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a  b  s  t  r  a  c  t

Flowering  on  time  is  a critically  important  for  successful  reproduction  of  plants.  Here  we  report  an  early-
flowering  mutant  in  Arabidopsis  thaliana,  accelerated  flowering  1-1D  (afl1-1D)  that exhibited  pleiotropic
developmental  defects  including  semi-dwarfism,  curly  leaf,  and  increased  branching.  Genetic  analysis
showed  that  afl1-1D  mutant  is a single,  dominant  mutant.  Chromosomal  mapping  indicates  that  AFL1
resides  at  the  middle  of chromosome  4, around  which  no known  flowering-related  genes  have  been
characterized.  Expression  analysis  and  double  mutant  studies  with  late  flowering  mutants  in various  floral
pathways  indicated  that  elevated  FT  is  responsible  for  the  early-flowering  of  afl1-1D  mutant.  Interestingly,
not  only  flowering-related  genes,  but  also several  floral  homeotic  genes  were  ectopically  overexpressed
3K27me3
hromatin modification
rabidopsis thaliana

in  the  afl1-1D  mutants  in  both  FT-dependent  and  -independent  manner.  The  degree  of  histone  H3  Lys27-
trimethylation  (H3K27me3)  was  reduced  in several  chromatin  including  FT, FLC,  AG  and  SEP3  in  the
afl1-1D,  suggesting  that afl1-1D  might  be involved  in  chromatin  modification.  In support,  double  mutant
analysis  of afl1-1D  and  lhp1-4  revealed  epistatic  interaction  between  afl1-1D  and  lhp1-4  in  regard  to
flowering  control.  Taken  together,  we  propose  that  AFL1  regulate  various  aspect  of  development  through

partic
chromatin  modification,  

. Introduction

Flowering, the switch from vegetative to reproductive growth,
s one of the most critical developmental changes that ensure
uccessful reproduction of higher plants. For timely flowering,
lants should integrate environmental cues and endogenous devel-
pmental programs. For the past decades, a number of genes
ave been identified to control when to flower, and they have
een categorized into four distinct and interacting genetic path-
ays: photoperiod, vernalization, autonomous and gibberellin

GA)-dependent pathways in Arabidopsis [1–4]. Recent elegant
tudies revealed the existence of key floral integrators, such as

LOWERING LOCUS T (FT), FLOWERING LOCUS C (FLC), SUPPRESSOR
F CO1 (SOC1), and LEAFY (LFY), of which expression or activity are

he converged targets of the flowering control [2,5–9].

∗ Corresponding author. Tel.: +82 2 3408 3945; fax: +82 2 3408 4336.
E-mail address: soh@sejong.ac.kr (M.-S. Soh).

168-9452/$ – see front matter ©  2013 Elsevier Ireland Ltd. All rights reserved.
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ularly  associated  with  H3K27me3  in  A.  thaliana.
© 2013 Elsevier Ireland Ltd. All rights reserved.

Most well characterized integrators of flowering pathways is FT
[10]. In photoperiod dependent pathway, the coincidence of light-
exposure during the peak expression of CONSTANS (CO) activates
expression of FT in the leaf. Other several DNA-binding transcrip-
tion factors including CRY2 INTERACTING BASIC HELIX LOOP HELIX
1/5 (CIB1/5), FLOWERING LOCUS C (FLC), and SHORT VEGETATIVE
PHASE (SVP) have been characterized to regulate FT expression in
response to light-quality, autonomous pathway/vernalization, and
ambient temperature, respectively [11–15]. The induced FT pro-
tein moves from leaf to meristem, where it interacts with a bZIP
transcription factor, FLOWERING LOCUS D (FD) to activate floral
meristem identity genes [16,17].

In addition to the transcriptional regulators, recent studies
highlight the critical roles of epigenetic control on floral integra-
tors [18,19]. Expression of FT is under control of various histone

modifications. For example, The FT locus are marked with both
repressive histone H3 Lys27 tri-methylation (H3K27me3) and
active histone H3 Lys4 tri-methylation (H3K4me3) on FT chro-
matin [20–22]. Indeed, mutants either defective in H3K27me3

dx.doi.org/10.1016/j.plantsci.2013.03.009
http://www.sciencedirect.com/science/journal/01689452
http://www.elsevier.com/locate/plantsci
mailto:soh@sejong.ac.kr
dx.doi.org/10.1016/j.plantsci.2013.03.009
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r H3K4 demethylation exhibited early-flowering phenotype due
o elevated FT expression [22,23]. Expression of FLC,  responding
o vernalization-and autonomous pathways was  also shown to
ntail extensive chromatin remodeling [10,24–26]. Interestingly,
utations defective in POLYCOMB REPRESSIVE COMPLEX2 (PRC2)-
ediated H3K27me3 such as curly leaf (clf)  or embryonic flower 2

emf2) caused ectopic expression of not only FT,  but also FLC and
LC relatives, negative regulators of flowering [23,27]. Thus, PRC2-
ediated control over flowering-related genes has been suggested

o function for fine tuning competence for flowering [19].
The PRC2 complex consist of four core proteins; Enhancer

f zeste (E(z); an H3K27 methyl transferase), Extra sex comb
Esc), Suppressor of zeste 12 (Su(z)12) and Nurf-p55 in
rosophila [28]. In Arabidopsis, whereas there exists FERTILIZATION-

NDEPENDENTENDOSPERM (FIE) and MULTICOPY SUPPRESSOR OF
RA1 (MSI1), encoding the homologues of ESC and p55, respec-
ively, as a single copy gene, there are three different homologues of
(Z) [CURLY LEAF (CLF), SWINGER (SWN) and MEDEA (MEA)] and
f SU(Z)12 [EMF2, VERNALIZATION2 (VRN2) and FERTILIZATION
NDEPENDENT SEED 2 (FIS2)] [29]. Depending on the composi-
ion of the complex, PRC2 complexes cause tri-methylation at
3K27 on the respective target chromatins, resulting in tran-

criptionally silenced states in various tissues. PRC2-dependent
evelopmental aspects range throughout plant life cycle, includ-

ng seed development, endosperm development, leaf development,
eproductive phase change and vernalization-dependent flowering
29]. In insects and mammals, the deposited H3K27me3 by PRC2
omplex are recognized by PRC1 complex [30,31]. In Arabidopsis,

 chromodomain protein, LIKE HETEROCHROMATIN1 (LHP1) was
hown to partly fulfill the PRC1 function [32]. LHP1-bound chro-
atins were shown to, largely if not completely, overlap with the
3K27me3 chromatins [20,33]. Despite of extensive progress on

he function of PRC2 complex for the past decade, it remains poorly
nderstood how the expression and activity of PRC2 complex are
egulated.

Here we report a dominant early-flowering mutant in Arabidop-
is thaliana, designated as accelerated flowering 1-1D (afl1-1D). The
fl1-1D mutant exhibited pleiotropic phenotypes such as curly leaf,
emi-dwarfism, and reduced apical dominance. Expression anal-
sis and double mutant studies with late flowering mutants in
arious floral pathways indicated that elevated FT is responsible
or the early-flowering of afl1-1D mutant. Interestingly, not only
owering-related genes, but also several floral homeotic genes
ere ectopically overexpressed in the afl1-1D mutants in both

T-dependent and -independent manner. Chromatin immunopre-
ipitation analysis implicated that the ectopic up-regulation of
everal developmental regulatory genes are associated with the
educed degree of H3K27me3 in their chromatins. Together with
he results of genetic interaction studies between afl1-1D and lhp1-
, we propose that AFL1 defines a novel genetic locus that controls
ultiple aspects of development through chromatin modification

hat involves H3K27me3.

. Materials and methods

.1. Plant materials and growth conditions

All of the mutants used in this work are in the Columbia (Col)
ackground. The mutants of lhp1-4 [34], clf-28 (SALK 139371), co-1
5], gi-2 [35], ft-1 [5], ld-1 [36], and fve-1 [37] has been previ-
usly described. The double mutants were generated by genetic

rossing. Though afl1-1D was isolated in the course of generation
f activation-tagging pools using pSKI015 [38], it turned out to
e unlinked with basta-resistance, a selection marker of pSKI015.
urther physiological and double mutant analysis was  performed
e 208 (2013) 20– 27 21

with homozygous mutant afl1-1D lines after back-crossing to
wild-type at least three times. Otherwise stated, the plants were
grown on half-strength Murashiege-Skoog medium containing 1%
sucrose. After growth for 5 d under continuous light condition, the
seedlings were transferred to soil for further the vegetative growth
under specified photoperiodic conditions at 22–24 ◦C. For ambient-
temperature experiments, the plants were grown under long day
condition (16 h L/8 h D) at 16 ◦C. Flowering time measurement was
performed as described [38].

2.2. Construction of double mutant lines

To construct double mutants, we  crossed afl1-1D mutant plants
with a series of late-flowering mutants or lhp1-4 mutant and
allowed the F1 progeny to self-pollinate to produce the F2 seeds.
Early-flowering plants with curled leaf were identified among the
F2 seedlings and then grown for setting F3 seeds. The resulting F3
lines were tested for heterozygous early-flowering/curly leaf and
homozygous late-flowering or terminal-flower phenotype (lhp1-4
mutant phenotype) under long-day conditions. From these, plants
with early-flowering/curly leaf phenotypes were selected and fur-
ther grown to the F4 generation, and then plants were screened for
homozygous early-flowering/curly leaf phenotypes. The resulting
homozygous lines were designated as double mutants and used for
phenotypic analysis.

2.3. Gene expression analysis

Total RNA was isolated from 10 d-old seedlings that grown con-
tinuous light or short day light (10 h L/14 h D) condition using TRI
Reagent (Molecular Research Center, INC.). First strand cDNA was
synthesized from 1 �g of RNA after treatment with DNase I using
RevertAidTM M-MuLV Reverse Transcriptase (Fermentas). The gene
expression was analyzed by semi-quantitative RT PCR analysis or
quantitative Real Time-PCR (qRT-PCR). qRT-PCR was  performed in
96-well blocks with BioRad iQ-5 real-time PCR system using the
EVER Green I master mix  (Solis BioDyne) in a volume of 20 �l. The
reactions were performed in triplicate for each run. The compar-
ative ��CT method was  used to evaluate the relative quantities
of each amplified product in the samples [39]. The threshold cycle
(Ct) was  automatically determined for each reaction by the system
set with default parameters. Primers used for qRT-PCR have been
described [40,41], as listed in Supplementary Table 1.

2.4. Chromatin immunoprecipitation analysis (ChIP)

ChIP analysis was  performed essentially as described by Han
et al. [42] using 10 d-old plants grown in short day (10 h L/14 h
D) light condition. In brief, leaves were vacuum infiltrated with
1% formaldehyde for cross-linking and ground in liquid nitrogen
after quenching the cross-linking process. Chromatin was isolated
and sonicated into 0.5 to 1 kb fragments. Specific antibody against
H3K27me3 (Upstate 07-449) was added to the chromatin solu-
tion, which had been precleared with salmon sperm DNA/Protein
A agarose beads (Upstate 16-157). After subsequent incubation
with salmon sperm DNA/Protein A agarose beads, immunocom-
plexes were precipitated and eluted from the beads. Cross-links
were reversed, and residual proteins in the immunocomplexes
were removed by incubation with proteinase K, followed by
phenol/chloroform extraction. DNA was recovered by ethanol pre-

cipitation. The relative amount of immunoprecipitated FT,  FLC, AG,
SEP3, Ta3, and ACTIN1 chromatins were determined by PCR analy-
sis. Primers used have been described [11,22,32,40,41], as listed in
Supplementary Table 2.
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Fig. 1. Identification of an early-flowering mutant, afl1-1D. (A) The early flowering
phenotypes of afl1-1D. The shown are representative 24 d-old plants under long
day  condition (16 h L/8 h D). Scale represents 2 mm.  WT,  wild type. (B) Flowering
phenotype of wild type (WT) and afl1-1D under various conditions. The flowering
time was  presented as number of rosette leaves at the time of bolting. The shown
are  means from at least ten plants. Error bars indicate standard deviations. (C) Dom-
inant phenotype of afl1-1D. The plants were grown under long day light condition
(16 h L/8 h D). Upper figure showed representative 22 d-old plants. Scale repre-
sents 10 mm.  For flowering time analysis, at least ten plants were scored to measure

Fig. 2. Pleiotropic phenotypes of afl1-1D: dwarfism, curly leaf and reduced apical
dominance. (A) Representative phenotype of 45 d-old wild type (WT) and afl1-1D.

The  plants were grown under long day light condition (16 h L/8 h D). Scale represents
5  cm.  (B) Average value of stem height and branch number of plants grown as in (A).
Error bars indicate standard deviations (n > 10).

2.5. Genetic mapping

The chromosomal location of afl1-1D mutation was deter-
mined by genetic mapping using SSLP (for Simple Sequence Length
Polymorphism) markers, as described by Lukowitz et al. [43]. F2
seeds were obtained from the cross between afl1-1D mutant (Col
background) and Ler plants, and then scored for early flower-
ing/curly leaf phenotypes under long-day condition. Genomic DNA
was prepared from wild type-like plants and used for SSLP map-
ping. For fine mapping of afl1-1D, we  generated SSLP markers
which detect polymorphism between Ler and Col, based on the
Insertion/Deletion polymorphism (InDel) data (The Arabidopsis
Information Resource, TAIR). The primers used are listed in Sup-
plementary Table 3.

3. Results

3.1. Identification of afl1-1D

We  isolated early-flowering mutant designated accelerated
flowering 1-1D (afl1-1D) from activation-tagged mutant pools in A.
thaliana (Fig. 1A and B). The afl1-1D mutant displayed characteris-
tic early flowering and curly leaf phenotype, and those phenotypes
were used as marker of genetic analysis of afl1-1D.  Genetic analysis
showed that afl1-1D mutant is a single, dominant mutant (Fig. 1C
and D). The early-flowering phenotype of afl1-1D was  not con-
stitutive, exhibiting photoperiod-dependency as well as ambient
temperature-sensitivity (Fig. 1B). These results implied that afl1-1D
is not directly involved in photoperiod- or ambient temperature-
dependent flowering pathways. In addition to the early-flowering
phenotype, afl1-1D exhibited pleiotropic developmental defects

including semi-dwarfism, reduced apical dominance, small and
curly leaf phenotypes (Figs. 1 and 2). Although afl1-1D was isolated
from activation tagging pool, the T-DNA insertion were shown to

average days to flower (lower figure). Error bars indicate standard deviations. WT,
wild type. (D) Genetic analysis of afl1-1D. The plants scored were grown under long
day  condition.
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ig. 3. Chromosomal mapping of AFL1 locus. The mapping position of the AFL1locu
arkers tested are depicted as triangles, along with nearby Arabidopsis Genome In

e not linked with the phenotypes of afl1-1D (data not shown).
hus we determined the chromosomal position of AFL1 by genetic
apping. Initial mapping results with a set of SSLP markers [43]

evealed that AFL1 resides in the middle of chromosome 4. Fur-
her fine mapping was performed by generating molecular markers
o narrow down the AFL1 locus between Arabidopsis Genome
nitiative At4g22920 and At4g23260 (Fig. 3). Since there are no
nown genes to affect flowering within the mapped region, these
esults imply that afl1-1D might define a novel genetic locus in
. thaliana. Toward understanding the molecular mechanisms of
fl1-1D mutant, further physiological and molecular analyses were
erformed with afl1-1D mutant after backcrossing with wild-type
our times.

.2. Expression analysis of flowering-related and homeotic genes
n afl1-1D

To further characterize the early flowering phenotype of afl1-1D
t molecular level, we investigated the expression of flowering-
elated genes in the afl1-1D. While the expression of CO and SOC1
ere marginally altered, transcript level of FT was significantly

levated in afl1-1D mutant, compared to wild type (Fig. 4). Remark-
bly, the expression of flowering repressor, FLC was also increased
n afl1-1D (Fig. 4). Intriguingly, pleiotropic phenotypes of afl1-1D
uch as the curly leaf phenotype as well as early-flowering are
eminiscent of mutants that are defective in PRC2-mediated gene
epression including clf, emf2 or fie mutants (Supplementary Fig.
1). Indeed, as reported [23], under the same experimental condi-
ion, clf-28 mutant exhibited similar alterations in the expression
evel of several floral integrator genes, including up-regulation of
oth FT and FLC (Fig. 4). These results led us to hypothesize that
fl1-1D mutant might affect other target genes of PRC2-mediated
epression such as several floral homeotic genes, besides flowering-
elated genes [44–46]. Thus, we tested whether several homeotic
enes, including AGAMOUS (AG), SEPALLATA3 (SEP3),  FRUITFULL

FUL) and KNAT1 were overexpressed in afl1-1D. The result showed
hat several homeotic genes including AG,  SEP3 and FUL but not
NAT1 were also up-regulated in both afl1-1D and clf-28 mutants.
n the contrary, we could hardly detect any transcript of Ta3, a
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ig. 4. Expression analysis of selected set of flowering-related genes and homeotic genes.
ondition. The reverse-transcribed cDNA was  subject to quantitative real time-PCR (qRT-
WT)  were set to 1 after normalization by PP2A. The shown are average values of experi
epeated twice with independent biological set.
own along with the actual number of recombinants in parenthesis. The molecular
e (AGI).

retroelement in heterochromatin, from both wild type and afl1-1D
mutant (data not shown). These results implicate that afl1-1D may
affect the expression of various genomic loci at euchromatins, not
specified to flowering-related loci.

3.3. FT is epistatic to afl1-1D to promote flowering

To assess the mechanism of early flowering phenotype of afl1-
1D further, we performed genetic interaction analysis. To this end,
we generated double mutants by genetic crossing between afl1-1D
and a series of late-flowering mutants (Fig. 5A). When combined
with co-1 mutant, that is defective in photoperiodic induction of
FT, afl1-1D could suppress the delayed flowering phenotype of co-
1, implying that afl1-1D might act independently or at downstream
of CO. In contrast, a ft loss-of-function mutant, ft-1, could sup-
press completely the early-flowering phenotype of afl1-1D mutant
(Fig. 5B). These double mutant analyses indicated that FT is epistatic
to afl1-1D at least in flowering regulation. We  also constructed
double mutant lines between afl1-1D and late-flowering mutants
defective in autonomous pathway, including fve-1 and ld-1. The
double mutants exhibited intermediate phenotypes in regard to the
flowering time, compared to each parental single mutant (Fig. 5A),
suggesting that afl1-1D acts independently of autonomous path-
ways.

While FT was shown to be indispensable for the early-flowering
phenotype of afl1-1D, the small and curly leaf phenotype of afl1-
1D was not suppressed by ft-1 mutation (Fig. 5B). Moreover, the
increased expression of SEP3 and FUL in afl1-1D was partially, not
completely, abolished by ft-1 mutation (Fig. 5C). The results showed
that SEP3 and FUL overexpression in afl1-1D mutant occurred in
both FT-dependent and FT-independent way.

3.4. Reduced H3K27 trimethylation on various genomic loci in
afl1-1D mutant
The remarkable phenotypic similarity between afl1-1D and
clf-28, impaired in PRC2-mediated gene silencing led us to pos-
tulate that the pleiotropic effects of afl1-1D mutation might be
associated with altered chromatin status, particularly H3K27me3,
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 The total RNA was extracted from 10 d-old seedlings grown under continuous light
PCR) analysis. PP2A was used as internal control. The transcript levels of wild type
mental triplicates. Error bars represents standard deviations. Similar results were
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Fig. 5. Double mutant analysis between afl1-1D and a set of late-flowering mutants. (A) Flowering time. The flowering time was presented as number of rosette leaves at
the  time of bolting (n > 10). Plants were grown under long day (LD) light condition (16 h L/8 h D). Error bars indicate standard deviations. WT,  wild type. (B) Representative
phenotypes of afl1-1D ft-1double mutant. The picture was taken from 24 d-old plants grown under LD. (C) Expression of FUL and SEP3 in ft-1afl1-1D. Total RNA was extracted
f  FUL w
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4. Discussion

Flowering control in higher plants involves multifaceted com-
binatorial regulation by endogenous as well as external stimuli.
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Fig. 6. Decreased trimethylation of H3K27 on FT, FLC, AG, and SEP3 chromatins by
afl1-1D mutation. (A) Schematic genome structure of FT,  FLC, AG and SEP3 loci show-
ing  regions amplified by primers used for ChIP analysis. The gray boxes indicate 5′

and 3′ UTR respectively. The black boxed indicated exons, while lines indicate introns
and  intergenic regions. (B) ChIP assay of FT,  FLC, AG and SEP3 chromatin with anti-
body against H3K27me3. Plants were grown in short-day condition (10 h L/14 h D)
for  10 d and harvested for ChIP assay. The degree of H3K27me3 on chromatin was
analyzed by real-time PCR. For real-time PCR analysis, the degree of H3K27me3 of
rom  10 d-old seedlings grown under continuous light. Transcript levels of SEP3 and
evels  of wild type (WT) were set to 1 after normalization by PP2A. The shown are a
esults were repeated twice with independent biological set.

 PRC2-mediated repressive mark. To test the hypothesis, we
nvestigated the level of H3K27me3 on chromatins of FT,  FLC, AG
nd SEP3, of which transcript level were up-regulated in afl1-1D
utant. Based on the well-characterized genomic region as marked
ith H3K27me3 in each locus, we performed chromatin immu-
oprecipitation (ChIP) analysis using antibody against H3K27me3.
ompared to wild type, afl1-1D mutant exhibited reduced level of
3K27me3 on FT,  FLC, AG and SEP3 (Fig. 6). These results indicated

hat the ectopic expression at various genomic loci in afl1-1D is
ssociated with the decreased level of H3K27me3 of their chro-
atins. Although H3K27me3 is also associated with repression of

eterochromatic retroelements such as Ta3, the level of H3K27me3
f Ta3 was marginally affected by afl1-1D (Supplementary Fig. S2).
n consistent, we could hardly detect the transcript of Ta3 in both

ild type and afl1-1D (data not shown). Thus, these results indi-
ated that afl1-1D reduced the repressive mark, H3K27me3 in a
ubset of euchromatic loci.

.5. Double mutant analysis of lhp1-4afl1-1D

To further characterize the involvement of afl1-1D in
3K27me3-mediated gene regulation, we examined genetic

nteraction between afl1-1D and LHP1, a PRC1-like component
hat mediates H3K27me3-dependent gene repression [20,33,34].
or the purpose, we made afl1-1Dlhp1-4 double mutant by genetic
rossing. Under the same condition, the double mutant flowered
s early as its parental single mutant, afl1-1D and lhp1-4 mutant.
n agreement to the flowering phenotype, the FT expression level
f the double mutant was similar to that of its parental single
utants (Fig. 7C), indicating that both lhp1-4 and afl1-1D act in

he same pathway in regard to flowering (Fig. 7B and C). It was
otable that afl1-1D and lhp1-4 exhibited additive interactions in
egard to the stem length and number of siliques, as evidenced by
ore severe symptoms of afl1-1Dlhp1-4,  compared to its parental

ingle mutants (Fig. 7A and C). On the other hand, lhp1-4 and

fl1-1Dlhp1-4 double mutant produced typical terminal-flower
orphology, whereas the flowers of afl1-1D plants and wild-type

id not. Thus, the mode of interactions of afl1-1D with lhp1-4 was
hown to be variable, depending on the developmental context.
ere analyzed by qRT-PCR analysis. PP2A was used as internal control. The transcript
 values of experimental triplicates. Error bars indicate standard deviations. Similar
chromatin in wild-type (WT) and afl1-1D mutant was  normalized by 10% input. The
data was expressed as relative amount of H3K27me3 in tested region of chromatin
when wild-type (WT) levels were set to 1. Error bars indicate standard deviations
of experimental triplicates. Similar results were repeated twice with independent
biological set.
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Fig. 7. Double mutant analysis between afl1-1D and lhp1-4. (A) Representative morphology 27 d-old plants under long-day condition (16 h L/8 h D). Scale represents 5 mm.
The  magnified view on top of inflorescence of mature plants are shown in inset. WT,  wild type. (B) Flowering time of afl1-1Dlhp1-4. Average values of rosette leaf number
at  the time of bolting are shown (n > 10). Error bars indicate standard deviations. (C) Expression analysis of FT.  Total RNA was extracted from 10 d-old seedlings grown
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alues  of numbers of siliques were obtained from primary inflorescence of 45 d-old

ecent elegant studies highlighted the central role of chromatin
emodeling in the flowering control that entails various types of
hromatin modification on several floral integrator genes [19].
n the present study, we report a novel dominant Arabidopsis

utant afl1-1D with pleiotropic developmental defects, including
arly-flowering, curly-leaf, reduced apical dominance and semi-
warfism (Figs. 1 and 2). Based on our physiological and molecular
nalysis, we propose that afl1-1D impact on various developmen-
al aspects via chromatin modification, associated with H3K27me3.

olecular analysis and double mutant analysis demonstrated that
he early-flowering phenotype of afl1-1D results from elevated
xpression of FT,  presumably due to reduced H3K27me3 on FT chro-
atin (Figs. 4–6). It is worthwhile to note that, despite of elevated

xpression of FT,  afl1-1D mutant exhibited still photoperiod-
ensitive as well as temperature-sensitive flowering phenotypes
Fig. 1), implying afl1-1D may  not alter photoperiod- or ambient
emperature-mediated regulation. In agreement, afl1-1D mutant
isplayed rhythmic diurnal expression of CO,  FLC and FT (Supple-
entary Fig. S3). Thus, afl1-1D activated FT expression, not affecting

ts responsiveness to external as well as endogenous stimuli.
Besides FT,  a flowering repressor, FLC as well as several flo-

al homeotic genes such as SEP3, FUL, and AG were found to
e ectopically expressed in afl1-1D mutant, independently of FT
Figs. 4 and 5). Again, we found that level of H3K27me3 of FT,  SEP3

nd AG chromatins was reduced in afl1-1D mutant (Fig. 6). The
ecreased H3K27me3 level at SEP3 chromatin is in good agreement
ith the result that ectopic expression of SEP3 in afl1-1D is partly,
ot completely, dependent on FT (Fig. 4), although SEP3 is one of
e-PCR (qRT-PCR) analysis. The transcript level of wild type (WT) was  set to 1 after
bars indicate standard deviations. (D) Number of siliques in afl1-1Dlhp1. Average
s (n = 10). Error bars indicate standard deviations.

the target genes of FT.  These results are in line with recent finding
that SEP3 is under the control of H3K23me3-associated chromatin
modification by CLF,  independently of FT [47].

In contrast, there was no discernible difference in the het-
erochromatic H3K27me3 mark of Ta3 chromatin between wild
type and afl1-1D mutant (Supplementary Fig. S2). Consistently,
we also could hardly detect the transcript of Ta3 in both wild
type and afl1-1D mutant (data not shown). Taken together, these
results implicate that afl1-1D is involved in H3K27me3-associated
chromatin modification of various euchromatic loci, not of hete-
rochromatin.

In Arabidopsis, it has been suggested that various PRC2-
complexes, consisting of different subunits, mediate trimethylation
of H3K27 at various target chromatins, exerting both overlapping
and distinct functions throughout developmental stages [29]. In
line with the reduced H3K27 level at various genomic loci in afl1-1D,
the pleiotropic effects of afl1-1D resembled those of clf-28 mutant,
deficient in a histone methyltransferase of PRC2-complex (Fig. 4,
Supplementary Fig. S1). However, notably, phenotypic severity
was variable between afl1-1D mutant and clf-28, depending on
the target genes or developmental context. For example, afl1-1D
displayed more severe curly-leaf phenotype than clf-28 mutant
(Supplementary Fig. S1), whereas clf-28 caused more increased
level of ectopic AG expression, than afl1-1D (Fig. 4). Considering

functional redundancy as well as diversity among multiple PRC2
complexes, it is plausible that afl1-1D may  be primarily, if not exclu-
sively, involved in trimethylation of H3K27 that is dependent on
CLF-PRC2 complex. The hypothesis of functional involvement of
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fl1-1D in the PRC2-mediated gene regulation was  further sup-
orted by the evidence of genetic epistasis between afl1-1D and

hp1-4 in regard to flowering (Fig. 7). Intriguingly, afl1-1D and
hp1-4 mutants exhibited additive interaction in other develop-

ental aspects than flowering-control, including stem elongation
nd reproductive organ numbers. The results suggest that afl1-
D might be involved in additional processes, independently of
HP1. Alternatively, because there exist multiple other plant PRC1-
ike components such as EMF1, RingA1/A2, other than LHP1 [29],
he additive interaction between afl1-1D and lhp1-4 might reflect
pistatic relationship between afl1-1D and other PRC1-like compo-
ents. Thus, further analysis on genetic interaction between afl1-1D
nd other components of PRC2-related complex as well as other
RC1-like components would be helpful to clarify the role of afl1-1D
n H3K27me3-dependent gene repression. On the other hand, it is
otable that afl1-1D did not affect all of the known PRC2-dependent
evelopment. For example, it was rarely found that afl1-1D mutant
roduced abnormal flowers, compared to clf and lhp1 mutants that
roduce flowers with homeotic alterations (Fig. 7 and unpublished
bservation). In addition, afl1-1D mutant did not cause homeotic
efects in leaf development, unlike to FIE-silenced mutants [48]. In
greement, the expression of KNAT1 was shown to be marginally
ltered by afl1-1D (Fig. 4). Thus, it is plausible that afl1-1D affect

 subset of genes under the control of H3K27me3-mediated gene
egulation in a specified developmental context.

How afl1-1D mutation impairs H3K27me3 remains unclear. Our
enetic mapping of AFL1 locus revealed that there are no known
RC2-related or flowering-related genes in the mapped region, sug-
esting that afl1-1D defines a novel genetic component (Fig. 3).
here are several possibilities how afl1-1D impact on H3K27me3-
ssociated chromatin modification. Firstly, afl1-1D may  repress the
xpression of certain PRC2-related genes, as exemplified by pklpkr2
utation that reduced H3K27me3 level by down-regulation of

RC2 components, including EMF2, CLF, and SWN  [49]. However,
ontrary to expectation, the tested genes encoding components
f PRC2 complex were not down-regulated, but rather slightly
p-regulated in afl1-1D mutant, particularly in the case of MEA
Supplementary Fig. S3). Cross-regulation among PRC2-related
enes has not been unprecedented. For example, mutants impaired
n PRC2-regulated gene regulation such as emf1 and fie mutants

ere shown to overexpress MEA  transcript [48]. Nonetheless, it
emains to be tested whether afl1-1D may  down-regulate other
omponents of PRC2 complex. Secondly, afl1-1D might hamper
he function of a subset of PRC2 complex by overexpression of
egative regulator(s) or production of a poisonous protein for func-
ional PRC2 complex. As recent research has begun to unveil novel
RC2 components as well as several types of post-translational
egulation of the PRC2 complex [50–56], it will be of interest
o examine the functional aspects of PRC2 complex in afl1-1D

utant, including stability, chromatin-affinity, and interactome of
RC2 complex. Thirdly, the reduced H3K27me3 in afl1-1D may  be
ue to increased activity of counter-acting chromatin remodeller

ncluding trithorax-group proteins [57]. Moreover, as chromatin
emodeling often exhibits interdependency or cross-regulation
mong chromatin modification processes such as histone H2b
onoubiquitination, histone acetylation, H3K4me3, H3K9me2,
3K36me2 and DNA methylation [58–60], thus, it is conceivable

hat afl1-1D might impact on directly other types of chromatin
odification, resulting in reduction of H3K23me3 level. Finally,

t cannot be also excluded that afl1-1D might be involved in
itotically stable maintenance of H3K27me3 mark after estab-

ishment. Recently, a cellular machinery involving ICU2, a DNA

olymerase alpha subunit, was shown to be necessary for main-
enance of mitotically stable H3K27me3 at both euchromatin loci
nd heterochromatic loci [40,61]. Unlike to icu2 mutant, afl1-1D
id not affect the stable repression of Ta3, a heterochromatic

[

[

e 208 (2013) 20– 27

retroelement (Supplementary Fig. S2 and data not shown). There-
fore, it is less likely that afl1-1D affect the components for
maintenance itself. Although we  found that several genes in the
mapped region were up-regulated in afl1-1D mutant, it does not
necessarily indicate that one of the overexpressed genes is the cor-
responding AFL1 gene, because afl1-1D may  affect expression of
those loci, presumably via control of H3K27me3. Indeed, unfor-
tunately, so far, we  failed to recapitulate the afl1-1D mutant
phenotypes by transgenic overexpression of those overexpressed
genes. Our ongoing several approaches to identify the molecu-
lar nature of AFL1 gene, including genome sequencing, suppressor
analysis and recapitulation with the overexpressed genes would
provide critical information about the function of afl1-1D. Despite of
the lack of information on the molecular nature of afl1-1D, nonethe-
less, we believe that our study provide useful information as well
as genetic material for plant biology community, particularly inter-
ested in epigenetic developmental regulation.

In summary, our present genetic identification and physiolog-
ical characterization of afl1-1D mutant provides a useful genetic
resource for further genetic and biochemical dissection on the regu-
latory roles of chromatin modification, particularly associated with
H3K23me3, during development of A. thaliana.
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