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In Arabidopsis (Arabidopsis thaliana), the ATP-dependent chromatin remodeler PICKLE (PKL) determines expression of genes
associated with developmental identity. PKL promotes the epigenetic mark trimethylation of histone H3 lysine 27 (H3K27me3)
that facilitates repression of tissue-specific genes in plants. It has previously been proposed that PKL acts indirectly to promote
H3K27me3 by promoting expression of the POLYCOMB REPRESSIVE COMPLEX2 complex that generates H3K27me3. We
undertook expression and chromatin immunoprecipitation analyses to further characterize the contribution of PKL to gene
expression and developmental identity. Our expression data support a critical and specific role for PKL in expression of
H3K27me3-enriched loci but do not support a role for PKL in expression of POLYCOMB REPRESSIVE COMPLEX2.
Moreover, our chromatin immunoprecipitation data reveal that PKL protein is present at the promoter region of multiple
H3K27me3-enriched loci, indicating that PKL directly acts on these loci. In particular, we find that PKL is present at LEAFY
COTYLEDON1 and LEAFY COTYLEDON?2 during germination, which is when PKL acts to repress these master regulators of
embryonic identity. Surprisingly, we also find that PKL is present at the promoters of actively transcribed genes that are
ubiquitously expressed such as ACTIN7 and POLYUBIQUITIN10 that do not exhibit PKL-dependent expression. Taken
together, our data contravene the previous model of PKL action and instead support a direct role for PKL in determining
levels of H3K27me3 at repressed loci. Our data also raise the possibility that PKL facilitates a common chromatin remodeling
process that is not restricted to H3K27me3-enriched regions.

Proper regulation of genes that exhibit altered ex-
pression during development is dependent on the co-
ordinated action of a variety of chromatin remodeling
factors (Clapier and Cairns, 2009; Ho and Crabtree,
2010). One class of remodeler that plays a critical role
in controlling expression of genes associated with de-
velopmental identity and illustrates the combinatorial
nature of chromatin-mediated transcriptional regula-
tion belongs to the CHD family of ATP-dependent
chromatin remodelers.

CHD3 and CHD4 proteins are interchangeable
components of the Mi-2/NuRD histone deacetylase
complex in animals (Hall and Georgel, 2007; Ramirez
and Hagman, 2009). Mi-2/NuRD complexes are
modular in nature and contain several other inter-
changeable subunits including a methyl-CpG-binding
domain protein (MBD2 or MBD3) and a histone
deacetylase (HDAC1 or HDAC2). The Mi-2/NuRD
complex is the most abundant histone deacetylase
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complex in mammalian cells and has been shown to be
necessary for repression of a wide variety of devel-
opmentally regulated genes in mammals and other
animals (Ahringer, 2000; Wolffe et al., 2000). CHD4 is
also found in a complex with the histone acetyltrans-
ferase p300, however, and in that context promotes
expression of CD4 during T-cell development in mice
(Williams et al., 2004). Similarly, CHD3 functions as a
coactivator for human c-Myb (Saether et al., 2007).
Thus CHD3 and CHD4 proteins can participate in
multiple remodeling pathways and can either repress
or activate gene expression depending on the other
factors they associate with.

Initial characterization of the CHD3/4-related gene
PICKLE (PKL) in Arabidopsis (Arabidopsis thaliana) in-
dicated that it also plays a significant role in tran-
scriptional repression of developmental identity genes
(Eshed et al., 1999; Ogas et al., 1999). In particular, pkl
seedlings fail to repress seed-specific genes (Dean
Rider et al., 2003; Zhang et al., 2008; Aichinger et al.,
2009). As a result, pkl primary roots can express nu-
merous embryonic differentiation characteristics and un-
dergo spontaneous somatic embryogenesis (Henderson
et al., 2004). pkl primary roots expressing these traits
adopt a green tuberous phenotype and are referred to
as pickle roots (Ogas et al., 1997). Microarray analysis
of gene expression reveals that derepression of seed-
specific genes first occurs during germination in pkl
seedlings (Dean Rider et al., 2003; Zhang et al., 2008).
Furthermore, use of a conditional PKL construct gen-
erated by fusing PKL to the glucocorticoid receptor
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reveals that PKL acts specifically during germination
to repress expression of seed-specific traits (Li et al.,
2005).

PKL contributes to other developmental processes in
addition to repression of embryonic traits. PKL plays a
role in repression of ectopic stipules and meristems in
leaf tissue (Hay et al., 2002) and represses meristematic
genes in carpel tissue (Eshed et al., 1999). Loss of PKL
results in increased responsivity to the plant growth
regulator cytokinin with regards to both gene expres-
sion and callus formation (Furuta et al., 2011). PKL also
is necessary for proper root development and has been
found to play two somewhat opposing roles in this
context: PKL is a negative regulator of auxin-mediated
lateral root initiation (Fukaki et al., 2006) and yet also
promotes root growth and expression of root meristem
marker genes (Aichinger et al., 2011).

Comparative genomic analyses led to the discovery
that in contrast to animal CHD3/4 proteins, PKL
promotes trimethylation of Lys 27 of histone H3
(H3K27me3) rather than histone deacetylation (Zhang
et al., 2008). In both plants and animals, H3K27me3-
mediated gene repression plays a critical role in vari-
ous developmental processes (Simon and Kingston,
2009; Zheng and Chen, 2011). The POLYCOMB
REPRESSIVE COMPLEX2 (PRC2) catalyzes trimethy-
lation of H3K27 (Cao et al., 2002; Kuzmichev et al.,
2002; Miiller et al., 2002; Schmitges et al., 2011), and
characterization of mutants lacking components of
PRC2 has contributed greatly to our understanding
of the contribution of H3K27me3 to repression of
developmental regulators in Arabidopsis. Arabidopsis
PRC2 mutants with substantially reduced levels of
H3K27me3 exhibit profound developmental defects and
extensive derepression of embryonic traits (Chanvivattana
et al.,, 2004; Schubert et al., 2006; Bouyer et al., 2011).
Characterization of PRC2 mutants similarly reveals an
important role for H3K27me3 in repressing expression
of floral activators (Goodrich et al.,, 1997; Kinoshita
et al., 2001; Yoshida et al., 2001; Chanvivattana et al.,
2004; Schonrock et al., 2006; Bouyer et al., 2011; Zheng
and Chen, 2011) and in imprinting and endosperm
development (Chaudhury et al., 1997, Grossniklaus
et al., 1998; Hsieh et al., 2011). Intriguingly, however,
H3K27me3 is dispensable for development of the em-
bryo (Bouyer et al., 2011). In total, about 4,400 genes
are enriched for H3K27me3 in 14-d-old Arabidopsis
plants (Zhang et al., 2007; Bouyer et al., 2011). Tissue-
specific genes are significantly overrepresented among
these 4,400 genes, suggesting that H3K27me3 plays a
general role in restricting expression of developmen-
tally regulated genes (Zhang et al., 2007). Importantly,
loss of H3K27me3 does not result in global derepres-
sion of H3K27me3-enriched loci, suggesting that other
processes in addition to H3K27me3 act to restrict ex-
pression of H3K27me3-enriched genes (Bouyer et al.,
2011).

The discovery that pkl plants exhibit a 2-fold or
greater reduction of H3K27me3 at H3K27me3-enriched
genes revealed that PKL acts in some fashion to promote
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this repressive histone modification (Zhang et al,,
2008). Furthermore, H3K27me3 levels are reduced at
LEAFY COTYLEDON (LEC) genes during germination
of pkl seedlings, suggesting that it is the reduction of
H3K27me3 that leads to derepression of these genes
(Zhang et al., 2008). These data indicate that PKL
promotes deposition of H3K27me3, but they do not
reveal if PKL acts directly on H3K27me3-enriched loci.
Although much of the chromatin machinery associated
with H3K27me3 is conserved in animals and plants,
there is much that remains to be elucidated regarding
H3K27me3 in plants (Hennig and Derkacheva, 2009;
Zheng and Chen, 2011). In particular, it is unknown
how genes are targeted for H3K27me3 enrichment and
how the domains of H3K27me3 enrichment are re-
stricted to specific regions. The presence of the ATP-
dependent remodeler PKL at H3K27me3-enriched
genes would raise the possibility that PKL plays a role
in one or more of these and other processes associated
with H3K27me3 homeostasis.

Published analyses by Aichinger and colleagues,
however, support an indirect mode of action for PKL
(Aichinger et al., 2009). Transcript levels of several
subunits of PRC2 are decreased in 5-d-old roots that
lack PKL and PICKLE RELATED?2 (PKR2), a closely
related CHD protein. The authors also used chromatin
immunoprecipitation (ChIP) to determine that PKL
is present at genes that code for subunits of the PRC2
complex that promotes deposition of H3K27me3
plants. Taken together, their data are consistent with
the hypothesis that PKL functions redundantly with
PKR2 and together they influence H3K27me3 deposi-
tion indirectly by promoting the expression of the
PRC2 complex that deposits H3K27me3 (Aichinger
et al., 2009). These studies, however, examined seed-
lings after germination and their biological material
included plants that expressed the developmentally
aberrant pickle root phenotype. As a result, these data
do not address the role of PKL during the critical de-
velopmental window of germination when PKL is
known to act to repress expression of seed-specific
genes (Li et al, 2005). In addition, inclusion of the
pickle roots in the sample confounds transcript anal-
ysis due to the altered developmental identity and
correspondingly altered transcriptome of this tissue
(Dean Rider et al., 2003; Rider et al., 2004).

We have used microarray analysis and ChIP to
further examine the contribution of PKL to H3K27me3,
gene expression, and developmental transcription
programs. Microarray analysis of 14-d-old seedlings
reveals that although PKL continues to play a role in
expression of H3K27me3-enriched genes after germi-
nation, it is dispensable for repression of seed-specific
genes. Importantly, our expression analyses also reveal
that transcript levels of genes that code for PRC2
components are not altered in pkl or pkl pkr2 plants.
ChIP with epitope-tagged PKL demonstrates that PKL
is present in the promoter region of H3K27me3-
enriched loci. In particular, we find that PKL is present
at LEC genes during germination, consistent with prior
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data revealing that PKL acts during this stage of de-
velopment to repress these key regulators of embryo-
genesis. Surprisingly, our ChIP analyses also reveal
that PKL is present at the promoters of ubiquitously
expressed genes. These genes, however, do not exhibit
PKL-dependent expression and further do not exhibit
alterations in the level of several epigenetic marks. In
contrast, all H3K27me3-enriched genes assayed exhibit
reduced levels of H3K27me3 in the absence of PKL.
Our data thus indicate that PKL acts directly upon
H3K27me3-enriched genes to affect levels of H3K27me3
and gene expression at these loci and also raise the
possibility that the chromatin remodeling role played
by PKL may not be unique to H3K27me3-enriched
genes.

RESULTS

PKL Contributes to Transcriptional Regulation of
Developmental Pathways Differently in 14-d-old Plants
versus Germinating Seedlings

The discovery that loss of PKL preferentially affected
expression of genes that are enriched for H3K27me3
was based on comparison of genomic data sets from
disparate developmental samples: Microarray analysis
was used to identify PKL-dependent genes during
germination (Zhang et al., 2008) or in roots (Aichinger
et al., 2009) whereas the list of H3K27me3-enriched
genes used for comparison was obtained from studies
using 14-d-old seedlings (Zhang et al., 2007). It has
been shown that the spectrum of genes enriched for
H3K27me3 and other epigenetic modifications differs
in different developmental samples (Charron et al,
2009; Deal and Henikoff, 2010; Lafos et al., 2011).
Furthermore, phenotypic analysis of conditional PKL-
GR plants strongly suggests that loss of PKL has dis-
tinct effects on the transcriptome during germination
and after germination (Li et al., 2005).

We therefore undertook a new microarray analysis
of 14-d-old wild-type and pkl seedlings grown on
synthetic media so that we could examine the inter-
section between genes that exhibit PKL-dependent
expression and genes subject to various epigenetic
modifications in developmentally equivalent samples
when available. pkl seedlings with pickle roots (ap-
proximately 2% of seedlings) were specifically ex-
cluded from the sample to eliminate the confounding
issue that results from derepression of the embryo
transcriptome in pickle roots (Dean Rider et al., 2003).
Affymetrix GeneChip ATH1 arrays were used for
the analysis, and the microarray experimental design
consisted of two treatments, wild-type plants and pkl
plants, and three biological replicates. We identified
differentially expressed genes with the criterion that
the positive false discovery rate (pFDR) was less than
0.05 (Storey, 2003).

Overall, loss of PKL has a less dramatic effect on the
transcriptome of 14-d-old plants than in 50% germinated
seedlings (Fig. 1A). In 14-d-old plants, we identified 282
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features for which the corresponding transcript is sig-
nificantly up-regulated in pkl plants and 365 features
for which the corresponding transcript is significantly
down-regulated in pkl plants (Supplemental Table S1).
In contrast, 2,917 features are identified for which the
corresponding transcript is significantly up-regulated in
50% germinated pkl seedlings, and 1,557 features are
identified for which the corresponding transcript is sig-
nificantly down-regulated in 50% germinated pkl seed-
lings (Supplemental Table S2). Although expression of
fewer genes is affected in 14-d-old pkl plants, many new
PKL-dependent genes are identified in our analysis.
Sixty-one percent of the genes that exhibit increased
transcript levels in 14-d-old pkl plants do not exhibit
increased transcript levels in germinating pk! seedlings
and 74% of the genes that exhibit decreased transcript
levels in 14-d-old pkl plants do not exhibit decreased
transcript levels in germinating pkl seedlings.
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Figure 1. PKL plays distinct roles in expression of transcription pro-
grams in 14-d-old pk/ plants versus germinating pk/ seedlings. A, Venn
diagram indicating the number of loci for which the corresponding
transcript is expressed at significantly different levels (up or down) in
pkl seedlings versus wild-type seedlings at 50% germination and at
14 d. 14d, 14-d-old seedlings; 50pg, 50% germination. For a complete
list of PKL-dependent genes identified by our analysis at 50% germi-
nation, please see Supplemental Table S2. B, Fisher’s exact test (see
“Materials and Methods”) was used to examine the intersection of genes
preferentially expressed in a specific tissue (x axis) and genes that exhibit
PKL-dependent expression (y axis). Down in pkl refers to genes that
exhibit reduced transcript levels in pkl plants relative to wild-type plants
whereas up in pkl refers to genes that exhibit increased transcript levels
in pkl plants relative to wild-type plants. The log,, of P associated with
each intersection as determined by Fisher’s exact test is represented on
the z axis. A white bar denotes more genes observed in common be-
tween the two sets than expected (at P < 0.001).
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Previous analysis of the transcriptome of germinat-
ing seedlings revealed that PKL is necessary to repress
expression of seed-associated transcripts and that loss
of PKL has little if any effect on expression of tran-
scriptional programs associated with other organs or
stages of development (Zhang et al., 2008). We re-
peated this analysis and examined the intersection of
genes that exhibit PKL-dependent expression in 14-d-
old plants with genes that are preferentially expressed
in root, hypocotyl, leaf, senescing leaf, apex, stem,
floral, stamen/pollen, and seed as determined by
Shannon entropy (Zhang et al., 2008; Supplemental
Table S3). This analysis revealed that only leaf-specific
genes are modestly overrepresented among genes that
exhibit elevated transcript levels in 14-d-old pkl plants
(Fig. 1B). Thus although microarray analysis reveals
that PKL plays a critical role in repression of the seed-
specific transcriptional program during germination,
loss of PKL has no detectable effect on repression of
this program at the level of the transcriptome at a later
stage in development.

In contrast, this analysis did reveal that genes that
exhibit root-specific expression and to a lesser extent
those that exhibit hypocotyl-specific expression are
overrepresented among genes that exhibit decreased
transcript levels in pkl plants. Twenty-two percent (54/
244) of root-specific genes exhibit decreased transcript
levels in pkl plants although only 1.6% (4/244) are ex-
pected to do so by chance. Although pkl primary roots
can develop aberrantly and become pickle roots, the
plants used for microarray analysis were screened to
remove plants expressing the pickle root phenotype
(“Materials and Methods”). As a result, the pickle root
phenotype is not a contributing factor to the observed
decrease in expression of root-specific genes in pkl plants.

Given that root elongation is reduced in pkl plants
(Aichinger et al., 2011), we examined whether pkl
plants exhibit a decrease in root mass relative to shoot
mass, which would then provide a simple explanation
for the observation of reduced transcript levels of root-
specific genes in pkl plants. We measured total root
mass and total shoot mass in 14-d-old wild-type and
pkl plants grown on synthetic media (Table I). We
observed that the ratio of root mass to shoot mass in
pkl plants was greater than the ratio of root mass to
shoot mass in wild-type plants, indicating that a
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relative reduction in root tissue in pkl plants was not
the cause of the observed decrease in transcript levels
of root-specific genes in pkl plants. These data are
likely a reflection of the role of PKL in promoting shoot
development (Henderson et al., 2004) as well as the
role of PKL in repression of lateral root formation
(Fukaki et al., 2006).

Genes That Exhibit PKL-Dependent Expression Are
Enriched for Targets of H3K27me3 and Depleted for
Targets of H3K4me3

Taken together, the preceding analyses of our micro-
array data reveal that PKL affects expression of a set
of genes in 14-d-old plants that are distinct from those
affected in 50% germinated seedlings. We therefore de-
termined whether H3K27me3-enriched genes are over-
represented in this set of PKL-dependent genes as was
observed previously for PKL-dependent genes from
other developmental samples (Zhang et al., 2008;
Aichinger et al., 2009). In particular, we focused on
genes identified as H3K27me3 enriched from devel-
opmentally equivalent samples (14-d-old plants grown
on synthetic media; Zhang et al., 2007; Bouyer et al.,
2011).

When comparing equivalent developmental sam-
ples, we found that H3K27me3 targets are greatly
enriched among genes that exhibit PKL-dependent
expression (Fig. 2). For genes that exhibit a greater
than 3-fold increased transcript levels in pkl plants,
more than 40% of genes are also enriched for
H3K27me3 as determined by the two independent
studies included in our analysis (Zhang et al., 2007;
Bouyer et al., 2011). We also observed a significant
overlap with genes that exhibit decreased transcript
levels in pkl plants: More than 30% of genes that ex-
hibit significantly decreased transcript levels in pkl
plants are enriched for H3K27me3. The extent of
overlap between H3K27me3-enriched genes and genes
that exhibit decreased transcript levels in pkl plants is
increased by imposing a threshold requirement: For
genes that exhibit a 3-fold or more decrease in tran-
script levels in pkl plants, the overlap is 44% with loci
identified in one study (Zhang et al., 2007) and 50% for
the other (Bouyer et al., 2011).

Table 1. The ratio of root to shoot is greater in pkl plants than in wild-type plants

Fresh weight of root and shoot tissue was determined for 14-d-old wild-type and pk/ seedlings grown in

synthetic media.

Genotype Tissue

Average Weight of 10 Seedlings = sp

Ratio of Root Weight to Shoot Weight *+ sp

mg
WT Root 15.7 £ 4.3
Shoot 71.8 = 13
pkl Root 19.8 £ 1.6
Shoot 59.5 = 3.0

0.22 = 0.07

0.33 £ 0.02°

“Denotes statistically significant difference (P < 0.05).
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Figure 2. Genes that exhibit altered expression in the absence of PKL
are frequently targets of H3K27me3 and not targets of H3K4me3.
Fisher’s exact test (see “Materials and Methods”) was used to examine
the intersection of genes linked to an epigenetic pathway (x axis) and
genes that exhibit altered expression in response to pkl according to
various selection criteria (y axis). The percent of genes that exhibit
altered expression in pkl plants that fall within each intersection is
represented on the z axis. The expect category on the y axis indicates
the percentage of PKL-dependent genes expected to be found in the
intersection of the compared sets of genes. A gray bar denotes either
the expected number of genes or the number of genes in common
between two sets that is not significantly different from the expected
number, a white bar denotes more genes observed in common be-
tween two sets than expected (at P < 1 X 1073, and a dark bar de-
notes fewer genes observed than expected (at P < 1 X 1073).

Previous studies have suggested that PKL may act
by promoting transcription rather than repressing
transcription (Aichinger et al., 2009, 2011). H3K4me3-
enriched loci are strongly enriched for actively tran-
scribed genes (Shilatifard, 2006; Li et al., 2007), and
these loci were also identified in the analysis of 14-d-
old plants by Bouyer and colleagues (Bouyer et al.,
2011). We therefore examined whether H3K4me3-
enriched genes are overrepresented in PKL-dependent
genes to test the hypothesis that loss of PKL prefer-
entially affects expression of actively transcribed genes
enriched for this mark. Instead, we observed that
H3K4me3-enriched loci are substantially underrep-
resented among genes that exhibit PKL-dependent
expression (Fig. 2). Although more than 50% of PKL-
dependent genes are expected to be targets of H3K4me3,
only 23% of genes for which transcript levels are 3-fold
or higher in pkl plants are targets of H3K4me3. Similarly,
23% of genes that exhibit decreased transcript levels in
pkl plants are targets of H3K4me3 and only 15% of genes
for which transcript levels are decreased more than
3-fold in pkl plants are targets of H3K4me3.

Given that H3K4me3-enriched genes are depleted
for H3K27me3 targets (Bouyer et al., 2011) and PKL-
dependent genes are enriched for H3K27me3 targets
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(Fig. 2), we asked if exclusion of H3K27me3-enriched
loci from the comparison of PKL-dependent and
H3K4me3 targets might alter the observed relation-
ship. We found that exclusion of H3K27me3-enriched
loci did not prevent underrepresentation of H3K4me3
targets among genes that exhibit decreased transcript
levels in pkl plants: 32% of genes that exhibit decreased
transcript levels in pkl plants were enriched for
H3K4me3 whereas 62% were expected (P = 1.22E-20
by Fisher’s exact test). These data thus suggest that
rather than PKL preferentially promoting expression of
H3K4me3-enriched genes, the presence of H3K4me3
at a gene helps to protect against reduced transcript
levels in the absence of PKL.

We also examined the intersection of PKL-dependent
genes in 14-d-old plants with other epigenomic data
sets, including DNA methylation and histone acety-
lation (Supplemental Fig. S1). This analysis failed to
uncover any overlap of PKL-dependent genes with
another epigenetic pathway comparable to that ob-
served for H3K27me3-enriched genes. Further, as ob-
served previously (Zhang et al., 2008), this analysis
was consistent with the hypothesis that PKL does not
function in the plant equivalent of a Mi-2/NuRD
complex.

Expression of the PRC2 Machinery That Deposits
H3K27me3 Is Not Reduced in pkl Plants

Importantly, one class of genes that was not identi-
fied in our microarray analysis as being differentially
expressed is the set of genes that code for members of
the PRC2 complex. Previous published data suggested
that PKL acts to repress expression of H3K27me3-
enriched genes not by promoting H3K27me3 at these
loci but instead by promoting expression of members
of the PRC2 complex that deposits H3K27me3
(Aichinger et al., 2009). In particular, the authors ob-
served that the transcript levels of EMBRYONIC
FLOWER?2 (EMF2), CURLY LEAF (CLF), and SWINGER
(SWN) were reduced in the roots of pkl plants. A
confounding factor in this analysis, however, is that
the root samples collected from pkl plants included
pickle root tissue, which is developmentally distinct
from normal root tissue and in which the embryo
transcriptome is strongly derepressed (Dean Rider
et al., 2003; Rider et al., 2004). Thus altered expression
of a gene in these samples could be an indirect con-
sequence of altered developmental identity rather than
a direct effect of loss of PKL.

We used quantitative reverse transcription (qRT)-
PCR to confirm our microarray analysis and examined
the expression of PRC2 components at three develop-
mental stages: in 50% germinated seedlings (seeds
were imbibed and then collected when the radicle had
emerged from 50% of the seeds [Zhang et al., 2008]), in
roots from 5-d-old plants, and in roots and shoots from
14-d-old plants. We have previously shown that PKL
acts during germination to repress expression of the
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embryo-specific developmental program (Li et al,
2005). In addition, both gene expression and H3K27me3
levels have previously been shown to be PKL depen-
dent in 50% germinated seedlings and in 14-d-old
plants (Dean Rider et al, 2003; Zhang et al., 2008),
whereas 5-d-old roots correspond to the 5-d-old roots
used previously to examine expression of PRC2 com-
ponents (Aichinger et al., 2009). In our analysis, how-
ever, visible pickle roots were specifically excluded
from roots collected from 14-d-old plants. We deter-
mined relative transcript levels in wild-type and pkl
plants at all three developmental stages. In addition, we
also included pkr2 and pkl pkr2 plants and grew plants
in the absence and presence of 10~® M uniconazole-P for
the 50% germinated seedlings and 5-d-old plants so that
the assay conditions were more favorable for dere-
pression of embryonic traits.

In every case, we found that expression of genes
coding for PRC2 machinery is largely unaffected by
loss of PKL or by conditions that favored derepression
of embryonic genes such as loss of both PKL and PKR2
and/or addition of uniconazole-P (Fig. 3). In contrast,
we consistently observed that the transcript level of
LEC genes is strongly elevated under those conditions
that favor derepression of embryonic genes. Further,
our data reveal that pkl plants do not exhibit decreased
transcript levels of PRC2 components in situations in
which the level of H3K27me3 at H3K27me3-enriched
loci is reduced (Zhang et al., 2008). These data thus
indicate that reduced expression of PRC2 is not the
cause of reduced levels of H3K27me3 and elevated
expression of embryo-specific genes observed in pkl
plants in the developmental samples assayed.

PKL Associates with Genes Enriched for H3K27me3

Previous data strongly suggested a role for PKL in
repression of genes by promoting H3K27me3 at those
loci (Zhang et al.,, 2008). Previous ChIP analysis of
PKL used a polyclonal antibody to PKL and did not
detect association of PKL with H3K27me3-enriched
loci (Aichinger et al., 2009). We generated an epitope-
tagged version of PKL for use in ChIP to reexamine
the possibility that PKL associated with loci that are
enriched for H3K27me3. Six copies of the c-Myc epi-
tope were fused to the full-length PKL open reading
frame to generate a PKL-c-Myc translational fusion.
This construct was placed under the control of PKL
regulatory sequences (Li et al., 2005) and introduced
into pkl-1 plants where it rescued all mutant pheno-
types associated with loss of PKL (data not shown).

Use of PKL-c-Myc plants for ChIP reveals that PKL is
present at the promoters of H3K27me3-enriched loci
and that the amount of PKL detected at these loci is
elevated relative to two heterochromatic loci: the Ta2
retrotransposon and the 180-bp centromeric repeats.
Previous analyses revealed that levels of H3K27me3
are reduced at H3K27me3-enriched loci in pkl plants
whether the locus in question exhibits PKL-dependent
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expression (Zhang et al., 2008). We therefore selected
H3K27me3-enriched loci for analysis that exhibit both
PKL-dependent and PKL-independent expression (Fig.
4A). Five-day-old seedlings were used for ChIP to take
advantage of high levels of PKL protein at this stage of
development (Li et al., 2005). For the sake of consis-
tency, we restricted our region of analysis to within
500 bp of the predicted transcription start site. Im-
portantly, our ChIP data revealed the presence of PKL
at both LECI and LEC2. LECI and LEC2 are two
master regulators of embryogenesis that we have
previously shown are strongly derepressed in germi-
nating pkl seeds and in pickle roots (Ogas et al., 1999;
Dean Rider et al., 2003). In addition, we observed that
PKL is present at the third LEC gene, FUSCA3 (FUS3),
as well as at PHERES1 (PHEI), which is strongly
derepressed in pkl plants after germination. Examina-
tion of another H3K27me3-enriched locus, At1g78750,
that exhibits 5-fold elevation of transcript level in the
absence of PKL in 5-d-old plants revealed association
of PKL that is comparable to that of the LEC genes. We
also examined the floral regulators AGAMOUS-LIKE 8
(AGLS8) and AGL24, which exhibit a 10-fold reduction
and unchanged transcript levels, respectively, in 5-d-
old pkl plants, and found robust association of PKL
with both of these H3K27me3-enriched loci. Finally,
we also selected two additional H3K27me3-enriched
loci for analysis that do not exhibit altered transcript
levels in pkl plants: the floral regulator SUPPRESSOR
OF OVEREXPRESSION OF CO1 (SOC1) and the E(Z)
histone methyltransferase MEDEA (MEA). PKL was
present at both of these loci as well. In summary, our
ChIP analyses reveal that PKL associates with the pro-
moters of all nine H3K27me3-enriched loci we examined
regardless of whether expression of the corresponding
gene is increased, decreased, or unchanged in pkl plants.

We have previously shown that PKL acts during
germination to prevent expression of the pickle root
phenotype and to repress LECI (Li et al., 2005). To
determine if PKL acts directly during this time to re-
press the LEC genes, we used ChIP to examine asso-
ciation of PKL with LECI and LEC2 in germinating
PKL-c-Myc seeds (Fig. 4B). Seedlings were collected at
75% germination for ChIP analysis due to increased
reproducibility of ChIP at this stage as opposed to 50%
germination (data not shown). Our analysis revealed
that PKL is present at both loci, indicating that PKL
acts directly on both loci during this critical devel-
opmental window. In addition, we also examined
At3g21720, which is a seed-specific gene coding for a
predicted isocitrate lyase that exhibits PKL-dependent
deposition of H3K27me3 during germination (Zhang
et al., 2008). Our ChIP data indicate that PKL is present
at this locus as well during germination.

We were intrigued by the discovery that PKL was
present at the promoters of AGL8 (FUL) and AGL24,
which are H3K27me3-enriched genes and yet exhibit
reduced transcript levels in 14-d-old pkl plants accord-
ing to our microarray analysis (Supplemental Table S1).
AGL8 and AGL24 are positive floral regulators, and
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Figure 3. Expression of PRC2 machinery is largely insensitive to loss of PKL and PKR2. qRT-PCR was used to determine the
relative transcript level of the indicated genes in 50% germinated seedlings, roots from 5-d-old plants, or roots and shoots from
14-d-old seedlings in the indicated genetic background. Because pickle roots are not readily visible until 7 d, pickle roots are
consistently excluded for analysis in 14-d-old seedlings but not necessarily in 50% germinated or 5-d-old seedlings. Fifty
percent germinated seedlings and 5-d-old plants were grown in the presence of 10~ m uniconazole-P (U8) to favor expression
of the pickle root phenotype or in 0.01% methanol (MeOH) as a mock treatment. LEC genes (LECT, LEC2, and FUS3) were
included as positive controls for PKL-dependent expression in 50% germinated seedlings and 5-d-old plants. 18S rRNA was
used as a standardization control, and expression levels are normalized to the indicated wild-type tissue in each graph. Error

bars represent sp calculated from three technical replicates.

reduced expression of either is capable of generating a
late-flowering phenotype (Gu et al., 1998; Michaels
et al, 2003), which is a phenotypic hallmark of pkl
plants (Ogas et al., 1997; Henderson et al., 2004). Al-
though our qRT-PCR analysis revealed that the tran-
script level of AGL24 is not PKL dependent in 5-d-old
plants (Fig. 4A), qRT-PCR analysis of 14-d-old plants
grown under identical conditions to those used for
microarray analysis confirmed that that the transcript
level of both genes is reduced in pkl plants; AGLS is
reduced 6-fold whereas AGL24 is reduced 3.3-fold.
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To further examine the contribution of PKL to ex-
pression of these floral regulators, we used qRT-PCR
to follow transcript levels of both genes in wild-type
and pkl plants grown under 8-h d to prolong time
to flowering. Under these conditions, flowering was
delayed more than 45% in pkl plants relative to wild-
type plants (Fig. 5A). Our qRT-PCR analysis confirmed
that transcript levels of both of these positive floral
regulators are reduced in pkl plants (Fig. 5, B and C). In
particular, we observed that after 50 d of development,
transcript levels of AGLS largely fail to increase in pkl

Plant Physiol. Vol. 159, 2012
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Figure 4. PKL associates with H3K27me3-enriched loci. ChIP was used to examine association of PKL in 5-d-old plants (A) and
in 75% germinated seedlings (B). ChIP was carried out using no antibody (No Ab) or antic-Myc (Anti Myc) using cross-linked
DNA from wild-type (WT) and PKL-c-Myc (PKL-MYC) plants and the indicated loci were examined. The y axis denotes percent
of input DNA brought down for a given immunoprecipitation. All data are the average of four biological replicates. The number
in parentheses next to the locus represents the ratio of expression in pkl versus wild-type plants (where known) as determined by
gRT-PCR. Bars denote sp. Asterisks denote a significant change in transcript level as determined by t test (P < 0.01).

plants and the transcript level of AGL24 is reduced at
least 2-fold. These qRT-PCR data thus confirm that ex-
pression of both floral regulators is reduced in pkl plants
and further suggest that the late-flowering phenotype of
pkl plants may in part be due to reduced expression of
AGLS and/or AGL24. In addition, these expression data
further support our observation that PKL associates
with the promoters of H3K27me3-enriched loci that ex-
hibit reduced expression in pkl plants.

PKL Associates with Actively Transcribed Genes

Previous ChIP analysis of PKL by Aichinger and
colleagues detected association of PKL with the PRC2
components EMF2 and SWN rather than H3K27me3-
enriched loci (Aichinger et al., 2009). Although our
transcript analysis reveals that expression of both of

these genes is not PKL dependent in the absence of
pickle root tissue (Fig. 3), this analysis does not con-
travene their ChIP data. Our ability to detect the
presence of PKL at H3K27me3-enriched genes, how-
ever, suggested that further ChIP analyses using our
PKL-c-Myc plants could reveal additional interactions
that were missed by the previous analyses.

We undertook a ChIP analysis of PRC2 components
and other actively transcribed genes. We included
genes that exhibit PKL-independent expression as well
as genes that exhibit PKL-dependent expression and
excluded genes that are enriched for H3K27me3 (Fig.
6). Surprisingly, we found that PKL is present at the
promoter of every one of the actively transcribed loci
we assayed. In particular, we included ACT7 and
UBQI10 in our analysis to serve as controls for the
specificity of association of PKL with actively tran-
scribed genes. An analogous control was not included
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Figure 5. FUL/AGL8 and AGL24 exhibit reduced transcript levels in pk/ plants. Flowering time (A) and relative transcript levels
of FUL (B) and AGL24 (C) were determined for pkl and wild-type plants grown in 8-h d. gRT-PCR was used to determine the
relative transcript level of both genes in wild-type and pk/ plants. 18S rRNA was used as a standardization control, and ex-
pression levels in each graph are normalized to expression of the gene of interest in wild-type plants at day 10. The x axis on
sections B and C denotes days after sowing. Error bars = sp of the mean of three technical replicates. Analysis of a second
biological replicate was consistent with these results (data not shown).
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Figure 6. PKL associates with actively transcribed loci. ChIP was used
to examine recruitment of PKL in 5-d-old plants. ChIP was carried out
using no antibody (No Ab) or antic-Myc (Anti Myc) using cross-linked
DNA from wild-type (WT) and PKL-c-Myc (PKL-MYC) plants and the
indicated loci were examined. The y axis denotes percent of input
DNA brought down for a given immunoprecipitation. All data are the
average of four biological replicates. The number in parentheses next
to the locus represents the ratio of expression in pkl versus wild-type
plants (where known) as determined by gRT-PCR. Bars denote sp.
Asterisks denote a significant change in transcript level as determined
by ttest (P < 0.01).

in previous ChIP analyses (Aichinger et al., 2009). We
found that PKL is strongly enriched at the promoter of
both constitutively expressed genes relative to hetero-
chromatic loci despite the fact that expression of both
genes is not PKL dependent. Our ChIP analysis also
confirmed that PKL associates with the promoters of
the PRC2 components CLF, which exhibits a modest
but significant 1.8-fold increase in transcript level in 5-d-
old pkl plants, and SWN, which does not exhibit PKL-
dependent expression in 5-d-old plants (Fig. 3). Our
ChIP analysis also included SPL5, which does not exhibit
significantly altered transcript levels, and At5¢48490,
which exhibits a significant 2-fold reduction in transcript
level in 5-d-old pkl plants. We found that PKL robustly
associates with both of these loci as well. Viewed in
total, our ChIP data reveal that the presence of PKL at
the promoter of an actively transcribed gene is not suf-
ficient to confer PKL-dependent expression upon that
gene and further suggest that PKL associates ubiqui-
tously with actively transcribed genes.

The unexpected finding that PKL associates with
both H3K27me3-enriched genes and actively tran-
scribed genes that are not enriched for H3K27me3
prompted us to consider the possibility that some or all
of our data are an artifact of the PKL-c-Myc transgenic
lines or the c-Myc antisera. We therefore repeated our
ChIP analysis using PKL-FLAG plants to determine if
our data were reproducible. PKL-FLAG plants were
generated in an analogous fashion to PKL-c-Myc plants,
and the PKL-FLAG construct was expressed using en-
dogenous PKL regulatory sequences and rescued all pkl-
associated phenotypes (data not shown). ChIP using
anti-FLAG sera in PKL-FLAG lines replicated the ob-
servation that PKL preferentially associates with both
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H3K27me3-enriched loci (MEA and LEC1) and actively
transcribed genes (ACT7 and UBQ10) relative to hetero-
chromatin (Ta2 and CENP; Supplemental Fig. S2).

The H3K27me3 Modification Is Specifically and
Consistently Reduced in pkl Plants

The observation that PKL is present at H3K27me3-
enriched genes that exhibit decreased transcript levels
(Fig. 4) suggested that PKL might play a role in acti-
vation of transcription at these loci as suggested by
previous analyses (Aichinger et al., 2009, 2011). The
additional discovery that PKL associates with actively
transcribed genes (Fig. 6) raised the possibility that
such a positive role for PKL in transcription might be
more widespread. Given that the ability of PKL to act
as a repressor is likely to be conferred in part by pro-
moting H3K27me3 (Zhang et al., 2008; Aichinger et al.,
2009), we tested the hypothesis that PKL also promotes
an epigenetic modification associated with gene acti-
vation. We used ChIP to examine a large number
of marks associated with actively transcribed genes:
H3K4me3, H3K36me3, H3ac (K9, 14), H4Kl16ac, H4ac
(K5, 8,12, 16), H3K27ac, and H2Bub1. We also examined
H3K27me3 as a positive control for a PKL-dependent
epigenetic modification. Our analysis included genes
that exhibited PKL-dependent expression and genes that
exhibit PKL-independent expression as well as genes
were either enriched for H3K27me3 or not.

Our analysis revealed that of all the marks we ex-
amined, only the steady-state level of H3K27me3 was
consistently affected by loss of PKL (Fig. 7). Every
H3K27me3-enriched locus examined exhibits reduced
levels of H3K27me3 in pkl plants, whether the locus
exhibits PKL-dependent expression (Fig. 7H). In con-
trast, none of the active marks decreased in pkl plants
at any of the loci examined, revealing that PKL is not
necessary for promoting these active marks whether in
the presence or absence of the H3K27me3 modifica-
tion. We did observe an increase in active marks (Fig.
7, A-C, F, and G) at the H3K27me3-enriched loci
AtBMIlIc, PHE1, and the F-box protein-encoding locus
At1g78750. All three of these genes exhibit at least
5-fold increased transcript levels in pkl plants, how-
ever, suggesting that the observed increase in active
marks at these loci is an indirect effect of increased
expression of these loci. The PHEI locus, which is
strongly derepressed in pkl plants, was previously
found to similarly exhibit increased acetylation in pkl
plants (Zhang et al., 2008).

DISCUSSION
PKL Acts Directly upon H3K27me3-Enriched Genes

H3K27me3 is a repressive epigenetic mark that plays
a critical role in restricting expression of tissue-specific
genes in Arabidopsis (Chanvivattana et al., 2004;
Schubert et al., 2006; Bouyer et al., 2011; Lafos et al,,
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Figure 7. Deposition of H3K27me3 is consistently reduced in pk/ plants. ChIP was used to assay deposition of eight different
histone modifications in 5-d-old wild-type and pk/ plants. ChIP was carried out using antibodies to H3K4me3 (section A),
H3K36me3 (section B), H3Ac (section C), H4Ac (section D), H4K16Ac (section E), H2Bub1 (section F), H3K27Ac (section G),
and H3K27me3 (section H) using cross-linked DNA from wild-type (WT) and pk/-gabi (pkl) plants and the indicated loci were
examined. Data are normalized for histone loading using a ChIP carried out using antibodies to H3. The y axis denotes percent
of input DNA brought down for a given immunoprecipitation. All data are the average of four biological replicates. The number
in parentheses next to the locus represents the ratio of expression in pkl versus wild-type plants (where known) as determined by
gRT-PCR. Bars denote sp. Asterisks denote a significant change in a mark as determined by ¢ test (P < 0.05).

2011; Zheng and Chen, 2011). We have previously
shown that PKL also represses expression of tissue-
specific genes in Arabidopsis and that it promotes
H3K27me3 (Zhang et al., 2008). Here we demonstrate
that PKL protein is present at H3K27me3-enriched loci,
indicating that PKL directly acts upon these loci to
promote wild-type levels of H3K27me3.

Previous published work had indicated that PKL
acts indirectly to promote H3K27me3 by instead pro-
moting expression of the PRC2 machinery that de-
posits H3K27me3 (Aichinger et al., 2009). Specifically,

Plant Physiol. Vol. 159, 2012

Aichinger and colleagues found that transcript levels
of the PRC2 components EMF2, CLF, and SWN were
reduced in the roots of pkl pkr2 plants although not pkl
plants (Aichinger et al., 2009). These studies, however,
used biological material that included pickle root tis-
sue, which is developmentally aberrant tissue that
simultaneously expresses root and embryo transcrip-
tional programs and is not equivalent to wild-type
tissue (Dean Rider et al., 2003; Rider et al., 2004). We
therefore tested the hypotheses that the observed al-
teration in transcript levels of PRC2 components was
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an experimental artifact that depended on the inclu-
sion of pickle root tissue. We examined three devel-
opmental samples for PKL-dependent expression of
PRC2 components: 50% germinated seedlings, 5-d-old
roots, and 14-d-old seedlings. The pickle root pheno-
type is not visibly expressed in 50% germinated
seedlings and is easily visually excluded from 14-d-old
seedlings. Importantly, in 50% germinated seedlings
and in 14-d-old seedlings the levels of H3K27me3 are
reduced at H3K27me3-enriched genes in the absence
of PKL (Zhang et al., 2008), revealing that PKL does act
in these developmental samples to promote H3K27me3.
Further, it has previously been demonstrated that PKL
specifically acts during germination and not after ger-
mination to repress expression of embryonic traits (Li
et al., 2005). In every developmental sample we exam-
ined, we found that expression of PRC2 components is
not decreased in pkl plants or in pkl pkr2 plants, dem-
onstrating that the decreased levels of H3K27me3 ob-
served in pkl plants is not due to decreased expression
of PRC2 components in pkl plants (Fig. 3).

Aichinger and colleagues also examined PKL local-
ization by ChIP using a polyclonal antibody to PKL
(Aichinger et al., 2009). They observed that PKL as-
sociated with EMF2 and CLF, which code for compo-
nents of the PRC2 histone methyltransferase complex
that deposits H3K27me3. They also found no detect-
able association of PKL with H3K27me3-enriched loci.
These ChIP data were consistent with their hypothesis
that PKL acts indirectly to promote H3K27me3 by
promoting expression of the PRC2 machinery. It is
worth noting, however, that a caveat of their ChIP data
are that the control line for their analyses are pk! plants,
which exhibit substantial developmental differences
from wild-type plants. These developmental differ-
ences may lead to differences in signal intensity be-
tween wild-type and pkl plants that are indirect effects
rather than direct effects that reflect the presence or
absence of PKL. We reexamined PKL localization with
ChIP using epitope-tagged versions of PKL that were
expressed under endogenous regulatory sequences
and that rescued the phenotype of pkl plants. As a
result, our control lines were wild-type plants that
were developmentally indistinguishable from our
transgenic lines carrying an epitope-tagged version of
PKL. Also, both of the epitopes we used, c-Myc and
FLAG, are well-characterized epitopes that are used
extensively in ChIP analysis due to the low back-
ground and robust signal associated with using these
tags.

%ur ChIP analyses revealed that PKL associates
with both H3K27me3-enriched genes and actively
transcribed loci that are not enriched for H3K27me3.
Although the scope of targets is unexpected, it has the
welcome attribute of being consistent with the data
previously obtained by Aichinger et al. (2009). In their
ChIP analysis, Aichinger and colleagues did not in-
clude a ubiquitously expressed gene as a specificity
control (Aichinger et al., 2009). We included two such
controls, ACT7 and UBQ10, and observed that PKL
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strongly associates with the promoter of both genes as
well as with the PRC2 components CLF and SWN (Fig.
6). In fact, we observe that PKL preferentially associ-
ates with the promoter of all of the actively transcribed
genes we examined relative to heterochromatic loci
and that this association is not coupled to whether
expression of the locus is PKL dependent. Thus our
data suggest that the previously observed association
of PKL with EMF2 and CLF reflects the tendency
of PKL to associate with actively transcribed genes
and that this association is not predictive of PKL-
dependent expression.

We further found that PKL associated with the
promoter region of nine out of nine H3K27me3-
enriched genes we examined, regardless of how ex-
pression of the gene was affected by loss of PKL (Fig.
4A). Although Aichinger and colleagues reported that
their ChIP analysis failed to uncover association of
PKL with H3K2me3-enriched genes, this observation
is a negative result (Aichinger et al., 2009). ChIP using
our epitope-tagged versions of PKL, in contrast, re-
veals that the association of PKL with each of the nine
H3K27me3-enriched loci examined is significantly
above background for every locus. Taken in total, our
expression and ChIP data thus strongly refute the
model that PKL acts indirectly through transcriptional
activation of PRC2 components and are instead con-
sistent with the model that PKL acts directly upon
H3K27me3-enriched loci to promote wild-type levels
of H3K27me3.

PKL Directly Contributes to Repression of LEC Genes
during Germination

Our data provide strong support for our model
that PKL directly represses seed-specific genes during
germination. A developmental hallmark of pkl plants is
the inability to repress embryonic traits and the ex-
pression of the pickle root phenotype (Ogas et al.,
1997). Pickle roots simultaneously express differentia-
tion characteristics of roots and embryos (Rider et al.,
2004). PKL protein is required during germination
to repress expression of embryo-associated traits (Li
et al., 2005). Furthermore, embryo-specific genes are
derepressed during germination of pkl seeds and
H3K27me3 levels are reduced at embryo-specific loci
during germination of pkl seeds including the embryo
master regulators LEC1 and LEC2 (Dean Rider et al,,
2003; Zhang et al., 2008). Our new data demonstrate
that PKL is present at LEC1 and LEC2 during germi-
nation (Fig. 4B), consistent with the model that PKL
represses expression of the embryo-specific transcrip-
tional program by directly promoting H3K27me3 at
these loci during this developmental period.

Although PKL is necessary to repress expression of
the seed transcriptional program during germination,
microarray analysis of 14-d-old plants reveals that PKL
is dispensable for repression of this program after ger-
mination. Seed-specific genes are not overrepresented
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among genes that exhibit increased transcript levels in
14-d-old pkl plants (Fig. 1B). These results are consis-
tent with previous analyses of conditional PKL-GR
plants, in which activation of PKL-GR during germi-
nation suppressed the pickle root phenotype but not
the shoot phenotype as opposed to activation after
germination, which suppressed the shoot phenotype
but not the pickle root phenotype (Li et al., 2005). Thus
loss of PKL generates a window of opportunity during
germination throughout which the seed transcriptional
program has the potential to become reestablished and
generate the pickle root phenotype. After germination,
however, other mechanisms are sufficient to maintain
repression of seed-specific genes even in the absence of
PKL.

The Spectrum of Loci That PKL Associates with
Suggests That PKL May Play a Common Role in
Chromatin Homeostasis

Our expression and epigenetic ChIP data reveal that
loss of PKL preferentially and specifically affects
H3K27me3-enriched genes. The level of H3K27me3
is reduced in 5-d-old pkl plants at nine of nine
H3K27me3-enriched loci that we examined (Fig. 7H).
These data are consistent with previous data demon-
strating that the level of H3K27me3 is reduced in pkl
plants at 50% germination and at 14 d after sowing
(Zhang et al., 2008). In this study, seven other epige-
netic modifications were concurrently examined along
with H3K27me3 in pkl plants (Fig. 7). These data reveal
that H3K27me3 is the only mark that is reduced at
every locus examined for which the mark of interest is
elevated above background. H3K27me3 is also the
only epigenetic modification examined for which an
alteration in the level of the mark occurs in the absence
of altered expression of the corresponding gene in pkl
plants. Furthermore, our microarray analysis reveals
that H3K27me3-enriched genes are significantly over-
represented among genes that exhibit significantly in-
creased or decreased transcript levels in 14-d-old pkl
plants (Fig. 2). In contrast, H3K4me3-enriched genes
are less likely to exhibit PKL-dependent expression
(Fig. 2), suggesting that the presence of H3K4me3
renders a gene less susceptible to loss of PKL rather
than revealing a critical role for PKL in promoting
expression associated with H3K4me3 enrichment.

Our PKL ChIP analyses also reveal, however, that
PKL may act generally across the genome rather than
specifically in regions enriched for H3K27me3. In this
regard, it is important to note that several of the loci
we examined are strongly predicted to exhibit uniform
expression states and therefore consistent chromatin
architecture throughout the plant: ACT7 and UBQ10
are ubiquitously expressed and likely enriched for
H3K4me3 throughout the plant whereas LEC1, LEC2,
and PHET are uniformly repressed and likely enriched
for H3K27me3 throughout the plant. Consequently,
the association of PKL with these loci is strongly
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predicted to reflect the ability of PKL to associate with
the epigenetic state typically associated with that locus
rather than reflect the ability of PKL to associate with
an alternate epigenetic state as a result of heterogeneity
in the developmental sample. Furthermore, although
the association of PKL with the constitutively silenced
heterochromatic loci Ta2 and the centromeric repeats is
modest, it is still above background in both PKL-c-Myc
and PKL-FLAG lines (Supplemental Fig. S2).

Thus our ChIP data suggest that PKL is distributed
throughout the Arabidopsis genome and associates
with a diverse range of epigenetic chromatin states.
Although at first glance the ability of PKL to associate
with such a varied spectrum of sites is surprising, there
are precedents and functional analyses to support the
biological reality of the observed association of PKL
with actively transcribed genes and heterochromatic
regions. In Drosophila, the related CHD3 remodeler
dMi-2 plays an important role in repression of gene
expression (Kehle et al., 1998; Murawsky et al., 2001)
and yet is distributed throughout actively transcribed
regions of polytene chromosomes (Murawska et al.,
2008). Loss of the chromatin factor MOM1 reveals a
contribution of PKL to transcriptional gene silencing at
endogenous chromosomal loci such as transcriptional
silent information that are embedded in heterochro-
matic centromeric regions (Caikovski et al.,, 2008).
Further, the related CHD4 remodeler has been reported
to generally associate with chromatin in mammalian
cells (Reynolds et al., 2012).

In total, analyses by our lab and others provide ro-
bust support for a role for PKL in H3K27me3-enriched
regions and raise the possibility of a role for PKL
elsewhere in the genome. One possibility is that the
observed association of PKL with these other genomic
regions is not functionally relevant; PKL associates
with these regions but does not act. A contrasting
possibility is that PKL does act in these regions but the
role has yet to be uncovered or that another remod-
eling activity compensates for the loss of PKL. Genetic
studies in yeast (Saccharomyces cerevisiae) with the re-
lated chromatin remodeler CHD1 provide an example
of this type of functional redundancy in fungi (Krogan
et al.,, 2002). If PKL does act throughout the genome,
the question arises of why loss of PKL specifically af-
fects H3K27me3-enriched regions. One possible ex-
planation is that PKL has a unique activity in this type
of chromatin because it is a subunit of a specific
complex that is only targeted to H3K27me3-enriched
regions. An alternative option is that PKL acts in a com-
mon fashion throughout the genome and H3K27me3-
enriched regions are uniquely dependent on this activity.

This last model has recently been demonstrated to
be relevant with regards to the contribution of Mi-2/
NuRD to H3K27me3 deposition in embryonic stem
cells from mice (Reynolds et al., 2012). In these cells,
Mi-2/NuRD is associated with promoters that are
enriched for H3K4me3 as well as promoters that are
enriched for both H3K4me3 and H3K27me3 (referred
to as bivalent chromatin domains). Mi-2/NuRD promotes
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deacetylation of H3K27 in bivalent chromatin domains.
In the absence of Mi-2/NuRD, H3K27 remains acety-
lated in bivalent chromatin domains, PRC2 machinery
fails to be recruited, and the level of H3K27me3 at the
locus is reduced. Importantly, treatment with Tricho-
statin A, a histone deacetylase inhibitor, does not affect
association of Mi-2/NuRD with the region but does
reduce association of the PRC2 component Suz12. To-
gether, these data indicate that the histone deacetylase
activity of Mi-2/NuRD is necessary to enable the PRC2
complex to promote trimethylation of H3K27 at certain
regions. Thus in an analogous fashion to the mode of
action proposed above for PKL, Mi-2/NuRD is com-
monly acting on different epigenetic states of chromatin
to promote a remodeling activity (histone deacetylation)
that is uniquely required to promote H3K27me3 at
some loci.

The discovery that PKL interacts with H3K27me3-
enriched loci lends itself to a model in which PKL
participates in a multisubunit complex analogous to
the histone deacetylase Mi-2/NuRD complex but that
instead promotes trimethylation of H3K27. Efforts to
date, however, have failed to uncover a direct bio-
chemical connection between PKL and the E(z) pro-
teins that methylate H3K27. The spectrum of loci with
which PKL associates raises the interesting possibility
that PKL contributes to a yet to be determined remod-
eling activity that enables specific properties associated
with H3K27me3-enriched regions (e.g. trimethylation of
H3K27 and regulation of tissue-specific transcription).
Regardless of the specific mechanism, our work reveals
that the CHD3 remodeler PKL directly contributes to
H3K27me3-associated processes in plants. Combining
functional studies that exploit the unique role played by
PKL at H3K27me3-enriched loci along with biochemical
characterization of the remodeling activity of PKL is
likely to greatly illuminate one of the basic processes
by which transcriptional programs are expressed in a
tissue-specific fashion in plants.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Wild type, pkl-1 (Ogas et al., 1997), and pki-gabi (GABI-Kat line GK_273E06;
Kleinboelting et al., 2012) are in the Columbia background. pkl-1 alleles were
used for studies unless noted. pkl-gabi is an insertional allele of PKL that does
not express detectable PKL protein by western analysis and is phenotypically
indistinguishable from pkl-1 (H. Zhang, unpublished data). Seeds used in
these studies were obtained from wild-type, mutant, and/or transgenic plants
grown in parallel in an AR75 incubator (Percival Scientific) under 24 h of il-
lumination. Seeds were allowed to dry at least a month on the plant prior to
collection. No other treatment was applied (i.e. stratification) prior to use of
the seeds. For expression and ChIP studies described here not involving de-
termination of flowering time, plants were incubated on synthetic media
(Ogas et al., 1997) and grown in a CU36L5 incubator (Percival Scientific) under
24 h of illumination. For studies involving flowering, plants were grown in an
AR75 incubator under 8 h of illumination. For all analyses during germination
(microarray, gqRT-PCR, and ChIP), seeds were sown at a density of 100 mg of
seeds (approximately 3,000 seeds) per 150-mm diameter petri dish. Fifty
percent of germinated seedlings correspond to seeds that were imbibed and
then collected when the radicle had emerged from 50% of the seeds (Zhang
et al., 2008), and 75% germinated seedlings correspond to seeds in which the
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radicle had emerged from 75% of the seeds. Whole plants were collected 5 or
14 d postimbibition for both ChIP and expression analysis. pkl plants exhib-
iting the pickle root phenotype were excluded from 14-d samples unless
otherwise noted. For studies involving weight of root and shoot tissue, plants
were grown as described above for ChIP studies. Shoots were manually
separated from the roots at the base of the hypocotyl of 5-d-old plants. Shoots
or roots from 10 plants were pooled and then weighed on a Denver Instru-
ment Company Scale (TR-64). Four biological replicates were included from
wild-type and pkl plants for this analysis.

Plasmid Construction

A complete description of the construction of all recombinant DNA mol-
ecules generated for this study can be found in the Supplemental Materials and
Methods S1.

RNA Isolation and Analysis

Total RNA was isolated using the RNAqueous kit from Ambion (Ambion,
catalog no. AM1912). All subsequent experimental manipulations for micro-
array analysis were carried out as per the manufacturer’s instructions as de-
scribed previously (Dean Rider et al., 2003), with the modifications that
Affymetrix ATH1 Gene Chips (Arabidopsis Genome Array, catalog no.
900385) were used, and hybridization data were analyzed with the Affymetrix
Microarray Suite version 5.0 software. Quantitative PCR was performed on
StepOnePlus real-time PCR system (Applied Biosystems), as described by the
manufacturer. 185 rRNA was used as a normalization control for the relative
quantification of transcript levels using the comparative CT method as de-
scribed by ABI User Bulletin number 2. All oligonucleotide primer sequences
and primer concentrations used can be found in Supplemental Table S4.

Statistical Analysis and Archiving of Array Data

Microarray data were analyzed using the Bioconductor software. Specifi-
cally the cell intensity signal from each array was normalized using the
GCRMA package, a moderated ¢ test was performed using the limma package,
and the q value for each probe set is calculated to control for the pFDR (Storey,
2002). Differentially expressed genes for both 14-d-old seedlings (Supplemental
Table S1) and germinating seedlings (Supplemental Table S2) were identified
with the criterion that the pFDR was less than 0.05 (Storey, 2003). Genes whose
transcript levels are identified as statistically changed in the pkl mutant, together
with corresponding fold-change values, can be found in Supplemental Table S1.
Only array features that represent single genes are used for later comparisons
with other published array data. Unless otherwise noted, Fisher’s exact test is
performed for all the intersectional analyses, using the gmodels package from
Bioconductor.

ChIP Analysis

Plant tissue harvested and processed based on a modified version of a
previously published protocol (Wierzbicki et al., 2008). Please see Supple-
mental Materials and Methods S1 for a detailed version of the protocol. All
oligonucleotide primer sequences and primer concentrations used for quan-
titative PCR for ChIP can be found in Supplemental Table S5.

The complete array data set has been deposited at the Gene Expression
Omnibus of the National Center for Biotechnology Information, accession
number GSE31639.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Analysis of the intersection of PKL-dependent
genes in 14-d-old plants with other epigenomic data sets is consistent
with the hypothesis that PKL does not function in the plant equivalent of
a Mi-2/NuRD complex.

Supplemental Figure S2. ChIP using PKL-FLAG plants reproduce data
obtained from PKL-c-Myc plants.

Supplemental Table S1. Table of genes that exhibit significantly different
expression in 14-d-old pkl plants (pFDR, q < 0.05).
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Supplemental Table S2. Table of genes that exhibit significantly different
expression in 50% germinated pkl plants (pFDR, g < 0.05).

Supplemental Table S3. Table of genes that exhibit tissue-specific expres-
sion.

Supplemental Table S4. List of primers used for qRT-PCR.
Supplemental Table S5. List of primers used for real-time PCR for ChIP.

Supplemental Materials and Methods S1. Experimental details for
plasmid construction and ChIP.
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