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Summary

e Posttranslational acetylation of histones is reversibly regulated by histone deacetylases
(HDACsS). Despite the evident significance of HDACs in Arabidopsis development, the biologi-
cal roles and underlying molecular mechanisms of many HDACs are yet to be elucidated.

e By a reverse-genetic approach, we isolated an hda9 mutant and performed phenotypic
analyses on it. In order to address the role of HDA9 in flowering, genetic, molecular, and
biochemical approaches were employed.

e hda9 flowered early under noninductive short-day (SD) conditions and had increased
expression of the floral integrator FLOWERING LOCUS T (FT) and the floral activator
AGAMOUS-LIKE 19 (AGL19) compared with the wild-type. The hda9 mutation increased
histone acetylation and RNA polymerase Il occupancy at AGL79 but not at FT during active
transcription, and the HDA9 protein directly targeted AGL79. AGL19 expression was higher
under SD than under inductive long-day (LD) conditions, and an AGL79 overexpression
caused a strong up-regulation of FT. A genetic analysis showed that an ag/79 mutation is epi-
static to the hda9 mutation, masking both the early flowering and the increased FT expression

Key words: AGAMOUS-LIKE 19 (AGL19),
Arabidopsis thaliana, chromatin, flowering,
HDA®9, histone deacetylation.

of hda9.

e Taken together, our data indicate that HDA9 prevents precocious flowering under SD

conditions by curbing the hyperactivation of AGL79, an upstream activator of FT, through
resetting the local chromatin environment.

Introduction

Histone acetylation has been implicated in transcriptional
activation. The addition of acetyl groups on lysine residues at the
histone N-terminal tails by histone acetyltransferases (HATS)
decreases the affinity of DNA to histones by increasing negative
charges on histones, thereby relaxing the chromatin structure to
be more accessible to transcription factors. The histone-tail acety-
lation also creates binding surfaces for other chromatin modifiers
or transcription cofactors positively regulating transcription.
Histone deacetylases (HDACs) remove acetyl groups from his-
tone lysine residues, which results in the opposite effects to HAT's
on chromatin structure and transcription. In fact, HDACs have
been found in various types of transcription repressor complexes
in yeasts and higher eukaryotes (Cunliffe, 2008; Yang & Seto,
2008). Interestingly, genome-wide association studies on yeast
and in humans have shown the presence of HDAC:s together with
HATS in active as well as in inactive genes (Kurdistani ezal.,
2002; Wang eral, 2009b), suggesting a role of HDACs in
controlling transcription that is beyond the traditional paradigm.

Arabidopsis has 12 putative HDACs belonging to the RPD3/
HDAT1 superfamily that is divided into four subgroups, namely
class I through III and an outlier group (Pandey eral., 2002).
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Genetic or pharmacological ablation of the HDAC function has
shown that HDACs play diverse and important roles in many
aspects of development and physiology in Arabidopsis. Anti-
sense or T-DNA insertional knockout mutants of HDAI9, a
class I HDAC, show multiple defects in growth and develop-
ment and altered responses to exogenous stimuli, such as light
and pathogens, accompanied by deregulation of genes (Tian
etal., 2003; Zhou eral., 2005; Benhamed eral, 2006; Long
etal., 2006; Kim etal., 2008; Tanaka ezal., 2008; Choi ez al.,
2012), reflecting the role of HDAI19 as a global repressor (Tian
eral., 2005). HDAG, the closest homolog of HDA19, plays key
roles in the silencing of transgenes, transposable elements, and
rRNA genes in association with RNA-directed DNA methyla-
tion (RADM; Aufsatz eral, 2002; Probst eral, 2004; Earley
eral, 2010) or RdDM-independent DNA methylation (To
eral., 2011; Liu eral., 2012). Studies using hda6 mutants have
revealed that HDAG has roles in flowering (Wu ez al., 2008; Yu
etal., 2011), embryonic-to-postembryonic transition (Tanaka
etal., 2008), and senescence (Wu ez al., 2008). Pharmacological
studies employing trichostatin A (TSA), an inhibitor of the
RPD3/HDAL1 family of HDACs, have also revealed the impor-
tance of HDAC:s in directing the expression of root epidermal
cell-patterning genes (Xu etal, 2005) and in controlling the
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rhythmic expression of the circadian clock gene, T7OCI (Perales
& Mas, 2007).

Flowering is controlled by environmental cues, such as photo-
period and temperature, and by developmental signals. In faculta-
tive long-day plants including Arabidopsis, inductive long-day
(LD) conditions promote rapid flowering, whereas noninductive
short-day (SD) conditions repress the floral promotion activity
and thus results in delayed flowering (Koornneef ezal, 1998).
There have been extensive studies on the signaling and mecha-
nism of LD-induced floral promotion (Turck eral, 2008;
reviewed in Amasino, 2010); however, the signaling and mecha-
nistic detail of floral repression and default flowering under SD
conditions are poorly understood. Gibberellic acid (GA) is known
to allow default flowering under SD conditions through activa-
tion of SUPPRESSOR OF OVEREXPRESSION OF CONSTANS
1(SOCI) and LEAFY (LFY), two of the downstream floral activa-
tors (Blazquez & Weigel, 2000; Moon ez al., 2003). VIN3-LIKE
1 (VIL1) and VIL2 have been reported to repress FLOWERING
LOCUS M (FLM) and MADS AFFECTING FLOWERING 5
(MAF5), two of the FLOWERING LOCUS C (FLC)-clade floral
repressors, respectively under SD conditions, leading to the pro-
motion of floral transition (Sung etal, 2006; Kim & Sung,
2010). Recently, the microRNA156 (miR156)-SQUAMOSA
PROMOTER BINDING PROTEIN LIKEs (SPLs) regulatory
module for vegetative phase transition has also been shown to
play an important role in age-dependent flowering, especially
under noninductive SD conditions (Wang ez al., 2009a).

Although there is evidence indicating the significance of
HDAGC: in the development and physiology of Arabidopsis, the
biological roles and underlying molecular mechanisms of many
HDACs have not yet been studied. Here, we report on the
in vivo roles of HDA9, a member of the RPD3/HDAI family
class I HDAC:s. Loss of HDA9 affects the development of several
organs and caused ecarly flowering under SD conditions.
Recently, a SD-specific early flowering of Ada9 mutants with
increased AGAMOUS-LIKE 19 (AGL19) expression and histone
acetylation at the AGLI9 locus was reported (Kim ez al., 2013).
However, several important questions, including whether AGLI19
is a direct target of HDA9, whether the increased expression of
AGL19 is a direct cause of the early flowering of hda9, and how
the loss of HDA9 activity results in SD-specific early flowering,
remain unanswered. Moreover, the pathway for which AGLI19
acts as a floral activator has not been elucidated. We demonstrate
that HDA9 prevents precocious flowering under SD conditions
and during vernalization by directly targeting AGLI9 and
repressing its expression during active transcription through his-
tone deacetylation. Derepression of AGL19 caused by the hda9
mutation in turn induces the expression of FLOWERING
LOCUS T (FT), which results in early flowering. We also show
that AGLI9 expression is up-regulated by a SD photoperiod as
well as by vernalization (Schonrock ezal, 2006). These results
indicate that the role of HDAY in preventing the overstimulation
of AGLI9 transcription by the inductive signals, together with
the photoperiod-dependent expression of AGL19 form the basis
of the SD-specific early flowering of hda9. Our results suggest
that the biochemical role of HDA9 might be to reset histone

New Phytologist (2015) 206: 281-294
www.newphytologist.com

New
Phytologist

acetylation levels during active transcription to attain proper
transcription activity and controlled gene expression.

Materials and Methods

Plant materials and growth conditions

Arabidopsis  thaliana (L.) Heynh Columbia-0 (Col-0) was
employed as the wild-type (wt) and also as the genetic back-
ground of the transgenic plants and mutants used in this study.
The following T-DNA insertion mutants were obtained from the
SALK collection (http://signal.salk.edu/) and genotyped by using
gene-specific primers (Supporting Information, Table S1): hda9-
1, SALK_007123; mafd, SALK_028506; maf5-1, CS876411;
and maf5-2, SALK_054770. The following mutants and trans-
genic plants were previously described as written in the text: flc-3,
fld-3, ld-1, FRI, hacl-1, ref6-3; co-101, fi-10, gi-2, agll19-1 and
FT::GUS plants. All the plants were grown at 22°C under
100 pmol m™*s™" of cool white fluorescent light with a photo-
period of either 16 : 8 h, light: dark (LD condition for this study)
or 8:16 h, light : dark (SD condition for this study).

Histochemical B-glucuronidase (GUS) assay

For HDA9:GUS, a 3.9 kb genomic fragment of HDA9 contain-
ing a 0.9 kb promoter and the entire coding region was generated
by PCR using HDA9-GUS-F and HDA9-GUS-R as primers
(Table S2). After restriction digestion with Xhol-Smal, the PCR
product was ligated to the Sall-Smal digested pPZP211G
(Noh ezal., 2001). HDA9:GUS was introduced into the wt by
the floral dip method (Clough & Bent, 1998) via Agrobacterium
tumefaciens strain ABI, and transformants were selected on MS
media containing 50 pg ml™" kanamycin. Histochemical GUS
staining was performed as previously described (Noh ezal,
2004). The GUS expression patterns in Fig. 2(b,c) were observed
using a light microscope (Carl Zeiss Axioskop 40). FT:GUS
from the wt was introgressed into hda9-1 through crossing,
and the hda9-1 mutants carrying F7-:GUS (+/+) were selected.
FT::GUS expression patterns in the wt and hda9-1 were then
compared.

Subcellular localization study

Nuclear fractionation was performed as previously described
(Kinkema et al., 2000). Protein samples were quantified using a
protein assay kit (Bio-Rad), subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and transferred
to nitrocellulose membranes (Millipore). For the detection of
proteins, o-HA (Abcam ab9110), a-H3 (Abcam ab1791), and
o-tubulin  (Sigma-Aldrich T9026) were used at 1:3000,
1:10 000, and 1 : 4000, respectively.

HDA9 complementation construct and HDA9:HA

For the complementation construct (HDA99), a 3.9 kb genomic
fragment was amplified by PCR using HDA9-GUS-F and
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HDA9G-R (Table S2) as primers and cloned into the pPZP221-
tbesT, which contains the transcriptional terminator of Arabid-
opsis 7b¢S. For the construction of HDA9:HA, a 3.9 kb HDA9
genomic fragment amplified using HDA9 gateway-F and HDA9
gateway-R as primers (Table S2) was cloned into the pENTR/
SD/D-TOPO entry vector (Invitrogen) and then integrated into
the pEarleyGate 301 destination vector (Earley eral, 2006)
through recombination. The complementation construct and
HDA9:HA were introduced into hda9-1 as described for HDA9:
GUS, and transformants were selected on MS media containing
100 pg ml ™! gentamycin (Sigma-Aldrich) or 25 pg ml™! glufosi-
nate ammonium (Sigma-Aldrich), respectively.

Flowering time analysis

Flowering times were measured as the means +SD of the
number of rosette and cauline leaves produced from the primary
meristems at bolting. At least 15 plants were scored for each
genotype and treatment. For vernalization treatment, plants were
grown for 14 d (d) under SD conditions and vernalized at 4°C
under SD conditions for 30 d. Vernalized samples were harvested
immediately after the cold treatment.

RT-PCR and RT-qPCR analyses

Total RNA was isolated from plant tissues using TRI Reagent
(Sigma-Aldrich) according to the manufacturer’s instructions.
Four micrograms of total RNA were reverse-transcribed using
MMLV Reverse Transcriptase (Fermentas, Seoul, Korea) and
the resulting first strand was used as a template for semiquanti-
tative PCR or quantitative real-time PCR (qPCR). The
sequences of primers used for reverse transcription followed by
PCR (RT-PCR) or qPCR (RT-qPCR) are provided in Table S3
or Table S4, respectively. qPCR was performed in 96-well
blocks using an Applied Biosystems 7300 real-time PCR system
(http://www.appliedbiosystems.com/) and SYBR Green I master
mix (Kappa Biosystems). Absolute quantification was performed
by generating standard curves using serial dilutions of a mixture
of all cDNA samples to be analyzed. Normalization was to
Ubiguitin 10 (UBQI0). All the RT-qPCR results were pre-
sented as means =+ SE of three biological replicates performed in
triplicate.

Chromatin immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation was performed as previously
described (Han et al., 2007; Kaufmann ez al, 2010). Antibodies
used for ChIP were a-H3Ac (Millipore) 06-599, a-H3 (Abcam
ab1791), o-RNA Polll (Covance MMS-126R), and o-HA
(Abcam ab9110). The a-H3Ac recognizes acetylated lysine 9 and
14 of H3, and the o-RNA Polll recognizes both the initiating
and elongating forms of Polll. The amount of immunoprecipi-
tated chromatin was determined by qPCR (ChIP-qPCR) using
primer pairs listed in Table S5, and the relative amounts of
amplified products were evaluated according to the 2744
method (Livak & Schmittgen, 2001).

© 2014 The Authors
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Results

Isolation of an hda9 mutant

The amino acid sequence alignment of HDA9 (At3g44680) and
other Arabidopsis Rpd3/HDA1 class I HDACs (HDA6, HDA7,
and HDA19) showed that the HDAC domain of HDA9 is
highly similar to that of other HDACs, but its C-terminal region
is quite divergent and varies in length compared with that of oth-
ers (Fig. Sla). Interestingly, the C-terminal region of HDA9
(277-4206) is nearly identical to the entire regions of HDA10 and
HDA17, which belong to the oudier group (Fig. S1b; Pandey
etal., 2002; Hollender & Liu, 2008). However, HDA10 and
HDA17 possess partial HDAC domains and are thus unlikely to
be functionally redundant with HDA9 (Fig. S1b). These struc-
tural features suggest that HDA9 might possess a unique role in
Arabidopsis.

To address the biological role of HDA9 and determine if it is
distinct from the roles of the well-characterized HDAG and
HDA19, we first isolated a mutant carrying a T-DNA insertion
in the fourth exon of HDA9 from the SALK collection and
named it hda9-1 (Fig. 1a). This mutant allele was also reported
by Kim eral (2013). RT-PCR analyses showed that the full-
length HDA9 transcript is not expressed at a detectable level,
although a truncated transcript upstream of the T-DNA insertion
site in hda9-1 is expressed at a reduced level (Fig. 1b). Thus,
hda9-1 is believed to be a null allele.

The hda9-1 mutants showed a normal morphology in most
organs in contrast to hdal9 mutants, which display severely dis-
torted morphological phenotypes in many organs (Tian & Chen,
2001; Tian eral, 2003; Long et al., 2006). Nonetheless, subtle
morphological differences between wt and hda9-1 were observed
in a few organs. At the fully developed stage, 4da9-1 flowers did
not open as fully as wt flowers, and the petals and sepals were less
tightly attached to the receptacles in hda9-1 than in wt (Fig. 1c).
In addition, the tips of the Ada9-1 siliques were wide and blunt,
whereas those of the wt siliques were tapered and acute (Fig. 1d).
The hda9-1 silique phenotype was similar to that of erecta (er)
mutants (Torii etal, 1996). However, unlike er mutation, the
hda9-1 mutation did not affect silique length (Figs 1, S2a). In
addition, the size of adult Ada9-1, especially when grown in SD,
was smaller than the wt, mainly because of less elongated petioles
and leaves (Figs le,f, S2b). All of these hda9-1 phenotypes were
restored to wt phenotypes when a genomic copy of HDA9 was
introduced into the Ada9 mutant plants (Fig. 1¢,d,f), demonstrat-
ing that these phenotypes are indeed caused by the loss of HDA9
function. Because the 4da9-1 phenotypes described here have not
been reported for either hdaG or hdal, it is likely that HDA9
has a distinct in planta role or it is also possible that these pheno-
types have not yet been carefully analyzed in hda6 or hdal9.

Spatial expression pattern and nuclear localization of HDA9

Because the expression pattern of HDA9 has not been reported
previously, we generated transgenic plants harboring the native
promoter and genomic coding region of DAY translationally
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Fig. 1 Phenotype of Arabidopsis thaliana hda9-1 mutant. (a) Schematic illustration of the gene structure of HDA9 and a T-DNA insertion in hda9-1. Exons
and the 3’ untranslated region (UTR) are represented with white boxes and a gray box, respectively. Introns are indicated as solid lines. + 1, the
transcription start site; triangle, the T-DNA insertion position in hda9-7; arrows, the primers used for reverse transcription polymerase chain reaction (RT-
PCR) in (b). (b) RT-PCR analysis of a 5" (HDA9N) and the full-length (HDA9F) HDA9 transcript expression in wild-type (wt, Col) and hda9-7 plants. HDA9-
F/HDA9-R1 and HDA9-F/HDA9-R2 primer pairs (a; Table S3) were used for HDA9N and HDAOF, respectively. UBQ70 was used as an expression control.
(c, d) Flower (c) and silique (d) phenotype of wt, hda9-7, and hda9-7 transformed with a genomic copy of HDAS (HDA9g hda9-1). Bars, 1 mm. (e)
Representative fifth and sixth rosette leaves with petioles of wt and hda9-7 plants grown for 45 d under short-day conditions. Bars, 5 mm. (f) Rosette
development in wt, hda9-7 and HDA9g hda9-1 plants. Shown are plants grown for 45 d in SD.

fused to GUS (HDA9:GUS), and performed histochemical analy-
ses to study the spatial expression pattern of HDA9. GUS stain-
ing was observed in the cotyledons, hypocotyls, and roots of the
seedlings (Fig. 2a). The shoot apexes, leaf primordial, and root
tips were the organs most strongly stained (Fig. 2b,c). In older
developmental stages, GUS staining was detected in the entire
rosette leaves, including the trichomes and petioles (Fig. 2d),
floral organs, such as the stigmas, anthers, filaments, and pollens,
and the siliques (Fig. 2¢,f). The nearly ubiquitous spatial expres-
sion pattern of HDAY studied with the HDA9:GUS plants was
confirmed by RT-qPCR using RNAs obtained from various
tissues (Fig. 2g) and by analysis of the expression profile of
HDA?9 exploiting publicly available microarray datasets (Fig. S3).

As shown in Fig. 2(c), HDA9:GUS expression was dispersed
but not restricted to any particular subcellular compartment.
However, it was not clear whether this subcellular GUS-staining
pattern reflects the real subcellular localization of the HDA9 pro-
tein, because HDA9:GUS was not able to complement hda9-1.
Therefore, we generated transgenic hda9-1 plants expressing the
HDAJY protein with a C-terminal HA tag (HDA9:HA) from the
native HDA9 promoter. Unlike HDA9:GUS, HDA9:HA was able
to fully rescue the hda9-1 mutant phenotypes (Fig. S4a—d), indi-
cating that HDA9:HA is functionally equivalent to HDA9. To
determine the subcellular localization of HDA9:HA, nonnuclear
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and nuclear proteins were fractionated from the HDA9:HA
hda9-1 plants and used for immunoblot analysis using an anti-
HA antibody. A ¢ 55 kDa protein corresponding to HDA9:HA
was detected in the nuclear but not in the nonnuclear fraction
(Fig. 2h). Thus, HDA9 seems to be localized predominantly in
the nuclei, like HDA6 and HDA19 (Earley eral., 2006; Fong
et al., 2006; Long ez al., 2006; Wu ez al., 2008).

The hda9-1 mutation causes early flowering under SD
conditions

The hda9-1 mutants displayed another remarkable phenotype:
an ecarly flowering under noninductive SD conditions, as evi-
denced by a smaller number of rosette leaves at the onset of flow-
ering (Fig. 3a,b) without a change in leaf initiation rate (Fig.
S4e). The early-flowering phenotype of hda9-1 was rescued by
the introduction of a genomic HDA9 fragment (HDAYg; Fig. 3a,
b) and by HDA9:HA (Fig. S4b,d). However, the early-flowering
phenotype of hda9-1 was not obvious under inductive LD condi-
tions (Figs 3¢,d, S4a,c).

We then analyzed the genetic interactions between hda9-1 and
mutations in the autonomous pathway, the photoperiod path-
way, and the floral integrator group. The /da9-1 mutation caused
partial suppression of the late-flowering phenotypes of the
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Fig.2 Expression pattern of Arabidopsis thaliana HDA9. (a—f)
Histochemical B-glucuronidase (GUS) staining of HDA9:GUS-containing
transgenic Arabidopsis. (a) Four-day-old seedling grown under short-
day (SD) conditions. (b) Magnified shoot apex of the seedling shown in
(@). (c) Primary root tip of 6-d-old seedling grown in SD. Bars (b, c):
50 um. (d) Sixteen-day-old whole seedling grown under SD conditions.
(e, f) Open flower (e) and silique (f) of long day (LD)-grown plant. (g)
mRNA expression of HDA9 in various tissues as studied by quantitative
real-time reverse transcription polymerase chain reaction (RT-qPCR).
RNA was isolated from 10-d-old seedlings (S), roots (R), entire shoots
including the shoot apical meristems (L+M), rosette leaves (L), flowers
(F), and siliques (SL). UBQ70 was used as an expression control. Values
are the means + SD of three technical replicates. (h) Nuclear
localization of HDA9. Nuclear (N) and nonnuclear (NN) proteins were
extracted from hda9-1 and HDA9:HA-containing hda9-1 transgenic
seedlings grown for 10 d under LD or 14 d under SD conditions and
subjected to immunoblot analysis with anti-HA antibody. Histone H3
and tubulin were detected as nuclear and nonnuclear protein controls,
respectively.

© 2014 The Authors
New Phytologist © 2014 New Phytologist Trust

Research’ 285

autonomous-pathway mutants hacl-1 (Han ez al., 2007), relative
of early flowering 6-3 (ref6-3; Noh et al., 2004), flowering locus
d-3 (fld-3; He etal., 2003), luminidependens-1 (ld-1; Lee et al.,
1994), and FRIGIDA (FRIL Koornneef etal., 1994; Lee etal.,
1994)-containing Col under LD conditions (Fig. 3e) and, to a
greater extent, under SD conditions (Fig. 3f). The late-flowering
phenotypes of the photoperiod-pathway mutants were also sup-
pressed by Ada9-1, but not as effectively as those of the autono-
mous-pathway mutants: the gigantea-2 (gi-2; Park eral., 1999)
hda9-1 and constans-101 (co-101; Takada & Goto, 2003) hda9-1
double mutants flowered slightly earlier than the gi-2 and
c0-101 single mutants, respectively (Fig.3gh). Notably, the
hda9-1 mutation was not capable of accelerating the floral transi-
tion of a floral integrator mutant, flowering locus +-10 (fi-10; Yoo
et al., 2005), under both LD and SD conditions (Fig. 3g,h), indi-
cating that F7 acts downstream of HDA9. These results indicate
that HDA9 negatively regulates flowering in parallel with the
autonomous and photoperiod pathways and acts upstream of F7.

The day length-dependent effect of the /da9-1 mutation on
flowering (Fig. 3a—d) raised a possibility of day length-dependent
HDA9 expression or nuclear-cytoplasmic shuttling of HDA9
protein as the mammal class II HDACs (Grozinger & Schreiber,
2000; Verdel etal, 2000). However, HDA9:HA protein was
accumulated to comparable levels in both LD- and SD-grown
plants and predominantly localized to nuclei in both photoperi-
odic conditions (Fig. 2h), excluding those possibilities.

Loss of HDA9 affects the expression of FLC, MAF4, MAF5,
and FT

Because HDA9 localizes to the nuclei and many Rpd3/HDA1
class I HDAG: in yeast, fly, and humans are present within vari-
ous transcriptional repressor complexes (reviewed in Hayakawa
& Nakayama, 2011), we questioned whether the sda9-1 muta-
tion affects the expression of key flowering genes at their mRNA
level: CO, a key floral promoter in the photoperiod pathway;
FLC, a central floral repressor in the autonomous and vernaliza-
tion pathways, and its five paralogs (MAFI through MAF5); and
the floral integrators 7 and SOCI. Under both LD and SD con-
ditions, FLC mRNA levels were slightly reduced in hda9-1,
whereas CO mRNA levels in wt and hda9-1 were comparable
(Fig. 4a,b). Down-regulation of MAF4 and MAF5 mRNAs by
hda9-1 was also observed in the SD condition (Fig. 4b). Consis-
tent with the early-flowering phenotype of hda9-1, FT and, to a
much lesser extent, SOCI mRNA levels were higher in hda9-1
than in the wt (Fig. 4a,b).

Because the genetic analysis positioned F7° downstream of
HDA9, we further examined the effect of /da9-1 mutation on
the spatial expression of FT using FT1::GUS (Takada & Goto,
2003). Under LD conditions, GUS staining was detected mainly
in the vascular tissues of the distal parts of both wt and hda9-1
rosette leaves with similar staining intensity (Fig. 4c). Under SD
conditions, GUS staining was detected in the primary veins and
petioles of both wt and hda9-1 leaves; however, a stronger inten-
sity was observed in Ada9-1 than in the wt, which indicates that
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HDAQ affects the expression level but not the expression domain
of FT. Collectively, these results show that HDA9 is required for
the full expression of FLC, MAF4 and MAF5, and for the
negative regulation of FT.

HDAO controls flowering mostly independently of FLC,
MAF4, and MAF5

FLOWERING LOCUS C directly binds to the F7 and SOCI
promoters and represses the transcription of F7 and SOCI
(Helliwell ez al., 2006). It is therefore possible that the up-regula-
tion of FT and SOCI in hda9-1 is the result of the reduced FLC

expression. To test this possibility, we compared the flowering
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times of hda9-1, fle-3 (an FLC null mutant; Michaels & Amasin-
0, 2001), and the flc-3 hda9-1 double mutants under SD condi-
tions. The flowering time of hda9-1 was similar to that of flc-3
(Fig. 4d), although a substantial amount of FLC transcript was
present in hda9-1 (Fig. 4b). Moreover, compared with both
single mutants, the flc-3 hda9-1 double mutant flowered slightly
carlier and had a higher abundance of F7 transcript (Fig. 4d,e).
SOC]I expression in fle-3 hda9-1 compared with either of the sin-
gle mutants was not increased as substantially as F7" (Fig. 4e).
These results indicate that the reduced FLC expression alone is
not sufficient to cause the early flowering of hda9-1.

Similar to FLC, MAF4 and MAF5 have also been implicated
in floral repression (Ratcliffe ez al., 2003; Gu ez al., 2009). Thus,
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Fig.4 The Arabidopsis thaliana hda9-1 mutation affects FT expression. (a,

b) Quantitative real-time reverse transcription polymerase chain reaction (RT-

gPCR) analyses of the transcript abundances of various flowering genes in wild-type (wt) and hda9-7 seedlings grown for 2 wk under long-day (LD)

conditions (a) or 4 wk under short-day (SD) conditions (b). Wild-type levels

were set to 1 after normalization by UBQ70. Values are the means + SE of

three biological replicates. (c) Histochemical B-glucuronidase (GUS) staining of wt and hda9-17 plants harboring FT::GUS. Plants were grown for 21 d under
LD or 45 d under SD conditions before staining. All the plants were homozygous for FT::GUS. Right panel, 300% digital magnification of the marked
leaves on the left to show vascular expression of FT::GUS. (d) Flowering time of hda9-1, flc-3 and flc-3 hda9-1 without (NV) or with (V) vernalization as
determined by bolting (LN). Vernalization was performed as described in the Materials and Methods section, and the plants were subsequently grown

under SD conditions until bolting. Asterisks indicate statistically significant d

ifferences between the two comparisons marked by brackets (P <0.01). (e)

Additive effect of flc-3 and hda9-17 on FT expression. Plants were grown for 21 d under SD conditions before being harvested for RNA extraction.

Transcript abundances of FT, FLC, SOCT and AGL19 were determined by RT-qPCR, and wt levels were set to 1 after normalization by UBQ70. Values are
the means + SE of three biological replicates. (f) Flowering time of hda9-1, maf4 and maf4 hda9-1 under SD conditions as determined by LN. Closed circles
or asterisks indicate statistically significant differences from Col or hda9-1, respectively (P <0.001; f, g). (g) Flowering time of hda9-1 and maf5 mutants
under SD conditions as determined by LN. Values are the means + SD (d, f, g).

to examine whether the decreased expression of MAF4 and
MAF5 contributes to the accelerated flowering of hda9-1, T-
DNA insertion mutants of MAF4 and MAF5 (Fig. S5) were iso-
lated from the SALK collection, and their flowering time was
analyzed. Both maf4 and maf5> flowered slightly earlier than the
wt but significantly later than Ada9-1 under SD conditions
(Fig. 4f,g). In addition, the maf4 hda9-1 double mutants flow-
ered slightly earlier than the maf4 or the hda9-1 single mutants
(Fig. 4f). Moreover, flc-3 hda9-1 flowered earlier than flc-3 even
after vernalization (Fig. 4d), which should have decreased the
expression of MAF4 (Ratcliffe ez al., 2003). Thus, although the

© 2014 The Authors
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decreased expression of MAF4 and MAF5 might contribute to
the early flowering of hda9-1, it does not seem to fully account
for the flowering behavior observed in Ada9-1. In sum, these

results suggest that HDA9 controls flowering time mostly inde-
pendently of FLC, MAF4 and MAF5.

The expression of AGL79, a floral activator, is increased in
hda9o-1

A number of MADS- and AP2-domain transcription factors
that affect flowering in an FLC-independent manner have been

New Phytologist (2015) 206: 281-294
www.newphytologist.com



288 Research

identified (Yu etal, 2002; Aukerman & Sakai, 2003; Michales
etal, 2003; Schmid eral, 2003; Schonrock eral, 2006;
Adamczyk eral, 2007; Jung eral, 2007; Castillejo & Pelaz,
2008; Yoo etal, 2011). In addition, it was recently shown that
SPL transcription factors promote flowering independently of
FLC (Wang et al., 2009a). To study whether HDA9 affects flow-
ering by regulating these factors, we compared their expression
levels in wt and Ada9-1. All the genes examined, with the excep-
tion of AGL19, were expressed at similar levels in the wt and
hda9-1 (Figs 5a, S6). Interestingly, under both LD and SD pho-
toperiods, the transcript abundance of AGL19 was substantially
higher in hda9-1 than in the wt (Figs 5a, S6). The up-regulation
of AGL19is not thought to be related to the reduced FLC expres-
sion in hda9-1, because the expression of AGL19 was not affected
by fle-3 (Fig. 4e). We found that the transcript abundance of
AGL1Y9, similar to F7, was greatly elevated in 5-wk-old plants
compared with 1-wk-old seedlings (Fig. 5b,c), consistent with
previous reports on the age-dependent induction of AGLI9
(Schonrock ez al., 2006). Interestingly, the effect of the hda9-1
mutation on AGLI19 expression was barely detectable in young
seedlings, although it became obvious in 5-wk-old plants

(Fig. 5b).

HDAO9 directly represses AGL79 transcription through his-
tone deacetylation

The increased expression of AGLI9, FT, and SOC]I by the loss of
HDA9 led us to test whether HDA9 directly represses the tran-
scription of these genes by deacetylating histones within AGLI9
or FT chromatin. ChIP studies using anti-acetylated histone H3
(H3Ac) antibody showed that H3Ac levels at the AGL19 locus
were comparable between the wt and hda9-1 in 1-wk-old seed-
lings (Fig. 5d,e). However, H3Ac levels around the transcription
start site of AGLI9 (regions D, E, I, II and III) were clearly
increased in 5-wk-old hda9-1 but not in wt plants compared with
the levels observed in 1-wk-old seedlings (Fig. 5d,e). In contrast
to AGL19, there was no clear difference in H3Ac levels at F7 and
SOCI loci between wt and hda9-1 at both the seedling and
mature stages (Figs 5d.f, S7a,b). Given the fact that the transcript
abundances of both AGLI9 and FT were developmentally
increased and up-regulated by the loss of HDA9 (Fig. 5b,c), these
results suggest that the hyperacetylation of histones within
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AGLI9 chromatin in hda9-1 is not merely a consequence of the
increased AGL19 transcription. Instead, it might be the result of
decreased HDAC activity caused by the loss of HDA9.

To study whether the increased AGLI9 mRNA levels and the
hyperacetylation of histones within AGL19 chromatin in hda9-1
are related to increased transcriptional activity, we compared
RNA polymerase II (PolIl) occupancies at AGLI9 in the wt and
hda9-1 through ChIP assays using an anti-Polll antibody. The
Polll occupancy at AGLI9 was higher in hda9-1 than in the wt;
in addition, the occupancy pattern was closely correlated with
that of H3Ac (Fig. 5g). The Polll occupancy in the regions
around the transcription start site (I, II and III), but not in the
elongation or termination regions (IV and V), was clearly higher
in hda9-1 than in the wt. These results suggest that the histone
hyperacetylation in the promoter and 5’ transcribed regions of
AGLI9 might increase the accessibility of these regions to Polll,
which in turn accelerates transcription.

Finally, in order to address whether HDA9 plays a direct role
in the transcriptional regulation of AGLI9, we performed ChIP
assays using HDA9:HA hda9-1 plants (Fig. S4). HDA9:HA pro-
tein was clearly enriched within AGL19 (Fig. 5h) but not within
SOCI chromatin (Fig. S7c¢), consistent with the effect of the
hda9-1 mutation on H3Ac levels at these loci (Figs 5e, S7b).
HDA9:HA enrichment was most obvious in regions upstream of
the transcription start site of AGLI19. Thus, HDA9 has a direct
role in controlling and maintaining the transcription activity of
AGLI19at a proper level by resetting the local chromatin environ-
ment through dynamic histone deacetylation.

HDAO controls FT expression and flowering through
AGL19

The correlation between the transcript and H3Ac levels of
AGL19 but not of FT and SOCI (Figs 4b, 5b—f, S7b) led us to
question whether the up-regulation of F77SOCI and the acceler-
ated floral transition in Ada9-1 are caused by the increased
AGLI19 expression. We thus measured the mRNA levels of FT
and SOCI in wt, hda9-1, agl19-1, and transgenic plants overex-
pressing AGL19 (AGLI9OE; Schonrock et al., 2006). AGLI9OE
was previously shown to have early-flowering phenotypes under
both LD and SD conditions (Schonrock et al, 2006). The FT

mRNA level was greatly increased when AGLI9 was

Fig.5 Arabidopsis thaliana HDA9 directly controls AGL79 transcription through histone deacetylation. (a) Quantitative real-time reverse transcription
polymerase chain reaction (RT-qPCR) analyses of the transcript abundances of several AGL genes, which have floral regulatory roles, in wild-type (wt) and
hda9-1 seedlings grown for 2 wk under LD (left) or 4 wk under SD conditions (right). Wild-type levels were set to 1 after normalization by UBQ70, and
values are the means =+ SE of three biological replicates (a—c, h). (b, c¢) Transcript abundances of AGL79 (b) or FT (c) in 1-wk-old (SD1w) or 5-wk-old
(SD5w) wt and hda9-1 plants grown under SD conditions as determined by RT-qPCR. (d) Schematics of the genomic structures of AGL79 and FT. Gray
boxes, 5’ and 3’ untranslated regions; white boxes, exons; solid lines, promoters, introns, or intergenic regions; + 1, transcription start sites. Regions
amplified by primers used for chromatin immunoprecipitation (ChIP) (e-g) are shown for each gene. (e, f) ChIP-qPCR analyses of AGL79 (e) and FT (f)
chromatin using an anti-H3Ac antibody. Plants as grown in (b) and (c) were used for ChIP. Shown are the means =+ SE of three biological replicates. SD1w
wt levels were set to 1 after normalization by input and the internal control UBQ170. (g) ChIP-qPCR analyses of AGL79 chromatin with an anti-Polll
antibody. Plants grown for 5 wk under SD conditions were used for ChIP. Shown are the means =+ SE of three biological replicates. Wild-type levels were
set to 1 after normalization by input. Actin 2/7 (ACT2/7) and UBQ170 were used as internal controls. (h) ChIP-qPCR analyses of HDA9:HA enrichment at
the AGL79 locus using an anti-HA antibody. HDA9:HA hda9-1 and hda9-1 plants grown for 5 wk under SD conditions were used for ChIP. The amount of
immunoprecipitated chromatin was normalized to the corresponding input and compared with untagged plants. Shown are the means + SE of three

biological replicates.
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overexpressed and was not largely affected by ag/19-1 (Schonrock
etal., 2006; Fig. 6a). However, the mRNA levels of FLC and
SOC1 were barely affected by differential AGLI9 expression
(Fig. 6a), indicating that the up-regulation of F7'in AGLI9OE is
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independent of FLC. These results suggest that the repressive
effect of HDA9 on FT might be, at least in part, through the
inhibition of AGLI9 transcription. Therefore, we analyzed the

effect of the 2¢/79 mutation on the early flowering of hda9-1 by
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Fig. 6 Arabidopsis thaliana HDA9 affects FT expression and flowering through AGL79. (a) Quantitative real-time reverse transcription polymerase chain
reaction (RT-qPCR) analyses of the transcript abundances of FLC, SOCT, FT and AGL19 in hda9-1, agl19-1, and AGL190OE plants. Plants grown for 3 wk
under short-day (SD) conditions were used for RNA extraction. (b) Flowering time of hda9-1, agl19-1, and agl19-1 hda9-1 mutant plants under SD
conditions as determined by bolting (LN). Asterisks denote statistically significant differences from hda9-17 (P <0.001). Values are means + SD. (c) FT
transcript abundances as determined by RT-qPCR in hda9-1, agl19 and agl19-1 hda9-1 mutant plants grown for 13 wk under SD conditions. The wt level
was set to 1 after normalization by UBQ70, and values are the means =+ SE of three technical replicates (a, c).
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Fig. 7 Hyperacetylation of histones within AGL79 chromatin by the
Arabidopsis thaliana hda9-1 mutation in vernalized seedlings. (a)
Quantitative real-time reverse transcription polymerase chain reaction
(RT-qPCR) analyses of the transcript abundances of FLC, SOCT, AGLT9
and VIN3 in wild-type (wt) and hda9-1 seedlings vernalized for 30 d (V) or
not vernalized (NV). NV wt levels were set to 1 after normalization by
UBQ10. Values are the means =+ SE of three biological replicates. (b)
Chromatin immunoprecipitation (ChIP)-qPCR analyses of AGL79
chromatin using an anti-H3Ac antibody. Plants were grown as described in
(@). NV wt levels were set to 1 (upper) or not (lower) after normalization
by input and the internal control UBQ70. Shown are the means + SE of
three biological replicates.
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measuring the flowering time of the agll9-1 hda9-1 double
mutants. agl19-1 hda9-1 flowered at a similar time as the wt but
significantly later than the Ada9-1 single mutants (Fig. 6b),
clearly demonstrating that AGL19is required for the early flower-
ing of hda9-1. Furthermore, the increased expression of F7 in
hda9-1 was strongly suppressed by the ag//9-1 mutation
(Fig. 6¢). By contrast, the up-regulated SOCT expression in hda9-
I was not suppressed by the ag/19-1 mutation (Fig. S7d). Thus,
we concluded that HDA9 prevents precocious flowering under
SD conditions mostly by inhibiting AGL19 up-regulation, which
would otherwise, in turn, activate F7.

Loss of HDA9 increases the levels of AGL79 mRNA and
H3Ac at AGL79 in vernalized seedlings

Previous work showed that AGL19 mRNA expression is induced
by vernalization (Schonrock ezal., 2006). Therefore, we exam-
ined the effect of the Ada9-1 mutation on the vernalization-
induced AGLI9 expression (Fig. 7a). In nonvernalized seedlings,
the AGL19 mRNA level was low and similar in both wt and
hda9-1 plants. However, after 4wk of vernalization, it was
increased in the wt and, notably, to a greater extent, in hda9-1.
The hyperinduction of the vernalization-mediated AGLI19
expression by the hda9-1 mutation might account for the acceler-
ated floral transitions of hda9-1 and flc-3 hda9-1 compared with
fle-3 (Fig. 4d). We then studied H3Ac levels at AGL19 in wt and
hda9-1 seedlings before and after vernalization (Fig. 7b). There
was no detectable difference in H3Ac levels at AGL19 between
nonvernalized wt and Ada9-1 seedlings. However, an evident
increase in H3Ac levels at AGLI19, especially in regions around
the transcription start site, was detected in hda9-1 but not in wt
after vernalization. Thus, the results in Fig. 7 indicate that HDA9
also prevents the hyperactivation of AGLI9 transcription during
vernalization through a dynamic histone deacetylation.

AGL19 is differentially expressed in different photoperiods
We then questioned whether the regulation of AGL19 by HDA9

is relevant to the photoperiod-dependent early-flowering
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Fig. 8 Photoperiod-dependent expression of Arabidopsis thaliana AGL19. (a) Quantitative real-time reverse transcription polymerase chain reaction (RT-
gPCR) analyses of AGL79 transcript abundances in wild-type (wt) and hda9-17 plants grown for 4 wk under long-day (LD) conditions (LD4w) or for 5 wk
under short-day (SD) conditions (SD5w). The picture on the right shows representative wt and hda9-17 plants. The LD4w wt level was set to 1 after
normalization by UBQ10. Values are means + SE of three biological replicates. (b) RT-qPCR analyses of the transcript abundances of AGL79, AGL24,
SOCT, FT and AGL6 in wt, co-707 and gi-2 plants grown for 3 wk under LD conditions (LD3w) or 4 wk under SD conditions (SD4w). Transcript
abundances of each gene were normalized by UBQ70, and values are the means =+ SE of three biological replicates.

phenotype of hda9-1. Interestingly, AGLI9 mRNA levels were c.
10-fold higher in 5-wk-old SD-grown plants than in 4-wk-old
LD-grown plants regardless of the HDA9 genotype (Fig. 8a).
This difference in AGLI9 expression is unlikely to be the result
of the age difference between the LD- and SD-grown plants,
because the 4-wk-old LD-grown plants were rather developmen-
tally more progressed than the 5-wk-old SD-grown plants
(Fig. 8a). Thus, AGL19 might be expressed only in SD-grown
hda9-1 plants to the level required for the activation of FT
and precocious flowering, and this might be the cause of the
SD-specific early flowering of hda9-1.

Notably, AGL19 expression was less affected by the loss of CO
or Gl under LD conditions than by SD conditions (Fig. 8b). The
AGL19 mRNA level in 3-wk-old LD-grown gi-2 or co-101
mutants was moderately higher than that in 3-wk-old LD-grown
wt plants, but substantially lower than that in 4-wk-old SD-
grown wt plants. Thus, unlike F7 (Fig. 8b), the photoperiodic
regulation of AGL19 is largely independent of the GI-CO path-
way. This result is in agreement with our observations that the
suppressive effect of the hda9-1 mutation on the late flowering of
co-101 or gi-2 in LD (Fig. 3g) was weaker than its effect in SD
(Fig. 3h). Taken together, these results suggest that the repressive
role of HDA9 in AGLI9 expression together with the photope-
riod-dependent expression of AGLI9 might underlie the SD-spe-
cific early flowering of the hda9-1 mutants.

Discussion
Arabidopsis has a higher number of HDACs than other multi-

cellular eukaryotes; however, to date, the biological roles of
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individual Arabidopsis HDACs, with the exception of HDAG6
and HDA19, are mostly unknown. In this study, we show that
HDAY, an Arabidopsis RPD3/HDA1 family class I HDAC,
plays distinct roles in plant development. The loss of HDA9
causes several morphological alterations in a limited number of
organs (Fig. 1), none of which are observed in the hda6 or
hdal9 mutants. These observations suggest that the in planta
function of HDA9 might be localized and not global and that
this function does not overlap with the functions of HDAG or
HDAT19. It would be interesting to know how HDA9 and its
phylogenetically close members, HDAG6 and HDA19, perform
distinct biological roles despite their conserved HDAC activity.
The specificity of these HDACs might lie in their participation
in different multiprotein complexes. Studies on animal and
yeast HDACs have shown that most class I HDACs perform
their functions within a variety of multiprotein complexes,
each of which has different target range (Cunliffe, 2008;
reviewed in Yang & Seto, 2008). Although, to our knowledge,
no HDAC complex has yet been biochemically purified from
Arabidopsis, Arabidopsis HDACs are also likely to interact
with different proteins or complexes, which might lead to dif-
ferent biological effects. Therefore, biochemical purification of
HDAY9-containing complexes will provide a better understand-
ing of the action mechanisms of HDA9 and insights into its
target specificity.

Our study using hda9-1 revealed that HDA9 is involved in the
control of flowering time, especially under noninductive SD con-
ditions. Floral repression in SD is as important as floral promo-
tion in LD for the reproductive success of a facultative LD plant,
such as Arabidopsis. Precocious flowering of a number of loss-of-
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function mutants, such as emf2 (Kim etal., 2010) and fIm (Gu
etal., 2013), under SD conditions suggests that the repressive
mechanisms to attenuate floral competence as well as the lack of
floral promoter activity of the CO-FT pathway contribute to the
repression of flowering in Arabidopsis under SD conditions. Our
data indicate that HDA9 contributes to this floral repression
mainly by negatively regulating the expression AGLI9, an FT'
activator (Figs 5, 6). AGLI9 appears to be responsible for the
SD-specific early flowering of hda9-1 as well. AGLI9 expression
is higher in SD than in LD (Fig. 8a), and its low level of expres-
sion in Ada9-1 under LD conditions may not be sufficient to
effectively activate F7 (Fig. 8b). Thus, in addition to strong CO
activity, the low level of AGL19 expression might be responsible
for the normal flowering behavior of the hda9-1 mutants under
LD conditions. The role of AGL19 in promoting floral transition
in the wt is likely redundant or its expression level in wt is not
sufficient for effective FT activation, because its loss-of-function
mutants displayed a normal flowering behavior without reduced
FT expression in SD (Fig. 6b,c). In either case, ensuring the
proper expression of AGLI9 during the developmental time
course is crucial for the prevention of precocious flowering under
noninductive SD conditions. In sum, the control of AGLI9
expression by HDA9 adds a new layer to the mechanisms that
prevent precocious flowering in SD.

Conventionally, the role of HDACs has been thought to be
associated with inactive genes. However, the hda9-1 mutation-
induced increase of H3Ac levels at AGL19 was clearly observed
only at times when AGLI9 was actively expressed, such as in
the adult stages or after vernalization (Figs Se, 7b). Thus, the
role of HDA9 at AGLI9 is distinct from the conventional
corepressor role of HDACs. Interestingly, a recent genome-
wide mapping of HDACs in human CD4+ cells showed that
HDAC:s associate more with transcriptionally active genes than
with inactive genes (Wang etal, 2009b), which suggests a
novel role for HDACs during transcription. Increased H3Ac
levels at AGL19 in hda9-1 but not in the wt during develop-
ment under SD conditions (Fig. 5¢) implies that acetyl groups
may be dynamically added to the histone tails and reversibly
removed by HDA9 during the transcription of AGL19. This
HDAY function might be important in the prevention of
hyperactive transcription by resetting the chromatin state. This
postulate is supported by the hda9-1 mutation-induced increase
in Polll occupancy, which is correlated with increased H3Ac
levels in regions surrounding the AGLI9 transcription start site
(Fig. 5g). Histone hyperacetylation in these regions might cause
hyperactive transcription at premature developmental stages. It
will be of interest in the future to determine whether HDA9
has a similar role in the control of other genes during their
transcription.
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