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During development, trithorax group (trxG) chromatin
remodeling complexes counteract repression by Polycomb
group (PcG) complexes to sustain active expression of key
regulatory genes. Although PcG complexes are well charac-
terized in plants, little is known about trxG activities. Here
we demonstrate that the Arabidopsis SAND (Sp100, AIRE-1,
NucP41/75, DEAF-1) domain protein ULTRAPETALA1
(ULT1) functions as a trxG factor that counteracts the PcG-
repressive activity of CURLY LEAF. In floral stem cells,
ULT1 protein associates directly with the master homeotic
locus AGAMOUS, inducing its expression by regulating its
histone methylation status. Our analysis introduces a novel
mechanism that mediates epigenetic switches controlling
post-embryonic stem cell fates in plants.
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Plants generate their reproductive organs late in develop-
ment through the formation of flowers. This establishes
a requirement for the repression of key floral homeotic
genes during vegetative development and their subsequent
tissue-specific activation during the reproductive stage. In
Arabidopsis thaliana, ULTRAPETALA1 (ULT1) is essen-
tial to terminate stem cell activity in the center of the
flower meristem through the timely activation of the floral
homeotic gene AGAMOUS (AG) (Fletcher 2001; Carles
et al. 2004). AG encodes a MADS (MCM1, AGAMOUS,
DEFICIENS, SRF) domain transcription factor that spec-
ifies reproductive organ identity (Bowman et al. 1989) and
acts in a negative feedback loop to limit floral stem cell
proliferation (Lenhard et al. 2001; Lohmann et al. 2001;
Sun et al. 2009). ULT1 is expressed early during floral
meristem initiation (Carles et al. 2005) and is required to
activate AG expression at the correct stage of floral
development, thus acting as a critical temporal component
of the floral meristem termination pathway.
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Maintenance of the appropriate AG transcriptional
status in nonreproductive versus reproductive tissues
involves the opposite activities of Polycomb group
(PcG) and trithorax group (trxG) chromatin remodeling
factors. The PcG gene CURLY LEAF (CLF), a homolog of
the Drosophila Enhancer of zeste E(z) histone methyl-
transferase, acts as a component of Polycomb-Repressive
Complex PRC2 (Chanvivattana et al. 2004). CLF is a di-
rect transcriptional repressor of AG expression in leaves,
inflorescences, and the outer whorls of flowers (Goodrich
et al. 1997) that mediates trimethylation of histone 3 Lys
27 (H3K27me3) (Schubert et al. 2006). Conversely, ARA-
BIDOPSIS HOMOLOG OF TRITHORAX1 (ATX1),
a homolog of Drosophila trithorax, encodes a histone
methyltransferase for trimethyl groups on histone 3 Lys
4 (H3K4me3) (Alvarez-Venegas et al. 2003; Alvarez-
Venegas and Avramova 2005; Saleh et al. 2007) that
sustains high-level AG transcription in flowers (Alvarez-
Venegas et al. 2003). These proteins maintain the AG
locus in either a repressed or an active state in a tissue-
specific fashion, yet nothing is known about the epige-
netic factors that mediate the AG switch from a repressed
to an active state within the floral stem cell reservoir. Nor
is it understood through what mechanism the ULT1
protein, which contains a putative DNA-binding SAND
(Sp100, AIRE-1, NucP41/75, DEAF-1) domain (Bottomley
et al. 2001) but no evident transcription activation domain,
functions in the floral stem cell termination pathway.

Results and Discussion

ULT1 gain-of-function phenotypes resemble
those of 35S:: AG and clf plants

To gain insight into the mechanism of ULT1 transcrip-
tional control, we expressed ULT1 from the constitu-
tively active cauliflower mosaic virus (CaMV) 35S pro-
moter in transgenic Arabidopsis plants. The 35S ::ULT1
transgenic plants displayed small rosettes and upward-
curled rosette leaves, as well as early flowering, short
stature, increased branch outgrowths, and prematurely
terminating inflorescence meristems (Fig. 1A-D). The
plants produced small flowers with mosaic organs; nota-
bly, carpeloid sepals and stamenoid petals (Fig. 1D;
Supplemental Fig. SIA-E). RT-PCR showed that the
severity of the phenotypes strongly correlated with the
level of ULT1 overexpression (Fig. 1B); severely affected
class 1 35S::ULT1 plants were used for further analysis.

The 35S::ULT1 phenotypes resembled those of
358 ::AG plants (Mizukami and Ma 1992 and of loss-of-
function clf plants, which ectopically express AG and
APETALA3 (AP3) in leaves and flowers (Figs. 1, 2A,H;
Supplemental Fig. S2A; Goodrich et al. 1997). AG and
AP3 transcripts accumulated ectopically in 35S::ULT1
rosette leaves and inflorescence meristems, as well as in
sepals and carpels, respectively (Fig. 1E,F). Thus, ULT1
can induce AG expression, consistent with previous
results showing that AG induction is delayed in the
center of ult1 floral meristems (Fletcher 2001). Introduc-
tion of the 35S::ULT1 construct into either the ag-3 or
the ap3-3 background demonstrated that the 35S:: ULT1
phenotypes, like the clf phenotypes (Goodrich et al.
1997), were dependent primarily on ectopic AG activity
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Figure 1. 35S::ULT1 transgenic plants resemble clf plants and ectopically activate
AG and AP3. (A,B) Correlation between 35S ::ULT1 phenotype severity and ULT1
expression levels. (A) Population classes range from most (class 1) to least (class 3)
severe. (WT) Wild type. (B) RT-PCR with seedling RNA from wild-type and class 1
to class 3, using EF 1« as the reference gene. (DNA) Genomic DNA control. (C,D)
358 ::ULT1 vegetative and inflorescence phenotypes resemble those observed in clf
plants. (C) Fifteen-day-old plantlets on soil. (D) Scanning electron micrographs of
inflorescences. (E,F) RNA in situ hybridization showing ectopic expression of AG
and AP3 in seedlings (E) and inflorescences (F) of wild-type, 35S::ULT1, and cIf-2
plants. (SAM) Shoot apical meristem; (Lp) leaf primordium; (Se) sepal primordium;
(Pe) petal primordium; (Ca) carpel primordium. (G-L) Segregating T3 descendents of
a 358::ULT1; ag-3/+ plant. (G) 35S ::ULT1 AG/AG plant. (H) 35S::ULT1 ag-3/ag-3
plant. (I) ag-3/ag-3 plant. (J) Wild-type plant. (K) 35S::ULT1; ap3-3 plant. (L) ap3-3

suggest that ULT1 and CLF oppositely regulate
a common set of target genes.

ULT1 displays a genetic trxG function

To determine the genetic relationship between
ULT1 and CLF, we generated ultl clf-2 double
mutants. Three different ult] mutant alleles in-
dependently rescued all clf-2 vegetative and re-
productive defects (Fig. 2A-C; Supplemental Fig.
S4). These results show that clf phenotypes are
totally dependent on ULT1 activity, and indicate
that ULT1 and CLF have opposite, possibly antag-
onistic, effects on plant development. Drosophila
genes belonging to the trxG were originally iden-
tified as suppressors of PcG mutant phenotypes
(Ingham 1988; Kennison 1995). Because ult! mu-
tations were able to completely suppress all PcG
clf-2 mutant phenotypes, ULT1 meets the genetic
definition of a trxG gene.

We investigated the ultl-mediated suppression
of the clf-2 phenotypes by examining expression
levels of the key CLF target gene, AG. Compared
with clf rosette leaves, ultl clf rosette leaves
displayed much lower levels of ectopic AG ex-
pression (Fig. 2D), and these levels were insuffi-
cient to induce the clf phenotype. Similarly, ult1
clf stage 3 floral buds accumulated AG mRNA at
much lower levels than clf stage 3 floral buds, and
in a pattern similar to ult stage 3 floral buds (Fig.
2E-G; Fletcher 2001). We observed that the ex-
pression levels of the AG downstream target genes
AP3, SEP1, SEP2, SEP3, and SEP4 were also re-

plant. Bars: C, 5 mm; D, | mm; G-, 1 cm.

(Fig. 1G-J; Supplemental Fig. SI1F-I). However, the
358 ::ULT1 phenotypes also depended to a lesser extent
on AP3 activity (Fig. 1K,L).

Additional ULT1 regulatory targets were identified by
RT-PCR analysis. The AG-related MADS-box genes
SEP1, SEP2, and SEP4 were strongly up-regulated in
358::ULT1 plants, while SEP3 expression was weakly
elevated (Supplemental Fig. S2A). These four SEP genes
were also up-regulated in clf-2 plants (Supplemental Fig.
S2A). SEP gene activation may reflect a secondary effect
of AG ectopic expression because these genes, as well as
AP3, are targets of AG transcriptional regulation (Gomez-
Mena et al. 2005). Expression of the floral activator
AGL19 was unaltered in 35S ::ULT1 leaves (Supplemen-
tal Fig. S2A), indicating that ULT1 shows specificity in
regulating MADS-box gene expression. We also observed
ectopic activation of the class I KNOX homeobox gene
STM and up-regulation of the related BP, KNAT2, and
KNATG6 genes in 35S ::ULT1 and clf-2 leaves (Supplemen-
tal Fig. S2B). These data indicate a substantial degree of
overlap between genes positively regulated by ULT1 and
genes negatively regulated by CLF. CLF and ULT1 do not
significantly regulate one another’s transcription (Supple-
mental Fig. S2C), nor is the CLF expression pattern
altered in 35S ::ULT1 inflorescence tissue (Supplemental
Fig. S3). These data are inconsistent with ULTI being
a downstream target of CLF or vice versa, or ULT1
inhibiting the activity of the CLF locus, but instead
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duced in ult1 clf plants compared with cIf plants
(Supplemental Fig. S5), likely contributing to the
rescue of the clf phenotypes by mutations in ult1.
Conversely, the timing of AG activation in the
center of ult1 floral meristems was not affected by
the clf mutation. In wild-type and clf-2 floral buds, AG
was expressed throughout the central dome by stage 3
(Fig. 2F; Goodrich et al. 1997), whereas the onset of AG
expression was delayed in the center of both ult1 (Fig. 2E)
and ult1 clf (Fig. 2G) floral meristems.

We next determined whether ectopic induction of AG
target genes in 355::AG plants was impaired by muta-
tions in ULT1. We observed that 35S::AG ult] rosette
leaves displayed wild-type morphology (Fig. 2H-J) and
had reduced total AG mRNA levels relative to 35S ::AG
lines containing functional ULT1 (Fig. 2K). Moreover, loss
of ULT1 activity rescued the 35S::AG phenotypes in
a dosage-dependent fashion, because 35S::AG ult1-3/+
plants displayed developmental and molecular pheno-
types intermediate between those of 35S::AG and
358::AG ult1-3 plants (Fig. 2H-K). Whereas the ultl
mutation did not impair AG transgene expression in
358::AG plants, ULT1 was required to sustain autoacti-
vation (Gomez-Mena et al. 2005) of the endogenous AG
locus (Fig. 2L). This result indicates that ULT1 regulation
of AG requires the native regulatory sequence and/or
chromatin configuration. In addition, ectopic AG induc-
tion of AP3 but not SEP3 was dependent on ULT1 (Fig.
2L). ULT1 activity is therefore required for maximal
expression of AG as well as of some AG target genes.

The effect of ULT1 on AG and AP3 transcription levels
was confirmed by quantitative real-time PCR (Fig. 3A). In
wild-type and ult1 seedlings, AG and AP3 expression was
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Figure 2. ULT1-dependent expression of phenotypes caused by AG
ectopic activation. (A-C) clf-2 phenotypes are rescued in an ult1-3-
null mutant background. (D) RNA blot of rosette leaf tissue show-
ing reduction in clf-induced ectopic AG expression in 10-d-old cIf-2
ult1-3 plants. The relative amount of AG transcript accumulation
is indicated, normalized to tRNA. (E-G) RNA in situ hybridization
showing expression of AG in stage 3 floral buds of ult1-3, clf-2, and
ult1-3 clf-2 plants. (H-]) Loss of ULT1 rescues 35S::AG phenotypes
in a dosage-dependent fashion. Plants shown are 35S ::AG transgenic
in a wild-type (WT), ult1-3/ULT1 heterozygous (ult1-3/+), or ult1-3
homozygous (ult1-3) background. (K) RNA blot of rosette leaf tissue
showing ulti-induced reduction of ectopic AG expression in 28-d-
old 355::AG plants. The relative amount of AG transcript accumu-
lation is indicated, normalized to rRNA. (L) RT-PCR with leaf RNA
of 28-d-old plants. Primers were used to detect total AG mRNA, AG
mRNA from the 355::AG transgene, AG mRNA from the endoge-
nous locus, AP3 mRNA, and SEP3 mRNA. EFla is shown as the
reference gene. Identical results were obtained in experiments using
the independent ult1-1 and ult1-2 alleles.

barely detectable, whereas AG expression was dramati-
cally elevated in clf seedlings. In ultl clf seedlings, AG
transcript levels were reduced by 80% relative to clf
seedlings, confirming that ULT1 activity is required to
obtain high levels of AG expression in clf seedlings.
Surprisingly, AG transcription levels in 35S ::ULT1 plants
were very similar to those in ultl clf plants, despite the
fact that 35S::ULT1 seedlings had strong curly leaf
phenotypes (Fig. 1A,C), whereas ultl clf seedlings had
normal leaf morphology (Fig. 2C). This discrepancy can
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be explained by the observation that AP3 expression
levels are far higher in 35S::ULT1 seedlings than in
ultl clf seedlings (Fig. 3A), and AP3 contributes to the
358::ULT1 curly leaf phenotype (Fig. 1K,L). We therefore
propose that extremely high-level ectopic expression of
AP3, as well as other downstream effectors of AG activity
such as SEP1 and SEP3 (Supplemental Fig. S2), is suffi-
cient to cause a curly leaf phenotype in 35S :: ULT1 plants,
whereas their ectopic expression at much lower levels in
ult1 clf plants fails to condition the phenotype.
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Figure 3. Influence of ULT1 and CLF on AG and AP3 expression
levels and histone methylation patterns. (A) RT-qPCR analysis of AG
and AP3 expression levels in 4-d-old wild-type, ult1-3, clf-2, ult1-3
clf-2, and 35S::ULT1 seedlings. Graphs represent average values
from two biological replicates, each standardized to EFla, with the
value in the clf background set at 100%. Error bars represent
standard error. (B) Schematic structures of the AG locus, AG
5'-flanking region, and AP3 locus. For AG and AP3, the exon/intron
structure is depicted, with the exons as gray boxes. The transcribed
region of the upstream At4g18950 gene is indicated (white box).
Green lines denote the regions amplified by qPCR for ChIP analysis.
(C,D) H3K27me3 and H3K4me3 patterns at the AG and AP3 loci.
ChIP was analyzed by qPCR and results are presented as percentage
of input chromatin. Graphs represent average values from two
biological replicates. For each locus of interest, the amplification
was standardized to the amplification obtained from the region
upstream of AG (up-AG). Minus sign (—) indicates ChIP minus
antibody and IP indicates ChIP plus antibody. Each set of bars in one
color represents minus (—) and IP for the same genotype. Error bars
represent standard error. Asterisks (*) indicate values that are
significantly different from wild type (P < 0.05 using Student’s
t-test), and the diamond (<) indicates that the value for ult1 clf is
significantly different from cIf (P < 0.05 using Student’s t-test).
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ULT1 activates the AG locus by controlling its histone
methylation status

A genetic trxG function for ULT1 suggested that it may
regulate AG expression through chromatin modifications.
We tested this hypothesis by analyzing the distribution of
histone H3 lysine methylation marks within the promoter
and second intron of AG (Fig. 3), regions necessary for the
correct spatial and temporal regulation of the gene (Sieburth
and Meyerowitz 1997). In seedlings, these regions of the
silent AG locus (Fig. 3A,B) carry the H3K27me3-repressive
mark deposited by CLF (Schubert et al. 2005).

Comparisons of chromatin immunoprecipitation
(ChIP) profiles of wild-type, ult1-3, and 35S::ULT1 seed-
lings showed alterations in the deposition of the
H3K27me3-repressive mark (Fig. 3C). In ult1-3 seedlings,
a 50% to 77% gain in the H3K27me3 mark occurred at
the AG-pl, AG-p2, and AG-il locations (Fig. 3C). Con-
versely, in 35S ::ULT1 seedlings, we observed a significant
loss of the H3K27me3 mark at all four locations tested.
These data indicate that ULT1 limits the deposition of
H3K27me3-repressive marks at the AG locus. The AG
locus in 358:: ULT1 seedlings carried a similar level of the
active H3K4me3 mark as wild-type seedlings (Fig. 3D) but
a reduced amount of the repressive H3K27me3 mark,
indicating that the locus was shifted toward a more active
state, in accordance with the observation that 35S ::ULT1
seedlings have higher AG transcript levels than wild-type
seedlings (Fig. 3A). In 35S ::ULT1 seedlings, the repressive
mark was lost even though wild-type CLF activity was
still present, demonstrating that excess or ectopic ULT1
is sufficient to prevent deposition of repressive marks by
CLF. These results are consistent with ULT1 functioning
as an trxG anti-repressor that counteracts PcG-mediated
transcriptional silencing, as has been proposed for the
Drosophila trxG proteins Trx and Ashl (Klymenko and
Muller 2004; Papp and Muller 2006).

In agreement with previous reports (Goodrich et al.
1997; Chanvivattana et al. 2004), we found that, in cIf-2
seedlings, AG expression was highly elevated (Fig. 3A),
and that the AG locus was depleted of the H3K27me3-
repressive mark in the promoter and second intron (Fig.
3C). Comparison of the H3K27me3-repressive mark in
ult1-3, clf-2, and ult1-3 clf-2 seedlings indicated that cIf-2
was epistatic to ult1-3 (Fig. 3C), because in clf-2 plants,
AG was depleted of H3K27me3 regardless of the presence
or absence of ULTI. In clf-2 seedlings, the AG second
intron was also enriched for the H3K4me3 activation
mark relative to wild-type seedlings (Fig. 3D). However,
deposition of H3K4me3 within the second intron de-
creased by 26% in ult1-3 clf-2 seedlings compared with
clf-2 seedlings (Fig. 3D). Thus, although the AG locus was
depleted of H3K27me3 in clf-2 seedlings, the absence of
ULT1 resulted in modest additional locus-specific de-
pletion of H3K4me3. This reduction in the H3K4me3
activation mark may contribute to the decrease in AG
transcript levels detected in ult1-3 clf-2 seedlings (Fig.
3A), as the ratio of the two histone marks is shifted
toward a less active state. In contrast to clf-2 seedlings,
358 ::ULT1 seedlings did not show increased deposition
of H3K4me3-activating marks at the AG locus (Fig. 3D).
A possible reason for this is that ULT1 does not itself
have H3K4me3 methyltransferase activity, but rather
interacts with such an enzyme as part of a trxG complex,
and that the relative abundance of this associated
H3K4me3 methyltransferase is rate-limiting in seedlings.
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Several additional observations are in accordance with
ULT1 not only functioning as an anti-repressor, but also
playing a limited role in switching the AG locus to an
activated state. First, ult1 flowers, like weak ag flowers,
produce a fifth whorl of stamen and/or carpel organs
(Fletcher 2001), and this fifth whorl activity is still
observed in ultl clf flowers (Supplemental Table S1).
Second, AG is induced normally in the central domain
of stage 3 clf floral meristems, but is absent from the
center of ultl and ultl clf floral meristems (Fig. 2E-G;
Fletcher 2001). These data demonstrate that even in the
absence of the repressive marks, ULT1 is still required for
AG to be transcribed at the correct time during floral
meristem development. Taken together, our results sug-
gest that, in addition to restricting the deposition of
H3K27 methylation marks at the AG locus by CLF,
ULT1 may also play a role in recruiting proteins re-
sponsible for local H3K4 methylation and subsequent
transcription elongation.

Finally, because AP3 expression levels were exceed-
ingly high in 35S ::ULT1 seedlings compared with wild-
type and clf seedlings (Fig. 3A), we analyzed the H3 lysine
methylation marks at the AP3 promoter. We found that
H3K27me3-repressive marks were significantly reduced
and H3K4me3-activating marks were significantly in-
creased in 35S ::ULT1 seedlings compared with wild-type
or clf seedlings (Fig. 3C,D). A likely explanation for the
observation that AP3 expression levels are higher in
358 ::ULT1 than in clf tissues is that both AG and ULT1
play a role in inducing AP3 transcription. This is consis-
tent with the reduction of AP3 expression in ult! com-
pared with wild-type plants and in ult1 clIf compared with
clf plants (Fig. 3A). Thus, we propose that the dramati-
cally increased AP3 transcription levels in 35S::ULT1
plants are a combined effect of an altered ratio of re-
pressive to activating chromatin marks at the AP3 locus,
mediated via elevated ULT1 expression, and elevated
expression of AG, a transcriptional activator of AP3
(Gomez-Mena et al. 2005).

ULT1 associates with the AG locus and physically
interacts with ATX1

To determine which regions of the AG locus were re-
quired for responsiveness to ULT1-mediated transcrip-
tional activation, we analyzed the expression patterns of
combinations of AG promoter and second intron se-
quences driving a B-glucuronidase (GUS) reporter. Both
the promoter and the second intron were necessary for
ectopic AG activation in 35S::ULT1 seedlings and in-
florescences (Fig. 4A). To assess whether ULT1 could
interact directly with these AG regulatory sequences, we
generated 35S::ULT1-HA; ultl transgenic plants and
performed ChIP assays on chromatin extracted from
rescued ult1 plants with wild-type phenotypes. We found
that ULT1 associated in vivo with specific AG regulatory
sites located in the promoter-proximal region and in the
second intron (Fig. 4B). Thus, AG is a direct target of
ULT1 regulation. Interestingly, we found that ULT1 has
the strongest affinity for a region of the AG locus that is
slightly downstream from the area carrying enhanced
local H3K4me3 in clf plants (Fig. 3D). Physical separation
of trxG-binding sites from regions of maximal H3K4me3
has also been reported for the animal trxG factor Ashl
(Papp and Muller 2006).
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Figure 4. ULT1 associates with the AG locus and physically
interacts with ATX1. (A) GUS reporter activity driven by various
AG regulatory sequences in the presence or absence of 35S::ULT1.
In wild-type plants, pAG-I::GUS activity was restricted to floral
organs. In 358::ULT1 plants, ectopic pAG-I::GUS activity was
detected in rosette leaves and inflorescences. (B) Quantification of
ULT1 association with AG promoter and second intron sequences by
ChIP analysis. qPCR values are presented as fold change relative to
the AG upstream region (up-AG). Error bars represent standard error.
ult1/HA represents the ultl-2 mutant expressing a HA tag; ultl/
ULT1-HA represents the ultI-2 mutant expressing an ULT1-HA
fusion. (C) Bimolecular fluorescence complementation assay in
which the green signal indicates physical interaction between the
ULT1-NY and ATX1-YC fusion proteins inside the nucleus. The
right image illustrates the subnuclear pattern of the interaction, and
the bottom images show the bright-field exposure of the trans-
formed cell. (NY) N-terminal half of YFP; (YC) C-terminal half of
YFP. (D) Mechanistic model for ULT1 regulation of the AG locus.
(Panel 1) Floral buds at stage 2, when AG repression is maintained by
PcG-mediated CLF deposition of H3K27me3 marks. (Panel 2) At
stage 3, the AG locus undergoes activation, with ULT1 protein
functioning as an anti-repressor to antagonize PcG-induced histone
methylation. (Panel 3) At later stages, AG transcription is main-
tained by trxG activity, as ULT1 associates with ATX1, which
deposits H3K4me3 marks.

The ability of ULT1 to affect histone methylation
patterns at the AG locus suggested the potential for
ULT1 to physically interact with the ATX1 trxG factor.
Indeed, the two proteins showed a strong interaction
in the plant nucleus (Fig. 4C; Supplemental Fig. S6),
with a subnuclear localization pattern similar to those
of chromatin remodeling proteins (Hernandez-Munoz
et al. 2005; Calonje et al. 2008). A comparable pattern
was reported for the mammalian SAND domain protein
AIRE], a transcriptional activator of tissue-specific genes
in the thymus (Pitkinen et al. 2000; Ferguson et al. 2008).
This result, together with the methylation mark analy-
ses, indicates that, in addition to restricting the extent to
which H3K27 methylation marks are deposited at the AG
locus by PcG proteins, ULT1 also associates with proteins
such as ATXI1 that are responsible for local H3K4 meth-
ylation (Alvarez-Venegas et al. 2003). ATX1 is unlikely to
be the only factor responsible for H3K4me3 deposition at
the AG locus, for several reasons. First, atx1-null mutants
display only weak floral homeotic defects and do not
show floral meristem indeterminacy phenotypes charac-
teristic of ag flowers (Alvarez-Venegas et al. 2003). Sec-
ond, 85% of genome-wide H3K4me3 is still present in
atx1 plants (Alvarez-Venegas and Avramova 2005), in-
dicating that additional methyltransferases are likely
to play key roles in this process, potentially including
other members of the ATX1 family (Alvarez-Venegas and
Avramova 2002).
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Mechanistic model for activation of the AG locus

Together, our data identify the SAND domain protein
ULT1 as a trxG factor that binds to AG regulatory
sequences during flower development and that regulates
the deposition of the epigenetic marks, preventing in-
appropriate PcG silencing of the AG locus in the center of
the flower, where it must become transcriptionally active
(Fig. 4D). During the switch of the AG locus from a re-
pressed to an active state, ULT1 may function as a coac-
tivator to recruit additional trxG proteins such as ATX1
that, by analogy with animal systems (Schuettengruber
et al. 2007, 2009), are involved in subsequent local H3K4
methylation and/or reading of the chromatin marks for
transcription initiation and elongation (Petruk et al. 2006;
Li et al. 2007).

Conclusion

Flexible regulation of gene expression through chromatin
remodeling is critical for the correct development of
eukaryotic organisms, and may be the source of plant
developmental plasticity (Pfluger and Wagner 2007).
Whereas PcG-mediated repression is considered to be
very stable in animal systems, it is often reversible in
plants, allowing rapid and dynamic responses to environ-
mental stimuli or developmental cues (Pien et al. 2008).
The plasticity of plant cell fate highlights the importance
of plant trxG factors that counteract PcG complex re-
pression and promote target gene transcription in a spa-
tially and temporally restricted manner. Identification of
the trxG activity of the Arabidopsis SAND domain pro-
tein ULT'1 expands the repertoire of epigenetic regulators
of development and uncovers a chromatin-mediated
pathway controlling the dynamic switch of transcrip-
tional states that occurs in floral stem cells. It also sug-
gests a molecular mechanism for the activity of animal
SAND domain proteins such as AIRE and Spl00, two
transcriptional activators associated with human auto-
immune regulation (Gibson et al. 1998; Bloch et al. 2000).

Materials and methods

All Arabidopsis thaliana genotypes were in the Landsberg erecta (Ler)
ecotype and were grown on either Murashige and Skoog medium or soil
under continuous light. RNA extraction and RT-PCR were performed as
described previously (Carles et al. 2005). Quantification of AG and AP3
cDNAs by real-time PCR was performed using the SYBR Green PCR
master mix (Applied Biosystems) and an ABI 7000 Thermocycler (Applied
Biosystems). RNA blot hybridization was conducted using a *>P-labeled
DNA probe corresponding to the full-length AG ORF. For RNA in situ
hybridization, AG and AP3 antisense probes were generated using
a digoxigenin-labeling mix (Roche). ChIP was performed following a pro-
cedure detailed in the Supplemental Material. Immunoprecipitated DNA
was analyzed by real-time PCR, and relative enrichments were calculated
as the percentage of the obtained values for the immunoprecipitated and
input fractions. Bimolecular fluorescence complementation assays were
conducted in onion epidermal cells after transformation by particle
bombardment using a Biolistic PDS-1000/He unit (Bio-Rad). Epidermal
peels were visualized 24 and 36 h after bombardment using a Zeiss
Axiophot microscope. Further details and other methods can be found in
the Supplemental Material.
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