. The 35S::EsSVP Arabidopsis produced extra secondary inflorescence or
floral meristems in the axils of the leaf-like sepals with excrescent trichomes, and leaf-
like sepals not able to enclose the inner three whorls completely. Moreover, almost all
transgenic Arabidopsis plants showed persistent sepals around the completely matured
fruits. Upon ectopic expression of 35S::EsSVP in Petunia W115, sepals were enlarged,
sometimes to the size of leaves; corollas were greenish and did not fully open. These
results suggest that EsSVP is involved in inflorescence meristem identity and flowering
time regulation in some conditions. Although, the SVP homologs might have suffered
functional diversification among diverse species between core and basal eudicots, the
protein functions are conserved between Arabidopsis/Petunia and Epimedium.
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INTRODUCTION

The ‘photoperiodic;, ‘autonomous; ‘vernalization, and
‘gibberellin’ pathways in Arabidopsis seem to focus on the
transcriptional regulation of the floral integrator genes
FLOWERING LOCUS T (FT) and SOCI, which accelerate
expression of APETALAI (API) and LEAFY (LFY), demanded
to confer floral identity on developing floral primordia (Huala
and Sussex, 1992; Weigel et al., 1992; Bowman et al., 1993;
Mandel and Yanofsky, 1995; Ferrandiz et al., 2000; Corbesier and
Coupland, 2005, 2006). FLOWERING LOCUS C (FLC) and SVP
restrict the expression of the mobile floral inducer (‘florigen’)
FLOWERING LOCUS T (FT) and other genes that initiate floral
transition, in a partly tissue-specific fashion (Searle et al., 20065
Li et al.,, 2008; Jang et al., 2009). During the early stages of flower
development, API can interact with SVP and this complex may
initially repress homeotic gene activity. During this stage, also
SOCI1 blocks the premature expression of floral homeotic B-,
C- and E-class genes in inflorescence meristems (IMs) and early
floral meristems (FMs) in a redundant manner with AGL24
and SVP, respectively (Gregis et al., 2009; Liu et al., 2009; Torti
et al., 2012). Floral integrators (FT and SOC1), floral repressors
(SVP and FLC), and a microRNA, targeting AP2-like factors
(miR172a), were identified as possible AGL15 targets (Zheng
etal., 2009). AGL15 and AGL18, along with SVP and AGL24, are
necessary to repress initiation of floral programs in vegetative
organs (Fernandez et al., 2014). Members of the SVP-like gene
family have been ascertained in a great range of species and have
been shown to perform diverse functions. In Arabidopsis, two
paralogous genes, SVP and AGL24, perform opposite functions
during the floral transition (Hartmann et al., 2000; Yu et al,
2002), and have redundant functions during early stages of
flower development (Gregis et al., 2006, 2008).

Based on the position where flowers and branches are
formed, inflorescences are classified into three broad types:
racemes, cymes and panicles (Rickett, 1944; Weberling, 1989;
Prusinkiewicz et al., 2007). Arabidopsis and Antirrhinum
produce racemes, whereas petunia produces a cyme. Epimedium
sagittatum, a member of the basal eudicots belongs to
Ranunculales and produces panicles.

Epimedium plants are regarded as an excellent evolutionary
model for their distinctive and diverse floral morphologies,
displaying evolutionarily intermediate forms including petaloid
sepals and petals with nectariferous (nectar secreting) tissue
on their inner face (Stearn, 2002). Another member of basal
eudicots Aquilegia (Ranunculaceae, Ranunculales) has been
studied as a new model in plant development, ecology, and
evolution (Kramer, 2009), but little is known about SVP
genes in Aquilegia. In the past decade, the signaling pathways
that promotes flowering and the way floral architecture is
determined has been described in Arabidopsis, a member of
the core eudicots (Blizquez, 2000; Blazquez, 2005), but whether
a similar gene network works in basal eudicots Epimedium L.
remains a challenging subject in the field of plant molecular
development. What is the difference between basal and core
eudicots with regard to flower development leading to diverse
inflorescences types? To understand the relationship between

MADS-box genes and floral organ development in Epimedium,
we previously isolated and characterized homologs of the
AP1/SEPALLATA(SEP)/AGL6 superclade of MADS-box genes
in E. sagittatum (Sun et al., 2014). Here, we isolated an SVP-
like MADS-box gene from E. sagittatum. Transgenic approaches
and transcriptional analysis were used to further investigate
the potential role of EsSVP, pointing at an important role
in inflorescence meristem development and flowering time
regulation.

MATERIALS AND METHODS
Plant Material and Growth Condition

Plant material for gene cloning and qRT-PCR analysis were
obtained from E. sagittatum. The samples were collected from
individuals in the experimental field of Wuhan Botanical Garden,
the Chinese Academy of Sciences that were originally introduced
from Hunan province, China. Leaves, petioles, flower buds,
flowers, and roots were sampled and immediately frozen in liquid
nitrogen and kept at —70°C until required. Total RNA from
flower buds and flowers was isolated for EsSVP cloning.

Overexpression of EsSVP was carried out in the Arabidopsis
Columbia-0 (Col-0) ecotype. The svp-41 lines used for
complementation were screened out by its phenotype combined
with RT-PCR. The Col-0, svp-41 and transgenic Arabidopsis
plants were grown at 22°C under LD and/or SD conditions. To
investigate flowering time, the number of rosette and/or cauline
leaves of transgenic plants T3 were counted when plants bore a
1-cm-long inflorescence. Before the first flower formation, the
transgenic Arabidopsis seedlings were sampled for qRT-PCR.
Wild type Petunia W115 and extrapetals (exp*V2!'°) was grown at
average 22°C under normal greenhouse conditions. The Petunia
mutant exp*V2!13, containing an insertion of a dTphI transposon
in an SVP-like gene, arose spontaneously among progeny of the
line W138 (Castel, 2009). The exp"?!1> plants used for functional
complementation were screened out by phenotype, which is
characterized by an inflorescence with a single terminal flower
compared with successive terminal flowers in the wild type
(Supplementary Figures S1A,B). Because seasonal changes in day
length and/or light intensity might influence plant development
and flowering time, care was taken to grow different genotypes
side by side under the same conditions for comparison. The
transgenic progeny was scored by phenotype and analyzed by
RT-PCR.

Cloning, Sequence Alignment, and

Phylogenetic Analysis

The fragment of EsSVP ¢cDNA of E. sagittatum was obtained
by 454 GS-FLX pyrosequencing technology (Zeng et al., 2010).
Cloning of the full-length EsSVP gene was accomplished by using
a 3//5-RACE (rapid amplification of ¢cDNA ends) strategy as
previously reported (Li et al., 2012), using GSP5-3 and GSP3-5 to
amplify the 3" and 5" terminal regions of SVP-orthologous gene,
respectively. Universal 3’ and 5" PCR primers were supplied by
the SMART™ ¢DNA Library Construction Kit (Clontech, Palo
Alto, CA, USA). For vector construction, the complete cDNA
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sequence of EsSVP was obtained by primer pairs EsSVP-V-F and
EsSVP-V-R (Supplementary Table S1; Supplementary Figure S2).
The sequences of selected species were downloaded from the
NCBI GenBank'. Multiple alignment of predicted amino acid
sequences were generated using Clustal W 1.83 (Thompson et al,,
1997) with a gap open penalty of 10.00 and a gap extension
penalty of 0.05. Neighbor-joining (NJ) bootstrap analysis (1,000
replications) with the maximum composite likelihood model for
the DNAs and the Poisson correction for the amino-acids were
performed by MEGA 4 (Tamura et al., 2007). During the analyses,
Arabidopsis SOC1 was used as an out-group. Sequence data
from this article can be found in the GenBank/EMBL databases
under the following accession numbers: SVP (NM_127820),
AGL24 (NM_118587) and SOC1 (NM_130128) in Arabidopsis,
potato StMADSI11 (AF008652), StMADS16 (AY643736), rice
OsMADS22 (AB107957), OsMADS47 (AY345221), OsMADS55
(AY345223), barley HYBM1 (AJ249142), HvBM10 (EF043040),
AfSVP.1 (HQ173338) and AfSVP.2 (HQ173339) in Aquilegia
formosa, MpMADSI (AB050643) in Magnolia praecocissima and
DISVP (KM657947) in Dimocarpus longan.

Construction of EsSVP-Overexpression

Lines

For 35S:EsSVP, the EsSVP ¢DNA including partial 5" and 3'-
untranslated regions (UTRs) was amplified using the primer
pairs EsSVP-V-F and EsSVP-V-R (Supplementary Table S1;
Supplementary Figure S2) with Pfu DNA Polymerase (Stratagene,
La Jolla, CA, USA) and cloned in pMD18-T Vector. Sequence
accuracy and insertion direction were confirmed by sequencing.
After digestion with Sall and Sacl restriction enzymes, the
insert was ligated into the modified binary vector pBI121
containing the CaMV35S promoter and the Nos terminator.
The construct was transformed to Agrobacterium tumefaciens
strain GV3101 or EHA105 and used to transform Arabidopsis
by the floral dip method (Clough and Bent, 1998) or Petunia
via leaf disk transformation (Horsch et al., 1985). Data shown
are representative phenotypes based on the analysis of multiple
independent transformants.

Analysis of Gene Expression
For expression analysis, total RNA was prepared using Trizol
REAGENT (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. RQ1 RNase-Free DNase (Promega,
USA) pre-treatment of the RNA samples was applied to eliminate
all non-RT-dependent background. 3 g of DNase pre-treated
total RNA was reverse transcribed in a total volume of 20 WL with
0.5 g oligo(dT)15,0.5 mM dNTPs, 10 mM DTT, 40 U RNasin™
Ribonuclease Inhibitor (Promega, USA) and 200 U SuperScript II
RNase H- reverse transcriptase (Invitrogen, Carlsbad, CA, USA).
To determine the expression pattern of SVP and/or EsSVP
in transgenic Arabidopsis and/or Petunia, RT and/or qRT-PCR
was performed. The qRT-PCR assays of putative genes including
CO, FT, FLC, SVP, SOCI, LFY, and API were performed as
described below. The primers for RT and qRT-PCR are listed
in Supplementary Table S1. Reactions were performed with the

Uhttp://www.ncbinlm.nih.gov

SYBR Premix Ex Taq (Bio-Rad, USA) and analyzed in Eco™
Real-Time PCR System (USA). Thermocycler conditions were
2 min at 50°C followed by 10 s at 95°C and 40 cycles of 15 s
at 95°C, 20 s at 60°C, and 30 s at 72°C. Relative amounts of
transcripts were calculated by the comparative CT (threshold
cycle number at the cross-point between amplification plot
and threshold) method, and values were normalized. The Actin
homolog of E. sagittatum (Huang et al., 2015) and the Tubulin2
(B-tubulin) gene of Arabidopsis (AY054693) were used as internal
controls. The qRT-PCR products were amplified using 4 . of the
RT reaction mixture, 5 pl 2xSYBR Green Master Mix, 0.5 pl
forward and reverse primer (10 pmol/pl) and water to a final
volume of 10 pwl. RT-PCR conditions were 94°C for 1 min,
followed by 28 cycles at 94°C for 30 s, 58°C for 30 s, 72°C for
1 min, and a final extension of 72°C for 3 min. The qRT-PCR was
performed in three replicates for each sample and data are shown
as mean values & SD (standard deviation).

Histological Section

Floral buds and open flowers were fixed in EAF buffer (50%
Ethanol, 0.5% Acetic Acid, 3.7% Formaldehyde) by applying
vacuum for 15 min, then incubate 1 h at 4°C in EAF. Vacuum
and incubation steps were repeated for three times. For serial
microtome sections, FMs were embedded in paraffine (Paraplast
Plus) after dehydration and penetration of paraffine into the plant
material. The 8-mm-thick sections were stained with toluidine
blue for 10 min and rinsed by deionized water for 5 min, then
eosin for 5 min and dehydration by 95 and 100% ethanol for three
times 15 min, deparaffine the sections in xylene.

RESULTS

Sequence Alignment and Phylogenetic
Analysis

The 1027 bp length EsSVP mRNA contains an open reading
frame (ORF) of 678 bp with 5" and 3’- UTRs of 87 and 241 bp
respectively (GenBank accession no. KX250266, Supplementary
Figure S2). The predicted EsSVP protein of 226 amino acid
residues contains a MEF2-like motif in the N-terminus and a
K-box motif in the middle (Figure 1A). The putative EsSVP
protein shares high similarity with other SVP-related proteins,
e.g., it shows 68, 54, and 35% identity with the products of the
SVP, AGL24, and SOCI in Arabidopsis, respectively (Figure 1A).
Sequence comparison of the putative protein sequence with other
published MADS-domain proteins indicates that EsSVP shows
extensive similarity to StMADSII and StMADS16-like proteins
(around 52 and 55%, respectively).

To better understand the evolutionary relationships,
phylogenetic analysis of EsSVP with the SVP/StMADSII-like
genes from other plant species was performed. EsSVP clustered
closely to AfSVP.1 and AfSVP.2 from Aquilegia formosa, DISVP
from Dimocarpus longan, SVP from Arabidopsis (Hartmann
et al., 2000), OsMADS22, OsMADS47 and OsMADS55 from
rice (Sentoku et al., 2005), HvBM1 and HvBM10 from barley
(Trevaskis et al, 2007), and MpMADSI from Magnolia
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FIGURE 1 | Comparison of predicted SVP-like protein EsSVP sequences. (A) Alignment of Epimedium sagittatum SVP-like amino acid sequences with
Arabidopsis SVP, AGL24, SOCT1, and potato StMADS11, StMADS16, and barley HvBM1, HvBM10, and rice OsMADS22, OsMADS47, OsMADS55. The amino acid
residues in the alignment are colored according to the following scheme: white on black, identical or conservative residue; white on gray, similar residues; black on
white, non-similar or weakly similar residues. Black boxes indicate fully conserved residues; shaded boxes indicate similar and partially conserved residues.

A MEF2-like motif spanning amino acids 1-58 in the N-terminus and a K-box motif in the middle are overlined in blue and green. (B) Phylogenetic tree based on the
amino acid datasets with MIKC domains alignment of EsSVP in Epimedium and SVP-like from other plant species. The tree was generated with MEGA4.1 software,
using the Neighbor-Joining method and 1000 bootstrap replicates. The scale bar indicates a divergence of 0.05 amino acid substitutions per site. SVP
(NM_127820), AGL24(NM_118587) and SOC1 (NM_130128) in Arabidopsis, potato StMADS11 (AF008652), StMADS16 (AY643736), rice OsMADS22 (AB107957),
OsMADS47 (AY345221), OsSMADS55 (AY345223), barley HVBM1 (AJ249142), HYBM10 (EF043040), AfSVP.1 (HQ173338) and AfSVP.2 (HQ173339) in Aquilegia
formosa, MpMADS1 (AB050643) in Magnolia praecocissima and DISVP (KM657947) in Dimocarpus longan. SOC1 was used as an out-group.

praecocissima. They all cluster in the SVP/StMADS11-like group
(Carmona et al., 1998; Figure 1B). This shows that EsSVP
belongs to the SVP group, which includes the SVP homologs
(StMADS11-like) from Arabidopsis. This group is distinct from
Arabidopsis AGL24 and SOCI proteins (Figure 1B). Thus, EsSVP
appears to be an SVP/StMADSI1-like transcription factor.

Expression Pattern of ESSVP in

E. sagittatum

The results of our qRT-PCR experiment indicated that EsSVP
transcripts were principally found in leaf tissues and petioles,
but hardly in flowers and roots, and no expression was found
in fruits of Epimedium. The expression of EsSVP in flowers is
approximately 2.7-fold higher than that in roots. The highest
EsSVP expression was observed in leaves, reaching nearly 740 and
270-fold higher expression than in roots and flowers respectively,
and about 1.6-fold of the petioles expression (Figure 2). Based on
these results, we conclude that a high level of EsSVP expression

occurs in leaves, especially in leaf lamina, which might contribute
to maintaining vegetative growth.

Ectopic Expression of EsSVP in
Arabidopsis

Thirty independently transformed Arabidopsis plants containing
the full-length sense EsSVP ¢cDNA driven by the 35S promoter
were generated (35S:EsSVP Arabidopsis). The presence of the
transgene in these lines was confirmed by PCR on genomic
DNA. Twelve of the transformed Arabidopsis T3 lines showed
various degrees of phenotypic alterations in their reproductive
organs, as compared to wild type plants. Ectopic expression
of 358::EsSVP caused floral reversion with the central primary
flower forming extra secondary inflorescence meristems (2nd
IM) and secondary floral meristems (2nd FM) in the axils of
the leaf-like sepals (Figure 3D), and also excrescent trichomes
on leaf-like sepals and fruits (Figures 3G,J,K,M). Based on
the total number of cauline and/or rosette leaves, 35S::EsSVP
5# Arabidopsis/ Col-0 plants showed late flowering under LD
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FIGURE 2 | EsSVP expression analysis in E. sagittatum roots, petioles,
leaves, flowers and fruits by qRT-PCR. Error bars represent standard
deviations calculated from three replications. An Actin homologous gene of

E. sagittatum was used as an internal control.

conditions (Figure 3A), while 35S::EsSVP 1# lines showed early
flowering under SD conditions (Figure 3B; Table 1). 35S::EsSVP
1# Arabidopsis generated a central primary flower with an extra
one, two or four 2nd FMs and one 2nd IM in the axils of
leaf-like sepals. Often these extra flowers reiterated this pattern
producing a highly branched floral structure (Figures 3D,H).
Five sepals and petals produced in one of the primary FMs
(Figure 3G). 35S::EsSVP 1#, 2#, and 4# generate leaf-like sepals
that develop trichomes on their adaxial side and these leaf-
like sepals are not able to enclose the inner developing organs
completely (Figures 3D-]). 355::EsSVP 2# Arabidopsis developed
excrescent trichomes on fruits (Figures 3E,M). 35S::EsSVP
4# produced four or five leaf-like sepals (Figures 3J,K)
and green sepaloid petals (Figures 3EK,L), comparing with
empty vector control (Figures 3C,I,L). In general, transgenic
Arabidopsis showed persistent sepals around the completely
matured fruit (Figure 3N). Apart from that, no morphological or
microstructure alterations were detected in the third and fourth
whorl organs. After kanamycin-resistance selection combined
with RT-PCR screening, five 35S:EsSVP/svp-41 transformants
were obtained, but none showed complementation of the mutant
phenotype (data not shown).

SVP and EsSVP expression levels in mature leaves of
358::EsSVP transformants were investigated by qRT-PCR analysis
(for T3 generation plants in 35S:EsSVP SD1# Arabidopsis, the
plant just as Figure 3B). The relative expression of EsSVP reached
over 1000-fold the background level (Figure 4B), while SVP was
expressed at slightly lower levels, that is just 0.63-fold of the Col-0
(Figure 5B). EsSVP expression levels in seedlings of Arabidopsis
transgenic plants varied among different lines. Relative EsSVP
expression levels in 35S::EsSVP LD 2#, 4# were approximately 2.8
and 11-fold higher compared to LD 3#, respectively. The highest
EsSVP expression occurred in 35S::EsSVP LD 14, reaching nearly
14.8-fold the LD 3#. The relative EsSVP expression in 35S::EsSVP

LD 5# is the lowest among the transgenic lines. The relative
expression of EsSVP gene in LD 1#, 4#, and 2# is nearly 20-, 15-
and 3.8-1000-fold the expression found in the LD 5# (Figure 4A).

In most A. thaliana EsSVP transformants, the flowering
time was not affected under both photoperiod conditions, but
358::EsSVP 5# and 35S:EsSVP 1# Arabidopsis lines induced late
and early flowering under LD and SD conditions, respectively.
In the 35S::EsSVP Arabidopsis seedlings, CO and FT transcripts
were significantly downregulated, but FLC, SVP and SOCI were
upregulated in 35S:EsSVP 5#LD comparing to Col-0, which
showed late flowering under LD conditions (Figures 3 and 5A).
On average, the total number of leaves at flowering was 31.7
compared to 13.2 in Col-0 (Table 1) showing late flowering,
whereas floral organs developed normally (Figure 3). However,
in the early flowering 35S::EsSVP 1#SD Arabidopsis line under SD
conditions, CO and FT transcripts were significantly upregulated,
but FLC, SVP and SOCI were downregulated to different degrees
(Figure 5B). The total number of leaves at flowering was 10.9
compared to 64 in Col-0 on average (Table 1).

Ectopic Expression of EsSVP in Petunia
Forty-two independent Petunia transformants containing a
358::EsSVP transgene were generated, which were all confirmed
by PCR of genomic DNA. Twelve of the transgenic Petunia
lines showed various degrees of phenotypic alteration in the
reproductive organs, as compared to wild type Petunia W115
plants. Expression of 35S::EsSVP in wild type Petunia W115 had
little or no effect on flowering time and did not affect cymose
branching, but clearly affected flower development. That is, the
five separated sepals were enlarged, sometimes to the size of
leaves. Furthermore, these leaf-like organs continued to expand
during flower development and after anthesis (Figures 6D,H,I).
The corollas were greenish and did not fully open (partial loss
of petal identity; Figures 6A,B). The shortened style was not
easily separated from the elongated and enlarged ovary (arrow
shown, Figures 6E,N,P). A sunken surface on the top of the
stigma appeared compared with wild type (red asterisk shown,
Figures 6J]-M). The base of the placenta elongated many fold
(Figure 6P, paraffin section material just in Figure 6E, right)
compared with WT (Figure 60, paraffin section material just in
Figure 6, left). 35S::EsSVP fruits (Figure 6F), appears longer and
narrower and with the base of the placenta elongated (Figure 6G,
circled). EsSVP gene overexpression in Petunia resulted in a range
of floral reversion phenotypes, but was not able to phenotypically
complement a Petunia exp mutant, which is characterized by
an inflorescence with a single terminal flower compared with
successive terminal flowers in the wild type and 35S:EsSVP
inflorescences (Supplementary Figures S1A,B,C).

To examine the expression profile of EsSVP in transgenic
Petunia, RT- and qRT-PCR was carried out using cDNA derived
from mature leaves, sepals, petals, and pistils in Line25 (L25),
L6 and L37 with strong, medium and weak phenotypes. Relative
expression in leaves, petals or pistils in L25 is higher than detected
in L6, and that of L6 is higher than detected in L37, respectively.
The relative expression in petals in L37 is >2.3 -fold higher
than detected in L6. Relative expression in leaves in L25 is
approximately 1.9 and 13.5-fold higher expression levels than
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FIGURE 3 | Phenotypes of p35S::EsSVP transgenic Arabidopsis. (A,B) Wild type (Columbia-0) (left) and ectopic expression of 35S::EsSVP in wild type

!x lndgn

338::EsSVP 4#

Arabidopsis (right). (A) 35S::EsSVP 5# causes late flowering under LD conditions (right), (B) 35S::EsSVP 1# causes early flowering under SD conditions (right). The
arrow indicates the first flower. (C) Wild type Arabidopsis Col-O inflorescence. (D) Inflorescence of 35S::EsSVP 1# showing floral reversions. The arrow indicates a
flower that is replaced by an indeterminate racemose shoot; The arrowhead points at the main stem, and the arrow indicates a 2nd IM, red snowflake shows four
2nd FM. (E) FM of 35S::EsSVP 2# can cause excrescent trichomes on fruit with longer fruit stem (arrow). (F) FM of 35S::EsSVP 4# leaf-like sepal, green sepaloid

petals compared with empty vector control inflorescence (C). (G) Trichomes on the adaxial side of the leaf-like sepals. Sepals are not able to enclose the inner
developing organs completely. Five sepals and petals produced in one of the primary FMs (arrow). (H) Four extra flowers develop next to carpel, with excrescent
trichomes on leaf-like sepals. (I) Wild type Arabidopsis Col-O flower. (J-L) Close inspection of 35S::EsSVP 4# flowers and sepals. Four (J) and five (K) green
sepaloid petals compared with empty vector control flower (l). Green sepaloid petals (L, right) compared to the normal white ones in wild type. (M) Close inspection
of trichomes on fruit, longer fruit stem, leaf-like sepals (arrow) in 35S::EsSVP 2# flower. (N) Persistent sepals (arrows) around the matured fruits.

detected in L6 and L37, respectively. Relative expression levels
reached a peak in L25 in sepals (i.e., approximately 4.4, 5.4,
and 12.3-fold higher expression levels than detected in petals,
leaves, and pistils, respectively), reaching >6.7 and 13.7-fold
higher expression level than detected in L6 and L37, respectively
(Figure 7).

These results suggest that ectopic EsSVP expression in Petunia
resulted in leaf-like sepals, not fully opened greenish corollas, and
abnormal stigma and matured ovary.

DISCUSSION

Evolution of EsSVP and its Expression
Profile

In early diverging eudicots, the basal eudicots (Buxaceae,
Trochodendrales, Proteales, Sabiaceae, and Ranunculales) form
separate well-supported clades, which are clustered closely to
monocots and Chloranthaceae (Li et al., 2012). Epimedium

TABLE 1 | Effect of overexpression of EsSVP on flowering time as
determined by leaf numbers under long/short day conditions in
Arabidopsis.

Light Genotype Rosette Cauline Total
condition leaf leaf numbers
numbers? numbers® of leaves®
LD 35S::EsSVP LD5# 26.12 £3.20 ** 559 + 1.12**  31.71 £ 3.51**
WT 11.00 £ 0.79 224 +0.44 13.24 +£1.08
SD 35S::EsSVP SD1# 9.44 £0.89 **  1.44 +0.51 ** 10.88 & 1.31**
WT 53.94 +1.18 10.06 +£ 1.00 64.00 + 1.03

**Significance at 1% level (P-value < 0.01) compared with wild type Arabidopsis.
ab.c Average numbers + SD. Twenty-eight 35S::EsSVP LD5# and 31 35S::EsSVP
SD1# transgenic plants were used for observation under LD and SD condition,
respectively. Thirty WT Arabidopsis plants were used as a control under LD/SD
condlition.

belongs to Berberidaceae, Ranunculales, and is a member of the
basal eudicots. Phylogenetic analysis showed that EsSVP was
clustered closely to AfSVP.1 and AfSVP.2 in Aquilegia formosa.
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FIGURE 4 | EsSVP relative expression in leaves of 35S::EsSVP Arabidopsis lines. Different lines under LD condition (A) and 7# under SD condition (B), with
the TUBULINZ2 gene as an internal control. Error bars indicate the SD of the average of relative mMRNA amounts determined as triplicates in two independent
biological replicates.

All these genes clustered in the SVP/ StMADS11-like group
which have similar functions in promoting vegetative growth or
suppressing flowering (Li et al., 2010). According to phylogenetic
analysis, which included AGL24, a MADS-box gene most similar
to SVP in Arabidopsis (Gregis et al., 2006), EsSSVP was more
closely related to SVP. These findings suggest that the EsSVP
MADS-box protein in Epimedium might be orthologous to the
Arabidopsis SVP gene.

In the past, members of the SVP-like gene family performing
diverse functions have been identified in a range of species.
In Arabidopsis, SVP is expressed during early stages of flower
development together with AGL24 (SVP until stage 3; Hartmann
et al., 2000). Both SVP and petunia exp are expressed during
vegetative growth throughout the shoot apical meristem, in leaf
primordia and in the veins of leaves (Hartmann et al., 2000;
Li et al, 2008; Castel, 2009). SVP is transiently expressed in
lateral (floral) primordia, but absent from developing flowers and
siliques (Hartmann et al., 2000; Castel, 2009). INCOMPOSITA
(INCO) in Antirrhinum is transiently expressed in reproductive
meristems (Masiero et al., 2004). Similar to the other SVP-
like genes, EsSVP transcript was expressed intensively in the
vegetative stage, as shown here. We found EsSVP expression
in petiole and leaf tissues, with little in root and flower
and no expression in fruit. The highest EsSVP expression
was observed in leaves, reaching over 270-fold the flower
level.

High Expression of EsSVP Resulted in

Leaf-Like Sepals and Abnormal Flowers

Interestingly, late flowering, floral reversions and shoot-like
flowers were induced by overexpression of SVP or INCO
in transgenic Arabidopsis. This suggests that they could
either directly repress the vegetative to floral transition in
Arabidopsis, or could indirectly interfere with the function of
proteins controlling flowering (Hartmann et al., 2000; Masiero
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FIGURE 5 | Relative expression levels of different flowering time genes
(CO, FT, FLC, SVP, SOC1, LFY, and AP1) in 35S::EsSVP 5#LD and 1#SD
transgenic Arabidopsis as determined by qRT-PCR, with the
TUBULIN2 gene as an internal control. 35S::£sSVP 5#LD (A) and 1#SD
(B) under LD and SD condition, respectively. Error bars indicate the SD of the
average of relative mMRNA amounts determined as triplicates in two
independent biological replicates.

et al., 2004). On the other hand, INCO inhibits the prophyll
development as an important control gene, which has not been
reported yet for MADS-box genes (Masiero et al., 2004). Ectopic
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FIGURE 6 | Phenotypes of the 35S::EsSVP 25# transgenic Petunia line compared with wild type W115 (WT). (A,B) Side and top view of 35S::EsSVP flower
(right) compared with WT (left). Sepals are enlarged, petals are greenish and flowers do not fully open. (C) Leaf-like sepals and enlarged fruit with persistent petal
(right) compared with WT (left). (D,H) Close inspection of five not enclosed leaf-like sepals. (E) Close inspection of an abnormal pistil. In the 35S::EsSVP
transformant, a shortened style is not easily separated from elongated and enlarged ovaries (arrows). (F,G) External (F) and vertical section (G) showing fruit
morphology. 35S::EsSVP fruit appears longer and narrower, the base of the placenta elongated (circle shown). (I) Close inspection of single sepal. (J) Top view and
paraffin section of stigma with a sunken surface on the top (red asterisk). (K=P) Paraffin section of different stages of pistil (K,0) Wild type stigma and ovary. (L,P)
35S::EsSVP line 25# stigma and ovary. In (P) a stem-like structure at the base of the septum inside the elongated ovaries is seen (circled). (M) Young and short pistil
in 35S::EsSVP with a sunken surface on the top of the stigma (red asterisk). (N) Ovary elongation in 35S::EsSVP (N). Magnification in K-P: 2.5 x 10.

expression of SVP homologs from rice, barley, Chinese cabbage,
Kiwifruit, trifoliate orange, and Eucalyptus in Arabidopsis causes
similar phenotypes, including 2nd IM or 2nd FM in the axils of
the leaf-like sepals with excrescent trichomes, leaf-like sepals not
able to enclose the inner three whorls (Brill and Watson, 2004;
Lee et al., 2007, 2012; Trevaskis et al., 2007; Fornara et al., 2008;
Lietal,, 2010; Wu et al.,, 2012).

Constitutive expression of OsMADS22 and OsMADS55
led to floral reversion phenotypes including leaf-like
sepals, similar to that of the SVP floral overexpressor
phenotypes, whereas only OsMADS55 expression induced
late flowering arising from the repression of FT and SOCI.
The complementation experiments showed that OsMADS55,
but not OsMADS22, was able to rescue the early flowering
phenotype and ambient temperature-insensitive flowering of
svp-32 mutants (Lee et al., 2012). Some SVP/StMADSI11-like
genes from herbaceous plants, Chinese cabbage (Lee et al.,
2007) and barley (Trevaskis et al., 2007) also act as flowering
repressors.

Over-expression and complementation of Kiwifruit SVP-
like genes in Arabidopsis resulted in a range of abnormal
floral morphologies via interactions with Arabidopsis MADS-
box proteins (Wu et al., 2012). Ectopic overexpression of PtSVP
in Arabidopsis resulted in late flowering, additional trichomes
and floral defects, such as flower-like structures instead of
carpels (Li et al, 2010). The ectopic expression of EgSVP in
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FIGURE 7 | RT and qRT-PCR on leaves, sepals, petals and pistils of
358S::EsSVP Petunia. Error bars represent standard deviations calculated
from three replications. The PhActin homolog gene of Petunia was used as an
internal control. The number of PCR cycles is indicated next to the gene
names. Different transgenic lines (L25, strong; L6, medium; L37, weak) were
selected according to the strength of phenotype. WT indicates wild type
W115.

Arabidopsis caused a slight delay in flowering time and produced
additional inflorescences (Brill and Watson, 2004). Transcription
of kiwifruit SVP1/SVP3 or trifoliate orange PtSVP in Arabidopsis
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svp-41 was able to complement the svp mutant (Li et al., 2010; Wu
etal., 2012).

We determined conservation of biological function
of an Epimedium SVP-like gene by over expression and
complementation tests performed in Arabidopsis and/or Petunia
and compared the outcome to various experiments in which
SVP-like genes from other species were ectopically expressed.
EsSVP gene over-expression in Arabidopsis and Petunia resulted
in a range of floral reversion phenotypes, but was not able to
complement a mutant affected in an svp-like gene in Petunia.
Either, slight differences in these proteins are accountable for
this or expression from the 35S promoter does not generate the
appropriate expression pattern regarding timing and place.

SVP is considered to be a flowering repressor in Arabidopsis
as it functionally delays flowering time. In this study, flowering
time of 35S::EsSVP transgenic Arabidopsis under SD conditions
or Petunia plants was not delayed. Ectopic expression of
358:EsSVP 5# and 35S:EsSVP 1# in Arabidopsis resulted
in late flowering under LD conditions and early flowering
under SD conditions, respectively (Figures 3A,B). The relative
EsSVP expression level in 35S:EsSVP 5# was much lower
than 35S:EsSVP 1#, 4#, 2# on LD (Figure 4A). Moderate
expression of EsSVP in Arabidopsis indeed delays flowering in
35S8:EsSVP 5# on LD, but 35S::EsSVP 1#, 4#, and 2# are not
affected on flowering time in the same photoperiod conditions.
It seems that there is no obvious correlation of the mutant
phenotype (number of leaves in 35S::EsSVP on LD) and the
expression levels of EsSVP. However, the higher expression
levels of 35S::EsSVP transformants under LD conditions, such
as 35S:EsSVP 1#, 4# and 2#, the more obvious phenotype
was observed on floral organs variation, including abnormal
IMs and FMs from axils of the leaf-like sepals with excrescent
trichomes. The relative expression of SVP in 35S:EsSVP 1#
line just 0.63-fold of the WT (Col-0; Figure 5B). 35S::EsSVP
1# showing early flowering under SD conditions might thus
be a consequence from post-transcriptional gene silencing.
Functional divergence of EsSVP might have occurred partly
because Epimedium belongs to the Ranunculales, a member of
the basal eudicots.

Recent studies demonstrated that SVP and AGL24 are
also floral meristem identity genes. Ectopic SVP and AGL24
expression induces floral meristem indeterminacy by promoting
the development of new ectopic floral meristems rather than
causing floral reversions (Gregis et al., 2008). Ectopic expression
of barley BM1 and BM10 (Trevaskis et al., 2007), kiwifruit SVP-
like (Wu et al., 2012), rice OsMADS55 (Fornara et al., 2008; Lee
et al,, 2012) in Arabidopsis, and petunia UNSHAVEN (UNS) and
EXP overexpression in Petunia (Ferrario et al., 2004; Castel, 2009)
can give rise to leaf-like sepals. In this study, EsSVP induced one
to four flower-like structures or an inflorescence in place of the
carpel, with fully opened leaf-like sepals and green sepaloid petals
(Figures 3D,G,H). There are no leaf-like sepals in E. sagittatum,
but its sepals are always are bigger than petals. Whether EsSVP
determines sepal size in Epimedium remains to be established.
Outer four sepals are purple spotted and apex blunt, outer pair
narrowly ovate and inner pair oblong-ovate is ca. 3.5 x 1.5 and
4.5 x 2 mm, respectively; inner sepals are white, ovate-deltoid,

apex acute and ca. 4 x 2 mm in size. Petals are brownish yellow,
saccate, blunt and 1.5-4 mm in size (Maximowicz, 2011).

More trichomes are usually considered to be a juvenile
phenotype of Arabidopsis (Telfer et al., 1997). The 35S::EsSVP
lines showed a typical juvenile character, excrescent trichomes on
opened leaf-like sepals and fruits. The overexpression of EsSVP
induced floral reversions and juvenile characteristics during the
adult stage, demonstrating that the expression of SVP disturbs
flower development, acts as a floral repressor similar to SVP, and
is involved in organ determination.

Constitutive expression of 35S:EsSVP in petunia W115,
caused little or no effect on flowering time and cymose branching,
but clearly affected flower development, including not fully
opened greenish corollas, not enclosed leaf-like sepals, sometimes
to the size of leaves. This result also coincides with the reports
on overexpression of the SVP-like gene, p35S:EXP in wild type
Petunia (Castel, 2009). EsSVP overexpression in Petunia shares
some phenotypes with that of overexpression of Petunia UNS,
a SOC homolog in Arabidopsis. 355:UNS in petunia leads to
not fully opened and greener corollas until full maturity and a
stem-like structure at the base of the septum inside the elongated
ovaries (Ferrario et al., 2004). The phenotype of 35S:EsSVP
transgenic petunia plants also includes shortened style, a stem-
like structure at the base of the septum in a significantly longer
ovaries, a sunken surface on the top of the stigma, persistent
petals on the completely matured fruit (Figure 6C). When
introduced in exp, 35S:EsSVP could not rescue the mutant
phenotype. Like in Arabidopsis, differences in the proteins or the
35S promoter expression pattern might be accountable for the
lack of complementation.

Recent study showed that SVP delays flowering by repressing
integrator gene expression as well as the plant growth regulator
gibberellin (GA) biosynthesis. The results link GA biosynthesis
to the established regulatory cascade of flower development and
illuminate one of the mechanisms by which levels of growth
regulators are synchronized with floral transition (Andrés et al.,
2014). Regardless of the underlying mechanism, EsSVP effected
different phenotypes in different genotypes (Arabidopsis and
petunia). Abnormal flower development was caused by ectopic
expression of EsSVP, affecting flower and primordia development
during the reproductive phase.

AUTHOR CONTRIBUTIONS

ZL designed the research, performed vector construction, plant
transformation, histological section and wrote the manuscript.
YL and SZ performed detection of mutations, gene isolation
and expression. ZL and ES contributed reagents and materials.
ES performed critical editing of the manuscript. All authors
reviewed the final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant NO. 31000919, 30900076),

Frontiers in Plant Science | www.frontiersin.org

September 2016 | Volume 7 | Article 1461


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Lietal

SVP in Basal Eudicot Epimedium

Fundamental Research Funds for the Central Universities
(2362014xk10, XDJK2014B025, SWU113030), the Program of
Introducing Talents of Discipline to Universities (B12006) and
Youth Innovation Promotion Association CAS (2015286).

ACKNOWLEDGMENTS

Plant transformation, histological section and gene expression
were performed in Prof. Ronald Koes’s group in Department of

REFERENCES

Andrés, F., Porri, A., Torti, S., Mateos, J., Romera-Branchat, M., Garcia-
Martinez, J. L., et al. (2014). SHORT VEGETATIVE PHASE reduces gibberellin
biosynthesis at the Arabidopsis shoot apex to regulate the floral transition.
Proc. Natl. Acad. Sci. US.A. 111, E2760-E2769. doi: 10.1073/pnas.14095
67111

Blazquez, M. (2000). Flower development pathways. J. Cell Sci. 113(Pt 20), 3547-
3548.

Blazquez, M. A. (2005). Plant science. The right time and place for making flowers.
Science 309, 1024-1025. doi: 10.1126/science.1117203

Bowman, J. L., Alvarez, J., Weigel, D., Meyerowitz, E. M., and Smyth, D. R.
(1993). Control of flower development in Arabidopsis thaliana by apetalal and
interacting genes. Development 119, 721-743.

Brill, E. M., and Watson, J. M. (2004). Ectopic expression of a Eucalyptus grandis
SVP orthologue alters the flowering time of Arabidopsis thaliana. Funct. Plant
Biol. 31, 217-224. doi: 10.1071/FP03180

Carmona, M. J., Ortega, N., and Garcia-Maroto, F. (1998). Isolation and molecular
characterization of a new vegetative MADS-box gene from Solanum tuberosum
L. Planta 207, 181-188. doi: 10.1007/s004250050471

Castel, R. (2009). Molecular Analysis of the Developmental Mechanisms that
Establish the Body Plan of Petunia. Doctor’s thesis, Vrije Universiteit
Amsterdam, Amstedam.

Clough, S. J., and Bent, A. F. (1998). Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant ]. 16,
735-743. doi: 10.1046/j.1365-313x.1998.00343.x

Corbesier, L., and Coupland, G. (2005). Photoperiodic flowering of Arabidopsis:
integrating genetic and physiological approaches to characterization of
the floral stimulus. Plant Cell Environ. 28, 54-66. doi: 10.1111/j.1365-
3040.2005.01283.x

Corbesier, L., and Coupland, G. (2006). The quest for florigen: a review of recent
progress. J. Exp. Bot. 57, 3395-3403. doi: 10.1093/jxb/erl095

Fernandez, D. E., Wang, C. T., Zheng, Y. M., Adamczyk, B. J., Singhal, R,
Hall, P. K,, et al. (2014). The MADS-domain factors AGAMOUS-LIKE15
and AGAMOUS-LIKE1S, along with SHORT VEGETATIVE PHASE and
AGAMOUS-LIKE24, are necessary to block floral gene expression during
the vegetative phase. Plant Physiol. 165, 1591-1603. doi: 10.1104/pp.114.
242990

Ferrandiz, C., Gu, Q., Martienssen, R., and Yanofsky, M. F. (2000). Redundant
regulation of meristem identity and plant architecture by FRUITFULL,
APETALA1 and CAULIFLOWER. Development 127, 725-734.

Ferrario, S., Busscher, J., Franken, J., Gerats, T., Vandenbussche, M., Angenent,
G. C, et al. (2004). Ectopic expression of the petunia MADS box gene
UNSHAVEN accelerates flowering and confers leaf-like characteristics to
floral organs in a dominant-negative manner. Plant Cell 16, 1490-1505. doi:
10.1105/tpc.019679

Fornara, F., Gregis, V., Pelucchi, N., Colombo, L., and Kater, M. (2008). The rice
StMADS11-like genes OsMADS22 and OsMADS47 cause floral reversions in
Arabidopsis without complementing the svp and agl24 mutants. J. Exp. Bot. 59,
2181-2190. doi: 10.1093/jxb/ern083

Gregis, V., Sessa, A., Colombo, L., and Kater, M. M. (2006). AGL24, SHORT
VEGETATIVE PHASE, and APETALA1 redundantly control AGAMOUS
during early stages of flower development in Arabidopsis. Plant Cell 18, 1373~
1382. doi: 10.1105/tpc.106.041798

Molecular Cell Biology, Graduate School of Experimental Plant
Sciences, VU University. We thank all the colleagues in Prof.
Ronald Koes’s group for technical assistance and friendly help.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fpls.2016.01461

Gregis, V., Sessa, A., Colombo, L., and Kater, M. M. (2008). AGAMOUS-LIKE24
and SHORT VEGETATIVE PHASE determine floral meristem identity in
Arabidopsis. Plant ]. 56, 891-902. doi: 10.1111/j.1365-313X.2008.03648.x

Gregis, V., Sessa, A., Dorca-Fornell, C., and Kater, M. M. (2009). The Arabidopsis
floral meristem identity genes AP1, AGL24 and SVP directly repress class
B and C floral homeotic genes. Plant J. 60, 626-637. doi: 10.1111/j.1365-
313X.2009.03985.x

Hartmann, U., Héhmann, S., Nettesheim, K., Wisman, E., Saedler, H., and
Huijser, P. (2000). Molecular cloning of SVP: a negative regulator of the
floral transition in Arabidopsis. Plant ]. 21, 351-360. doi: 10.1046/j.1365-
313x.2000.00682.x

Horsch, R. B., Fry, J. E., Hoffmann, N. L., Eichholtz, D., Rogers, S. G., and Fraley,
R. T. (1985). A simple and general-method for transferring genes into plants.
Science 227, 1229-1231. doi: 10.1126/science.227.4691.1229

Huala, E., and Sussex, I. M. (1992). LEAFY interacts with floral homeotic
genes to regulate Arabidopsis floral development. Plant Cell 4, 901-913. doi:
10.2307/3869458

Huang, W.J., Zeng, S. H., Xiao, G., Wei, G. Y., Liao, S. H., Chen, J. ], et al. (2015).
Elucidating the biosynthetic and regulatory mechanisms of flavonoid-derived
bioactive components in Epimedium sagittatum. Front. Plant Sci. 6:689. doi:
10.3389/fpls.2015.00689

Jang, S., Torti, S., and Coupland, G. (2009). Genetic and spatial interactions
between FT, TSF and SVP during the early stages of floral induction in
Arabidopsis. Plant ]. 60, 614-625. doi: 10.1111/§.1365-313X.2009.03986.x

Kramer, E. M. (2009). Aquilegia: a new model for plant development,
ecology, and evolution. Annu. Rev. Plant Biol. 60, 261-277. doi:
10.1146/annurev.arplant.043008.092051

Lee, J. H., Park, S. H., and Ahn, J. H. (2012). Functional conservation and
diversification between rice OsMADS22/OsMADS55 and Arabidopsis SVP
proteins. Plant Sci. 18, 97-104. doi: 10.1016/j.plantsci.2011.09.003

Lee, J. H., Park, S. H,, Lee, J. S., and Ahn, J. H. (2007). A conserved role of SHORT
VEGETATIVE PHASE (SVP) in controlling flowering time of Brassica plants.
Biochim. Biophys. Acta 1769, 455-461. doi: 10.1016/j.bbaexp.2007.05.001

Li, D, Liu, C,, Shen, L., Wu, Y., Chen, H., Robertson, M., et al. (2008). A repressor
complex governs the integration of flowering signals in Arabidopsis. Dev. Cell
15, 110-120. doi: 10.1016/j.devcel.2008.05.002

Li, Z. M., Zhang, J. Z., Mei, L., Deng, X. X., Hu, C. G., and Yao, J. L. (2010). PtSVP,
an SVP homolog from trifoliate orange (Poncirus trifoliata L. Raf.), shows
seasonal periodicity of meristem determination and affects flower development
in transgenic Arabidopsis and tobacco plants. Plant Mol. Biol. 74, 129-142. doi:
10.1007/s11103-010-9660-1

Li, Z. N., Zhang, J. Q,, Liu, G. F,, Li, X. M,, Lu, C,, Zhang, J. W., et al. (2012).
Phylogenetic and evolutionary analysis of A-, B-, C- and E-class MADS-box
genes in the basal eudicot Platanus acerifolia. J. Plant Res. 125, 381-393. doi:
10.1007/510265-011-0456-4

Liu, C, Xi, W, Shen, L, Tan, C, and Yu, H. (2009). Regulation of
floral patterning by flowering time genes. Dev. Cell 16, 711-722. doi:
10.1016/j.devcel.2009.03.011

Mandel, M. A,, and Yanofsky, M. F. (1995). A gene triggering flower formation in
Arabidopsis. Nature 377, 522-524. doi: 10.1038/377522a0

Masiero, S., Li, M. A., Will, I, Hartmann, U., Saedler, H., Huijser, P., et al. (2004).
INCOMPOSITA: a MADS-box gene controlling prophyll development and
floral meristem identity in Antirrhinum. Development 131, 5981-5990. doi:
10.1242/dev.01517

Frontiers in Plant Science | www.frontiersin.org

September 2016 | Volume 7 | Article 1461


http://journal.frontiersin.org/article/10.3389/fpls.2016.01461
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Lietal

SVP in Basal Eudicot Epimedium

Maximowicz. (2011). “Berberidaceae;” in Flora of China, eds Z. Y. Wu and P. H.
Raven (St. Louis, MO: Missouri Botanical Garden Press), 788-791.

Prusinkiewicz, P., Erasmus, Y., Lane, B., Harder, L. D., and Coen, E. (2007).
Evolution and development of inflorescence architectures. Science 316, 1452
1456. doi: 10.1126/science.1140429

Rickett, H. W. (1944). The classification of inflorescences. Bot. Rev. 10, 187-231.
doi: 10.1007/BF02861094

Searle, 1., He, Y., Turck, F., Vincent, C., Fornara, F., Krober, S., et al. (2006).
The transcription factor FLC confers a flowering response to vernalization by
repressing meristem competence and systemic signaling in Arabidopsis. Genes
Dev. 20, 898-912. doi: 10.1101/gad.373506

Sentoku, N., Kato, H., Kitano, H., and Imai, R. (2005). OsMADS22, an STMADS11-
like MADS-box gene of rice, is expressed in non-vegetative tissues and
its ectopic expression induces spikelet meristem indeterminacy. Mol. Genet.
Genomics 273, 1-9. doi: 10.1007/s00438-004-1093-6

Stearn, W. T. (2002). The Genus Epimedium and Other Herbaceous Berberidaceae.
Portland, OR: Timber Press.

Sun, W., Huang, W., Li, Z., Song, C., Liu, D., Liu, Y., et al. (2014). Functional
and evolutionary analysis of the AP1/SEP/AGL6 superclade of MADS-box
genes in the basal eudicot Epimedium sagittatum. Ann. Bot. 113, 653-668. doi:
10.1093/a0b/mct301

Tamura, K., Dudley, J., Nei, M., and Kumar, S. (2007). MEGA4: molecular
evolutionary genetics analysis (MEGA) software version 4.0. Mol. Biol. Evol. 24,
1596-1599. doi: 10.1093/molbev/msm092

Telfer, A., Bollman, K. M., and Poethig, R. S. (1997). Phase change and the
regulation of trichome distribution in Arabidopsis thaliana. Development 124,
645-654.

Torti, S., Fornara, F., Vincent, C., Andres, F., Nordstrom, K. Gobel, U,
et al. (2012). Analysis of the Arabidopsis shoot meristem transcriptome
during floral transition identifies distinct regulatory patterns and a leucine-
rich repeat protein that promotes flowering. Plant Cell 24, 444-462. doi:
10.1105/tpc.111.092791

Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F., and Higgins, D.
G. (1997). The CLUSTAL_X windows interface: flexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic Acids Res. 25,
4876-4882. doi: 10.1093/nar/25.24.4876

Trevaskis, B., Tadege, M., Hemming, M. N., Peacock, W. J., Dennis, E. S,
and Sheldon, C. (2007). Short vegetative phase-like MADS-box genes
inhibit floral meristem identity in barley. Plant Physiol. 143, 225-235. doi:
10.1104/pp.106.090860

Weberling, F. (1989). Morphology of Flowers and Inflorescences. Cambridge:
Cambridge University Press.

Weigel, D., Alvarez, J., Smyth, D. R., Yanofsky, M. F., and Meyerowitz, E. M. (1992).
LEAFY controls floral meristem identity in Arabidopsis. Cell 69, 843-859. doi:
10.1016/0092-8674(92)90295-N

Wu, R. M., Walton, E. F.,, Richardson, A. C., Wood, M., Hellens, R. P,
and Varkonyi-Gasic, E. (2012). Conservation and divergence of four
kiwifruit SVP-like MADS-box genes suggest distinct roles in kiwifruit
bud dormancy and flowering. J. Exp. Bot. 63, 797-807. doi: 10.1093/jxb/
err304

Yu, H,, Xu, Y., Tan, E. L., and Kumar, P. P. (2002). AGAMOUS-LIKE 24, a dosage-
dependent mediator of the flowering signals. Proc. Natl. Acad. Sci. U.S.A. 99,
16336-16341. doi: 10.1073/pnas.212624599

Zeng, S., Xiao, G., Guo, J., Fei, Z., Xu, Y., Roe, B. A, et al. (2010). Development of a
EST dataset and characterization of EST-SSRs in a traditional Chinese medicinal
plant, Epimedium sagittatum (Sieb. Et Zucc.) Maxim. BMC Genomics 11:94. doi:
10.1186/1471-2164-11-94

Zheng, Y., Ren, N, Wang, H., Stromberg, A. J., and Perry, S. E. (2009).
Global identification of targets of the Arabidopsis MADS domain protein
AGAMOUS-Likel5. Plant Cell 21, 2563-2577. doi: 10.1105/tpc.109.06
8890

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Li, Zeng, Li, Li and Souer. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

11

September 2016 | Volume 7 | Article 1461


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

	Leaf-Like Sepals Induced by Ectopic Expression of a SHORT VEGETATIVE PHASE (SVP)-Like MADS-Box Gene from the Basal Eudicot Epimedium sagittatum
	Introduction
	Materials And Methods
	Plant Material and Growth Condition
	Cloning, Sequence Alignment, and Phylogenetic Analysis
	Construction of EsSVP-Overexpression Lines
	Analysis of Gene Expression
	Histological Section

	Results
	Sequence Alignment and Phylogenetic Analysis
	Expression Pattern of EsSVP in E. sagittatum
	Ectopic Expression of EsSVP in Arabidopsis
	Ectopic Expression of EsSVP in Petunia

	Discussion
	Evolution of EsSVP and its Expression Profile
	High Expression of EsSVP Resulted in Leaf-Like Sepals and Abnormal Flowers

	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


