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Abstract

During growth of multicellular organisms, identities of stem cells and differentiated cells need to be maintained. Cell fate is
epigenetically controlled by the conserved Polycomb-group (Pc-G) proteins that repress their target genes by catalyzing
histone H3 lysine 27 trimethylation (H3K27me3). Although H3K27me3 is associated with mitotically stable gene repression,
a large fraction of H3K27me3 target genes are tissue-specifically activated during differentiation processes. However, in
plants it is currently unclear whether H3K27me3 is already present in undifferentiated cells and dynamically regulated to
permit tissue-specific gene repression or activation. We used whole-genome tiling arrays to identify the H3K27me3 target
genes in undifferentiated cells of the shoot apical meristem and in differentiated leaf cells. Hundreds of genes gain or lose
H3K27me3 upon differentiation, demonstrating dynamic regulation of an epigenetic modification in plants. H3K27me3 is
correlated with gene repression, and its release preferentially results in tissue-specific gene activation, both during
differentiation and in Pc-G mutants. We further reveal meristem- and leaf-specific targeting of individual gene families
including known but also likely novel regulators of differentiation and stem cell regulation. Interestingly, H3K27me3 directly
represses only specific transcription factor families, but indirectly activates others through H3K27me3-mediated silencing of
microRNA genes. Furthermore, H3K27me3 targeting of genes involved in biosynthesis, transport, perception, and signal
transduction of the phytohormone auxin demonstrates control of an entire signaling pathway. Based on these and previous
analyses, we propose that H3K27me3 is one of the major determinants of tissue-specific expression patterns in plants,
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which restricts expression of its direct targets and promotes gene expression indirectly by repressing miRNA genes.
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Introduction

Throughout their lifecycle, plants produce new organs through
a group of undifferentiated cells which are maintained in
structures called meristems. These pluripotent cells continuously
divide and, in the shoot, cells in the periphery of the apical
meristem differentiate to give rise to lateral organs like leaves or
flowers. Stem cell maintenance is tightly controlled by numerous
and interconnected pathways involving transcriptional regulation,
phytohormones, microRNAs and epigenetic gene regulation
(reviewed in [1]).

Epigenetic gene regulation is a key mechanism to confer stable,
but reversible gene expression states. Epigenetics has been
revealed as fundamental mechanism to maintain cell and tissue
identity and to regulate stem cells and cancer.

Important epigenetic regulators of developmental processes are
the Polycomb-group (Pc-G) and Trithorax-group (1'rx-G) proteins
which catalyze histone H3 lysine 27 trimethylation (H3K27me3)
or H3K4me3, respectively (reviewed in [2,3]). In Arabidopsis,
around 5% of the canonical histone H3.1 is trimethylated at K27
[4]. Pc-G target genes in plants and animals are covered by
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H3K27me3 [5-8], a distribution that likely permits epigenetic
mnheritance of the modification [9]. Whereas Drosophila melanogaster
Polycomb repressive complex 2 (PRC2) was shown to methylate
H3K27 in vitro and in vivo via its histone methyltransferase
subunit Enhancer of zeste [E(z)] [10-13], evidence for the
biochemical activity of the conserved plant PRC2 is still lacking.
H3K27me3 was shown to depend at least partially on plant PRC2
members as loss of the E(z) homolog CURLY LEAF (CLF) leads
to reduced levels of H3K27me3 [8,14]. In addition, immunoflu-
orescence analyses of plants lacking the redundantly acting E(z)
homologs CLF and SWINGER (SWN) revealed a reduction in
euchromatic H3K27me3, but also a frequent re-distribution to
chromocenters [15].

In plants, numerous developmental pathways are controlled by
Pc-G  proteins including seed development, flowering time,
vernalization and organ identity (reviewed in [16,17]). Loss of
sporophytic Pc-G activity results in plants that show overprolifera-
tion and strong defects in organ identity [18,19]. The severe
phenotypes of Pc-G mutants indicate an essential role for Pc-G
proteins in plant development which was strongly supported by
whole genome analyses of H3K27me3 targets. In seedlings, more
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Author Summary

All organs and differentiated tissues in multicellular
organisms are derived from undifferentiated pluripotent
stem cells. The evolutionarily conserved Polycomb-group
(Pc-G) proteins control stem cell identity and maintenance,
likely by repressing genes involved in differentiation
processes. Pc-G proteins are epigenetic regulators, thus
they maintain stable expression states of their target genes
through cell divisions that are not accompanied by
changes in their DNA sequence. In this study, we asked
whether Pc-G-mediated gene regulation is also dynami-
cally regulated in plant development to confer stable, but
flexible gene expression states that may switch in response
to developmental or environmental cues. We therefore
generated genome-wide maps of Pc-G activity of undif-
ferentiated stem cell and differentiated leaf cell tissues
which revealed dynamic regulation of Pc-G activity in
plants. Pc-G activity is correlated with gene repression and
its tissue-specific release results in local gene activation.
Pc-G proteins target specific gene families in the two
analyzed tissues, indicating a role for Pc-G proteins in
balancing pluripotency and differentiation in plants. Based
on our analyses, we propose that Pc-G activity not only
permits long-term gene regulation but also has a more
basic gene regulatory function in fine-tuning expression
patterns of specific gene families during differentiation.

than 4000 H3K27me3 target genes were uncovered which are
largely protein-coding genes and mostly exclude transposable
element genes and heterochromatic regions [5,20,21]. A strikingly
large number of developmentally important transcription factor
genes showed H3K27me3 coverage [5]. However, the fact that
key genes involved in the biosynthesis and inactivation of the
phytohormone gibberellic acid exhibit enrichment in H3K27me3
[22] indicates an mmportant role for Pc-G proteins in regulating
developmental processes beyond the transcription factor level.
Numerous genome-wide analyses of H3K27me3 and Pc-G protein
binding have been performed for mammals and Drosophila [6,23—
29]. These studies revealed a considerably smaller number of
target genes in Drosophila and mammals compared to Arabidopsts,
but also key developmental transcription factor genes as
H3K27me3 targets.

Presence of H3K27me3 is largely correlated with gene silencing
in animals and plants, although H3K27me3 is only partially
removed upon gene activation in Drosophila [30]. In Arabidopsis,
H3K27me3 targets are enriched for genes with tissue-specific
expression patterns or are induced by abiotic or biotic stresses
suggesting that H3K27me3 is dynamically regulated in response to
developmental or environmental cues [5]. Indeed, several
thousand genes either lose or gain H3K27me3 when etiolated
seedlings were transferred into light [22]. Furthermore, a novel
approach of cell-type specific tagging and isolation of nuclei
allowing cell type specific analyses of hair and non-hair cells of the
Arabidopsis root epidermis revealed hundreds of genes carrying
differential H3K4me3 and H3K27me3 in the two cell types and a
strong correlation of gene repression with low H3K4me3 and high
H3K27me3 [31].

Different cell types can harbor distinct chromatin profiles which
is particularly the case for pluripotent mammalian embryonic stem
(ES) cells [7,32]. Many genes in ES cells carry bivalent marks, thus
both H3K4me3 and H3K27me3, which are mostly resolved to
monovalent states of either H3K4me3 or H3K27me3 during
differentiation [7,33]. In plants, however, it is currently unclear if
undifferentiated cells harbor distinct chromatin profiles.
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Here, we present genome-wide analyses of H3K27me3 as well
as gene expression analyses from meristematic, undifferentiated
cells and differentiated leaf cells using the vegetative shoot apical
meristem as a model system. We confirm a large fraction of
previously identified H3K27me3 targets and reveal several
hundred additional, tissue-specifically methylated genes. Genes
with strong expression differences in the two tissues are enriched
for differential H3K27me3 suggesting that also in plants Pc-G
proteins define gene ON/OFF expression states. We find that a
large fraction of microRINA genes are differentially methylated in
meristems and leaves and that their tissue-specific expression
patterns are controlled by Pc-G proteins. In addition, a large
number of genes involved in biosynthesis, transport, perception
and signaling of the phytohormone auxin are among the identified
target genes suggesting that entire gene regulatory networks are
controlled and possibly stabilized by Pc-G mediated gene
regulation. Collectively, our analyses suggest that Pc-G proteins
control differentiation processes by conferring tissue-specific
H3K27me3 of hundreds of genes including microRNA genes
and genes involved hormonal pathways.

Results

Genome-wide analyses of gene expression and
H3K27me3 in meristems and leaves

In Arabidopsis seedlings, several thousand genes are covered by
H3K27me3 [5,20].

It was previously suggested that H3K27me3 is required for
stable gene repression throughout most of the plants lifecycle and
is either reset to allow gene activation or acquired at later
developmental stages to confer stable expression states during
differentiation processes [5,34]. In order to uncover dynamic
regulation of H3K27me3 during development, undifferentiated
meristematic (Me) and differentiated leaf (Le) tissues of clavata3
(¢lv3) mutant plants were analysed. Meristematic tissue and stem
cells can be easily isolated from ¢/3 mutants by manual dissection
as the mutant harbours larger vegetative shoot apical meristems
and increased stem cell numbers [35] (Figure 1A). Importantly,
leaf development is not affected by loss of CLV3. Both leaf and
meristematic tissue samples were subjected to array based genome
wide expression (Figure 1) and H3K27me3 (Figure 2) profiling.
Therefore, this approach permits the identification of H3K27me3
targets that gain or lose H3K27me3 during differentiation of
meristematic cells. In addition, the associated changes in gene
expression of H3K27me3 targets can be revealed.

The expression analysis verified both sample identity and
specific enrichment of each dissected tissue because typical
transcripts characteristic for the meristematic domain or green
tissue were detected as highly and differentially expressed
(Figure 1C). Meristem and stem cell identity genes like
SHOOTMERISTEMLESS (STM), CLV3 and WUSCHEL (WUS)
were highly expressed in the meristematic sample whereas
photosynthesis-related genes encoding for subunits of RUBISCO
(RBGS-1B) or light harvesting complexes (LHCBI.4) were exclu-
sively detected in leaves.

We generated genome-wide H3K27me3 profiles for each tissue
by hybridizing sheared genomic DNA that was immunoprecipi-
tated with an antibody detecting H3K27me3 to high density tiling
arrays, as was previously described [36,37]. We identified a total of
9006 H3K27me3 target genes in the two tissues which include
more than 7400 protein coding genes (27,6% of all annotated
Arabidopsis protein coding genes) and interestingly also 74 miRNA
genes (43% of all miRNA genes) (Figure 2). Importantly, more
than 80% of protein coding H3K27me3 target genes identified in
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Figure 1. Tissue enrichment through manual dissection of Arabidopsis clv3 mutants. (A) Nine week old clv3-9 plant grown under short day
conditions, (B) longitudinal section of plant shown in (A). The section plane is marked with a dashed line in A, scale bars indicate 1 cm. Two samples, a
meristematic fraction (Me) marked with a dotted circle and young leaves (Le) were harvested. (C) Differential expression of known reference genes
obtained by genome wide expression analysis in the two dissected tissues. CLV3 expression is detected as the point mutation in the clv3-9 allele does

not interfere with CLV3 transcriptional regulation.
doi:10.1371/journal.pgen.1002040.g001

our study were also revealed in previous analyses of young
seedlings [5,20], demonstrating the validity of our approach. Both
former studies were performed with 14 days old wildtype plants,
whole seedlings or their aerial parts, whereas the tissue samples
analyzed in our study were derived from 9 weeks old ¢/v3 mutant
plants. The large H3K27me3 overlap in the different tissues
therefore suggests extensive and stable gene silencing by Pc-G
mediated H3K27me3 throughout vegetative plant development.
In addition to a large number of common H3K27me3 targets, the
analysis identified many, presumably tissue-specific protein coding
target genes (1001 genes only detected in seedlings (by Oh et al.
[20]); 1230 genes only identified in meristem or young leaf tissue in
our study) (Figure 2A). Interestingly, although previous studies
showed that transposable elements (TE) are largely devoid of
H3K27me3 [5,20], we detected a high number of TEs as
meristem-specific H3K27me3 targets (Figure 2B). This suggests
an unexpected role for Pc-G proteins in the regulation of TEs
specifically in the stem cell harbouring meristem.

To study the role of H3K27me3 in controlling developmentally
important genes we focused our analyses on protein coding and
miRNA genes and compared the methylation profiles of the
individual tissues (Figure 2B, 2C). This uncovered large differences
between both samples as nearly 2000 protein coding and 27
miRNA genes were exclusively methylated in one sample (Me or
Le) revealing these as tissue-specific H3K27me3 targets (details for
all annotations are shown in Table S1). Interestingly, in contrast to
the largely meristem-specific H3K27me3 targeting of TEs, a larger
set of protein coding and miRNA H3K27me3 targets was
identified in the leaf compared to the meristematic sample
(Figure 2B). Thus, heterochromatic and euchromatic loci may
be differentially targeted by Pc-G proteins in undifferentiated and
differentiated tissues.

@ PLoS Genetics | www.plosgenetics.org

For further analyses on the comparison of H3K27me3 presence
and gene expression and on gene families we isolated genes
harbouring defined methylation levels and performed conservative
statistical analyses to group these into sets of equally (M =L) and
differentially methylated genes [meristem- (dM+) and leaf- (dL+)
specific] (see methods). These analyses uncovered 1519 protein
coding genes showing equal H3K27me3 levels in both samples,
158 genes specifically methylated in the meristem and 457 genes
methylated in leaves (Figure 2C).

Collectively, our analyses uncover dynamic regulation of a large
number of H3K27me3 target genes during differentiation which
involves acquisition and removal of H3K27me3 at protein coding,
miRNA and TE genes.

Confirmation of differential methylation in wildtype
meristems and leaves

We sought to confirm the genome-wide, tissue-specific
H3K27me3 patterns by independent ChIP experiments on
meristems and leaves of ¢/v3 mutants (Figure S1) and wildtype
(Figure 3). The transcription factors ANOTTED-LIKE FROM
ARABIDOPSIS THALIANA2 (ENATZ2) and KNAT6 are specifically
expressed in the meristem ([38], (Figure 3)) and were identified as
leaf specifically methylated (dL+) (Figure S1A representatively
shows the KNAT6 locus). H3K27me3 ChIP-qPCR analysis of
independently dissected ¢/o3 tissues confirmed low meristematic and
high leaf H3K27me3 levels for ANATZ2 and KNATG6 and revealed an
antagonistic pattern of the active mark H3K4me3 (Figure S1B,
S1C). Thus, H3K4me3 and H3K27me3 distribution are consistent
with meristem specific expression of both KANAT genes (Figure 3E).
To further prove the significance of differential H3K27me3
identified by ChIP-chip on ¢/v3 mutants (Figure 2) we performed
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Figure 2. Tissue-specific ChIP-on-chip analysis reveals differentially methylated genes. (A, B) The venn diagrams represent a comparison
of H3K27me3 covered loci taken from three independent genome wide analyses of Arabidopsis plants (Zhang et al. [5]; Oh et al. [20] and this work,
meristem (Me) + leaves (Le)). (A) Comparison of all annotations (left) and of protein coding genes (right) in published data and union of Me+Le. (B)
Comparison of protein coding (left), transposable element (middle) and microRNA genes (right) in union of published data and Me and Le sample. (C)
Comparison of Me and Le targets, protein coding (left) and microRNA genes (right). Statistical analyses (see methods) were applied to uncover
significantly differentially or equally methylated genes in meristem and leaves. Annotations are based on TAIR8 genome annotation.

doi:10.1371/journal.pgen.1002040.9g002

ChIP-qPCR analyses of 2 months old dissected wildtype plants,
grown under short day conditions. Consistent with the data on ¢/3,
FENATZ2 and ENATG6 showed leaf specific H3K27me3 (Figure 3). In
addition, equal methylation for the non-expressed genes AGAMOUS
and FUSCA3 and differential methylation of several transcription
factor genes, PIN-FORMED (PIN) auxin efflux carriers and
microRNA genes were confirmed (Figure 3). For all genes tested
by ChIP, moderate to strong differential expression was detected
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which was highest in the tissues lacking H3K27me3 (Figure 3E).
Thus, these analyses strongly suggest that the ¢/v3 ChIP-chip results
are transferable to wild type plants.

Presence of H3K27me3 is correlated with gene

repression in a tissue-specific manner
Since we had identified tissue-specific H3K27me3 target genes
we asked whether differential H3K27me3 1s correlated with
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differential gene expression. In total, more than 22000 protein
coding genes (85% of the genome) were expressed in at least one of
the tissues. A large fraction (nearly 9500 genes) showed equal
expression in both samples [X(M =L)], whereas 2.833 were at
least four times higher expressed in one sample compared to the
other [1.865 higher in the meristem (dXM=2, Alog2) and 968
higher in leaves (AXL=-2, Alog?)] (Figure 4A, Figure S2). We
next binned genes with similar expression differences in the two
tissues (Figure 4B, Table S2). These gene sets were analyzed for
enrichment of H3K27me3 targets (Figure 4B) and of genes
harbouring equal or differential H3K27me3 levels (M =L, dM+,
dL+) (Figure 4C). In addition, we performed the reciprocal
analyses (Figure 4D). Genes that were equally expressed both in
the meristem and the leaves (X(M =L)) showed a significant
underrepresentation of H3K27me3 targets (Figure 4B). In
contrast, methylated genes were more frequent in the groups of
non expressed and differentially expressed genes (Figure 4B).
Interestingly, the relative abundance of target genes increased with

Dynamic Regulation of H3K27me3 in Plants

increasing tissue specific expression in the meristem (Me+) or
leaves (Le+) (Figure 4B). We next asked how differential
expression relates to differential or equal H3K27me3
(Figure 4C). This detailed tissue specific analysis clearly revealed
that the highly specific expression in one tissue (dXM=2 or
dXL=-2) was correlated with a depletion of tissue specific
methylation (dM+ or dL+) in the same sample and a strong
enrichment of repressive histone methylation in the other — non
expressing — sample. Importantly, the stronger the differences in
gene expression levels between the two tissues, the more genes
were identified which showed antagonistic, differential
H3K27me3 (Figure 4C). Genes showing equal H3K27me3 levels
in both tissues were enriched for non-expressed genes which was
not the case for differentially methylated genes, revealing that
most genes carrying differential methylation are expressed in at
least one of the tissues (Figure 4C, 4D). We found the same
correlations when the analyses were performed with the different
subsets of H3K27me3 covered genes (Figure 4D). Leaf-specifi-
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Figure 3. Confirmation of differentially methylated genes in wildtype plants. Differential H3K27me3 in meristem and leaves of wildtype
was confirmed by independent H3K27me3-ChlIP analyses for selected transcription factors (A), transporters (B), enzymes (C) and miRNA genes (D).
Green: relative enrichment of H3K27me3 in leaves; yellow: relative enrichment of H3K27me3 in meristem. Enrichment factors between different
tissues are indicated in brackets. 2 months old, short-day grown wild type plants were manually dissected. Enrichment of specific loci is normalized to
the H3K27me3 target FUSCA3 harbouring equal methylation levels in both tissues. The results are shown as mean values of two independent
precipitations and gPCR analyses. Methylation of KNAT6 was not detectable (nd) in the meristem sample. (E) Differential expression of genes analyzed
in (A) — (D). Data was retrieved from whole transcriptome analyses of manually dissected clv3 mutant meristems and leaves.

doi:10.1371/journal.pgen.1002040.g003
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Figure 4. Anti-correlation of gene expression and repressive H3K27 tri-methylation. (A) Genome-wide relation of gene expression and
H3K27me3 targeting (I). (Il) Representation of percentage of genes for defined expression states. (lll) Representation of percentage of genes for
defined H3K27me3 levels. For expressed genes and H3K27me3 targets, number of genes detected in leaves or meristems of c/v3 mutants was
merged and compared to genes present on Agilent array (for Il) or all protein coding genes (for Ill). (B) Relative proportion of H3K27me3 target genes
within gene sets of defined expression levels, y-axis indicates fold enrichment compared to subset frequency in the genome, i.e. target genes or non
target genes. (C) Relative proportion of equally and differentially methylated H3K27me3 target genes within gene sets of defined expression levels, y-
axis indicates fold enrichment compared to specific subset frequency in the genome. (D) Relative proportion of differentially or equally expressed
genes within gene sets of differentially, equally or non-methylated genes, y-axis indicates fold enrichment compared to specific subset frequency in
the genome. Significant differences (Students tTest; p=<0.05) are marked with an asterisk (*). Coloured brackets indicate significant differences for
similarly coloured bars within the bracket. Statistical analyses and gene lists are shown in Table S2. Abbreviations: exp. (expressed); dXM (preferential
expression in meristem as Alog2(Me/Le)); dXL (preferential expression in leaf as Alog2(Me/Le)); X(M =L) (equal expression in meristem and leaf); dM+
(H3K27me3 meristem specific); dL+ (H3K27me3 leaf specific); M=L (equal level of H3K27me3 in leaf and meristem); see methods for details on
subsets of differentially expressed and methylated genes.

doi:10.1371/journal.pgen.1002040.g004

cally expressed genes (AXL=—2) were more frequent in the set of ~ Functional characterization of H3K27me3 target genes
meristem specifically methylated genes (dM+) and wvice versa by Gene Ontology and gene family analyses

whereas genes showing equal, but detectable methylation Previous analyses of H3K27me3 target genes in seedlings
(M=L) were depleted of expressed genes. identified transcription factors as a major class of H3K27me3
In whole genome analyses of H3K27me3 in seedlings, Oh et al. target genes [5]. To reveal whether all transcription factor families
[20] identified 1001 H3K27me3 targets which were not revealed and other gene families are preferentially targeted by H3K27me3
in our analyses (Figure 2A). 824 of these are expressed in at least we analyzed our datasets generated from leaves and meristems.
one of the tissues we analyzed (data not shown), suggesting that We first exploited the resources of the Gene Ontology (GO)
these targets are seedling-specifically methylated and are subjected annotations from TAIR (http://www.arabidopsis.org/) providing
to dynamic changes of H3K27me3 in development. functional categorizations of Arabidopsis protein coding genes
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(Figure S3). As expected the molecular function ‘“‘transcription
factor activity” was enriched in H3K27me3 target genes, whereas
general cellular housekeeping functions like “DNA or RNA
metabolism™ and “electron transport or energy pathways” were
depleted. Importantly, also tissue-specific differences were uncov-
ered: a significant depletion of leaf-specific H3K27me3 target
genes was observed in the cellular component “plastid”, consistent
with the restriction of photosynthesis to leaves. In addition, genes
assoclated with “kinase activity” and “transporter activity” were
revealed as preferential H3K27me3 targets in the meristematic
sample, suggesting specific repression of these sets of genes in
undifferentiated cells.

We further dissected the H3K27me3 target genes by detailed
analysis of gene families with a focus on transcription factor,
enzyme and transporter gene families as these were enriched in the
broad GO term analyses of H3K27me3 targets (Figure 5; Figure
S4). Gene families involved in fundamental cellular processes like

Dynamic Regulation of H3K27me3 in Plants

DNA replication, cell cycle regulators and protein phosphoryla-
tion/dephosphorylation were significantly depleted in H3K27me3
target genes (Figure S4; Table S3). Surprisingly, several transcrip-
tion factor families were largely not regulated by H3K27me3
including the AUXIN RESPONSE FACTOR (ARF), CCAAT-HAP?2
(HAP2) and SQUAMOSA-PROMOTER BINDING LIKE (SPL) gene
families (Figure 5). Other transcription factor gene families showed
a strong bias towards tissue-specific targeting by H3K27me3
(dM+; dL+) suggesting a specific regulation in the meristem or
leaves. Leaf-specific H3K27me3 target genes comprise known
regulators of meristem function like HOMEOBOX transcription
factors and several other gene families (e.g. 44 and DOF
transcription factors), while TCP, CONSTANS-like and GRAS-
transcription factors were targeted by H3K27me3 specifically in
the meristem indicating a role for theses gene families in
differentiation processes or leaf development. A surprisingly large
set of enzyme and transporter gene families were uncovered as

A transcription factor gene families
6 2 BRASSINAZOLE-RESISTANT (BZR) TFs
5 ® target %* M=L 12 Auxin Response transcription Eactors (ARFs)
[ % A \ 33 CONSTANS (CO)-like transcription factors
4 * I - 35 Heat Shock Iranscription Factors (HSTFs)

46 |AA transcription factors

[fold difference]
w

1 I l "I"'f"f\l 'wl B T | | ey T
0 .| 7*7

54 Teosinte branched1/CYCLOIDEA/
PROLIFERATING CELL FACTORS 1 and 2
transcription factors (TCP)

' 58 APETALAZ2 (AP2)-like transcription factors

65 WRKY domain transcription factors

NANANOT O NOOULNDHDON
o - oo MONOUT OO OM~DMNS
- - - - - -

69 MADS box transcription factors
70 ASYMMETRIC LEAVES2 (AS2)-like TFs

72 Homeobox transcription factors

dM+

75 MYB transcription factors

* 80 WUSCHEL homeobox-containing (WOX) TFs
82 YABBY gene family (YABs)

101 GAI RGA and SCR (GRAS)-TFs
102 HEME ACTIVATOR PROTEIN2 (HAP2)-TFs

[fold difference]
(-]

103 NAM/ATAF1,2/CUC2 (NAC)-TFs

— 104 SQUAMOSA PROMOTER BINDING
PROTEIN-Like (SPL) TFs

105 HAP3-like TFs
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529 107 DNA-binding with One Einger (DOF)-TFs

=

Figure 5. Abundance of H3K27me3 target genes in transcription factor gene families. (A) Relative enrichment or depletion of H3K27me3
target genes (blue) or equally methylated genes (M =L, purple) in specific transcription factor families, y-axis indicates fold difference relative to the
observed frequencies of specific subsets within the genome. The dashed line indicates relative enrichment of H3K27me3 targets in all transcription
factor genes (1907 in total, taken from (http://pIntfdb.bio.uni-potsdam.de/v3.0/)) compared to genome average. (B) Relative enrichment or depletion
of meristem-specific (dM+, yellow) or leaf-specific (dM+, green) H3K27me3 target genes in specific transcription factor families, y-axis indicates fold
difference relative to the observed frequencies of specific subsets within the genome. Asterisks indicate significant differences (p=<0.05, y*test)
compared to total number of genes for a specific subset. Coloured brackets indicate significant differences for similarly coloured bars within the
bracket. Details of statistical analyses can be found in Table S3. Analyses of additional gene families are shown in Figure S4.

doi:10.1371/journal.pgen.1002040.g005
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H3K27me3 targets which are involved in differentiation or
developmental processes (e.g. cell wall biosynthesis), hormone
biosynthesis (YUCCA flavin monooxygenases, CYTOCHROME
P450s) or transport of photosynthetic products (sucrose transport-
ers) and hormones (PINFORMED (PIN)-like auxin efflux carriers)
(Figure S4, Table S3). Previous analysis had identified the actin
regulator formin ARABIDOPSIS FORMIN HOMOLOGUE 5
(AtFH5) as Pc-G target gene whose mis-expression is partially
responsible for Pc-G mutant seed phenotypes, revealing that
regulation of enzymatic genes is an important function of Pc-G
proteins [39].

Lastly, we studied whether specific transposable element gene
families were overrepresented in the different tissues. We generally
observed a significantly larger amount of retrotransposons
compared to DNA transposons as H3K27me3 target genes (Figure
S4H, Table S3). Also tissue-specific differences were identified
among retrotransposon gene families. Whereas gypsy-like retro-
transposons were significantly enriched in the meristematic
fraction, copia-like retrotransposons were overrepresented in
leaves and athila-like retrotransposons almost completely non-
targeted by H3K27me3 in leaves (Figure S4H).

Collectively, these analyses uncovered H3K27me3 targeting of
a diverse set of gene families which are involved in biosynthesis
and transport of secondary metabolites and transcriptional
regulation and ultimately in cellular differentiation. These sets of
genes include many known regulators of meristem or leaf
development and provide an important resource for the
identification of additional, novel factors involved in differentiation
or stem cell regulation. In addition, also specific transposable
element gene families are tissue-specifically targeted by
H3K27me3 suggesting differential regulation of TE genes in the
different tissues.

H3K27me3 targets specific miRNA gene families and is
reduced at miRNA target genes

During the analyses of H3K27me3 targets we found that a large
number of miRNA and several trans-acting siRNA (tasiRNA)
genes carried H3K27me3 which was, to our knowledge, not
previously revealed (Figure 2). These regulatory RNAs display
differential methylation in the same way as protein coding genes,
thus many show leaf-specific H3K27me3, whereas only few carry
H3K27me3 exclusively in the meristem (Figure 2C). Seventy four
of the annotated 174 miRNA loci were identified in our analysis
and we revealed additional 12 that were detected, but not
described by previous studies [5,20]. Thus, nearly 50% of all
microRNA genes are covered by H3K27me3 (Figure 2, Table 1).
A high number of miRNAs (25 of 103 unique miRNAs) are encoded
in multiple loci which constitute 96 of all 174 miRNA loci
(Arabidopsis Small RNA Project (http://asrp.cgrb.oregonstate.edu/)
[40]). Multiple and single loci miRNAs are regulated by
H3K27me3 but miRNAs encoded in multiple loci are heavily
targeted (72%) whereas only 22% of miRNAs present at a single
locus are H3K27me3 targets.

Currently 206 genes including many developmentally important
transcription factors are known which are negatively regulated by
miRNAs at a post-transcriptional level. Interestingly, genes that
are regulated by a H3K27me3 covered miRNA genes less
frequently carry H3K27me3 compared to genes whose expression
is controlled by a miRNA gene devoid of H3K27me3 (Table 1).
This bias is even more apparent when specific miRNA and
tasiRNA gene families and their targets are analyzed (Table 2):
whereas most miRNAI69, miRNA156/157, miRNAI67 and ta-
siRNA3 loci carry H3K27me3, their target genes (HAP2, SPL or
ARF genes) are largely devoid of H3K27me3. The lack of
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Table 1. Regulation of miRNA and tasiRNA genes and their
targets by H3K27me3.

type of small RNA no. of genes

total H3K27me3 targeted
miRNAs, single locus [78] 78 17 21.8%
miRNAs, multiple loci [25] 96 69 71.9%
total 174 86 49.4%
tasiRNAs [4] 8 2 25.0%

protein coding genes

regulated by no. of genes

(type of small RNA) total H3K27me3 targeted
miRNAs (H3K27me3 targeted) 90 31 34.4%
miRNAs (non targeted) 119 49 41.2%
total 206 78 37.9%
tasiRNA 43 11 25.6%

H3K27me3 targeted small regulatory RNA genes encoded at single or multiple
sites in the genome. H3K27me3 targets among miRNA or tasiRNA regulated
protein coding genes.

doi:10.1371/journal.pgen.1002040.t001

H3K27me3 targeting of these transcription factor genes is in
contrast to the generally high enrichment of transcription factors
as H3K27me3 targets (Figure 5; compare HAP2, SPL and ARF
families to average enrichment in H3K27me3 targets of all
transcription factor genes, p<<0.05 (x*-test) for HAP? and ARF
genes (Table S3)). However, H3K27me3-mediated repression of
the miRNA genes likely permits an indirect positive regulation of
these specific transcription factor families by Pc-G proteins.
Interestingly, for other gene families (e.g. 7CP and HD-IP
transcription factors) both miRNA genes and their targets carry
H3K27me3, suggesting that expression of these transcription
factors is regulated transcriptionally by Pc-G proteins and post-
transcriptionally by miRNAs.

Biosynthesis, transport, perception, and signaling genes
of the phytohormone auxin are regulated by
Pc-G/H3K27me3

Our in-depth gene family analyses revealed enrichment of
specific biosynthetic enzymes, transporters and transcription
factors (Figure 5). Therefore, we inquired whether H3K27me3
targets entire developmental pathways which involve local
biosynthesis of a signaling molecule, its transport, perception and
signal transduction. We focused on the phytohormone auxin as we
mitially realized that the PIN auxin efflux carriers are largely
H3K27me3 targets (Figure S4). Several pathways and gene
families (YUCCA monooxygenases, CYTOCHROME P450s and
TRYPTOPHANE AMINO TRANSFERASES) participate in the
biosynthesis of the phytohormone auxin from tryptophan
(reviewed in [41,42]). Auxin is transported by several different
carrier proteins in the plant. The AUXIN RESISTANTI (AUXI)/
LIKE AUXI (LAX) gene family enables auxin influx and PIN- and
several ATP-BINDING CASSETTE (ABC) transporters mediate
auxin efflux (reviewed in [43]). The analysis of gene families
uncovered that most of these gene families are enriched for
H3K27me3 targets (Figure 5, Figure S4), including the genes for
which a role in auxin regulation was shown (Table 3, Table 4).
Interestingly, although the auxin receptor gene TRANSPORT
INHIBITOR RESPONSE 1 (TIRI) and its homologues are largely
devoid of H3K27me3, miRNA395a which negatively regulates
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these is targeted by H3K27me3 in leaves (Table 4). Similarly, the
ARF transcription factor genes which are involved in repressing
auxin inducible genes (reviewed in [44]) are depleted in
H3K27me3, however, miRNAs and tasiRNAs controlling ARF
expression levels are largely targeted by H3K27me3 (Figure 5,
Table 2, Table 4). On the other hand, /44 class of transcription
factors which positively regulate auxin responsive genes are highly
enriched for H3K27me3 targets, similar to other transcription
factor families. Thus, auxin biosynthesis, transport, perception and
transcriptional responses are controlled by H3K27me3, both by
direct targeting of the regulatory genes or by indirect regulation
through miRNAs. The analyses of the auxin pathway therefore
reveal that not only specific gene families but also entire pathways
involving diverse gene families can be controlled by H3K27me3.

H3K27me3 is entirely dependent on Pc-G proteins

Only selected plant genes expressed in vegetative tissues were
previously analyzed for an overlap of H3K27me3 and Pc-G
protein binding and dependence of H3K27me3 on Pc-G proteins
[8,14,45,46]. Although immunofluorescence analyses on the
severe clf/swn mutants revealed a reduction in euchromatic
H3K27me3 [15], it is currently unclear whether the H3K27me3
is completely dependent on Pc-G proteins. To reveal whether

Table 2. H3K27me3 targeted miRNAs or tasiRNAs encoded
by multiple loci and H3K27me3 regulation of their target
genes.
target gene

small RNA no. of genes family no. of genes
(name) total H3K27me3 (name) miRNA H3K27me3

targeted targeted
miR394 2 2 100% F-Box 1 0 0%
miR845 2 2 100% - - - -
miR164 3 3 100% NAC 7 2 29%
miR158 2 2 100% PPR 22 3 14%
miR166/165 9 8 89% HDZIPIII 5 2 40%
miR169 14 12 86% HAP2 7 0 0%
miR395 6 5 83% APS,AST 4 1 25%
miR399 6 5 83% E2-UBC 1 0 0%
miR156/157 12 10 83% SPL 11 1 9%
miR172 5 4 80% AP2 6 2 33%
miR160/167 7 5 71% ARF 5 0 0%
miR159/319 6 4 67% MYB/TCP 12 5 42%
miR171 3 2 67% SCL 3 1 33%
miR393 2 1 50% TIR1 (F-box) 5 0 0%
miR168 2 1 50% AGO 1 0 0%
miR397 2 1 50% LAC 3 2 67%
miR390 2 1 50% TAS3 3 2 67%
miR447 3 1 33% 2-PGK 2 1 50%
total 88 69 78% total 98 22 22%
tasiRNA3 3 2 67% ARF 3 0 0%
All 174 annotated miRNA loci (based on TAIR8 annotation) were analyzed, 74 of
them are H3K27me3 targeted in our analyses and 12 additional loci were
identified as targets by Oh et al. [20]. miRNA regulated genes were extracted
from the Arabidopsis Small RNA Project (http://asrp.cgrb.oregonstate.edu/) and
TAIR (www.arabidopsis.org).
doi:10.1371/journal.pgen.1002040.t002
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Table 3. Genes involved in auxin biosynthesis and transport
are regulated by PcG/H3K27me3.
source (biosynthesis and transport)
gene family/gene no. of loci H3K27me3
(name) (accession) targeted loci
biosynthetic enzymes:
YUCCAs 34 23 67.6%
YUCi AT4G32540 +
YUC2 AT4G13260 M=L
YUC4 AT5G11320 +
YUC6 AT5G25620 F
YUC11 AT1G21430 -
Cytochrome P450s 227 147 64.8%
CYP79b2 AT4G3995 +
CYP79b3 AT2G22330 +
CYP83b1 AT4G31500 -
CYP71A13 AT2G30770 M=L
TRP-a-transferases 3 2 66.7%
TAA1 AT1G70560 F
TAR1 AT1G23320 M=L
TAR2 AT4G24670 =
other enzymes
SURT1 (C-S LYASE) AT2G20610 -
NIT1 (Nitrilase) AT3G44310 -
NIT2 (Nitrilase) AT3G44300 +
NIT3 (Nitrilase) AT3G44320 -
transporters:
PINs 8 5 62.5%
PIN1 AT1G73590 dL+
PIN2 AT5G57090 M=L
PIN3 AT1G70940 =
PIN4 AT2G01420 +*)
PIN5 AT5G16530 M=L
PING AT1G77110 dL+
PIN7 AT1G23080 -
PIN8 AT5G15100 +
AUX/LAXs 4 3 75.0%
AUX1 AT2G38120 dL+
LAX1 AT5G01240 -
LAX2 AT2G21050 +
LAX3 AT1G77690 dL+
ABCs 128 46 35.9%
(ABCb1; ABCb4 and ABCb19 are no targets)
The table shows the fraction of H3K27me3 targeted genes in gene families
involved in auxin biosynthesis and transport. Genes described to be involved in
auxin biosynthesis [41,42] or transport [43,64] are listed below the
corresponding gene family. (+*) PIN4 was not detected as H3K27me3 target by
ChIP-chip but by ChIP-gPCR in wildtype meristems (see Figure 3).
doi:10.1371/journal.pgen.1002040.t003

presence of H3K27me3 is likely corresponding to Pc-G binding
and regulation we used immunoblot analyses to study histone
methylation levels in various PRC2 mutants. We used mutants
that are partially or completely deficient for Arabidopsis homologs
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Table 4. Genes involved in auxin perception and signaling
are regulated by PcG/H3K27me3.
sink (perception and signaling)
gene family/gene no. of loci H3K27me3
(name) (accession) targeted loci
receptors:
TIR1/Fboxes 6 1 16.7%
TIR1 AT3G62980 - (miR393)
AFB1 AT4G03190 - (miR393)
AFB2 AT3G26810 + (miR393)
AFB3 AT1G12820 - (miR393)
AT4G24390 AT4G24390 - (—)
AT5G49980 AT5G49980 = (=)
transcription factors:
IAAs 29 14 48.3%
I1AA1 AT4G14560 dL+
IAA2 AT3G23030 dL+
I1AA5 AT1G15580 +
IAA6 AT1G52830 M=L
I1AA7 AT3G23050 +
1AA14 AT4G14550 +
1AA15 AT1G80390 +
IAA17 AT1G04250 +
IAA19 AT3G15540 +
IAA20 AT2G46990 dL+
1AA28 AT5G25890 +
IAA29 AT4G32280 +
I1AA30 AT3G62100 dL+
IAA33 AT5G57420 4F
ARFs 23 1 4.3%
ARF2 AT5G62000 = (tasiR3)
ARF3 AT2G33860 - (tasiR3)
ARF4 AT5G60450 = (tasiR3)
ARF6 AT1G30330 - (miR167)
ARF7 AT5G20730 + (=)
ARF8 AT5G37020 - (MiR167)
ARF10 AT2G28350 - (miR160)
ARF16 AT4G30080 - (miR160)
ARF17 AT1G77850 = (miR160)
The table shows the fraction of H3K27me3 targeted genes in gene families
involved in auxin perception or signaling. Genes described to be involved in
auxin perception [65] and the regulation of auxin dependent transcription [44]
are listed below the corresponding gene family. Several members of TIR7 and
ARF families are regulated by small RNAs, therefore also H3K27me3 targeted
miRNA or tasiRNA genes are depicted.
doi:10.1371/journal.pgen.1002040.t004

of Drosoplula E(z) [clf-28 (null allele), swn-7 (null allele)] or
Suppressor of zeste 12 [vernalization2-1 (vn2-1) (null allele),
embryonic flower2—10 (emf2—10) (weak allele of emf2)] [18,47]. We
studied single and double mutants of these as they show different
degrees of reduction in somatic Pc-G activity: moderate reduction
in clf-28 and emf2—10 more severe reduction in ovn2/emf2—10
double mutants and complete loss of somatic Pc-G activity in the
clf/ swn double mutant (Figure 6) [18]. H3K27me3 was completely
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lost in the ¢/f/swn mutants, strongly reduced in ovm2/emf2-10
mutants and only mildly affected in c¢lf or em/2-10 mutants
(Figure 6). Loss of H3K27me3 in c¢/f/swn was correlated with a
strong increase in H3K4me3. H3K27mel, a modification
preferentially present in heterochromatin, was not affected in
any of the mutants whereas H3K27me2 showed a clear reduction
in vrn2/emf2—10, but increase in ¢lf/ swn mutants (Figure S5). Thus,
our study of histone methylation in Pc-G mutants strongly suggests
that all H3K27me3 is catalyzed by PRC2 proteins and that a
possible re-distribution to heterochromatic regions [15] involves
only marginal amounts of H3K27me3.

Since the global analysis of H3K27me3 abundance revealed a
strong reduction even in the wvm2/emf2-10 double mutant
showing relatively mild morphological alterations (Figure 6A)
we were interested if a H3K27me3 reduction occurs at most
genes or gene-specifically. We therefore studied H3K27me3 of
selected genes in leaves from wildtype and vm2/emf2—10 plants
by ChIP-qPCR (Figure S6). This analysis identified three
different classes: STM and FUS3 displayed no difference in
H3K27me3 in the mutants, several genes including ANATZ2 or
PINS had intermediate H3K27me3 levels and most analyzed
genes (e.g. PINI and PIN6) showed a strong reduction or a
complete loss in the mutants. Thus, the observed global
reduction in H3K27me3 is rather caused by the loss of
H3K27me3 at some loci than by an equal reduction of
H3K27me3 at all target loci (Figure S6).

Pc-G proteins control tissue-specific expression of their
target genes

To study possible changes in gene expression resulting from a
reduction in H3K27me3, we performed gRT-PCR based
expression analyses of c/f/swn and vm2/emf2—10 double mutants
(Figure 7, Figure 8). Clf/swn mutants show complete loss of
H3K27me3, do not maintain organ identity post-embryonically
and are therefore only comparable to wildtype shortly after
germination. However, vn2/emf2—10 mutants show strong leaf
serration especially in older leaves, but produce leaves and flowers
(Figure 6), thus tissue-specific changes in gene expression can also
be analyzed at later developmental stages. In 9 d old ¢/f7swn
seedlings, we observed mis-expression of several previously
analysed H3K27me3 targets [8,48,49], ranging from mild
(ENAT?2) to strong (KENAT6, STM and AG) mis-expression
(Figure 7A). Surprisingly, for TCP2, TCP4, TCPI10 and SPL3 we
observed a strong down-regulation in ¢/f7swn mutants although
they likely lost H3K27me3 (Figure 7B). However, TCP2, TCP4
TCPI0 are negatively regulated by miRNA319 [50] which is
targeted by H3K27me3 (Figure 3). Consistently, we observed mis-
expression of the miRNA319a precursor in ¢lf/swn mutants which is
likely responsible for post-transcriptional down-regulation of
TCP2, 4 and 10 in the Pc-G mutant. Expression of TCP5 which
is not targeted by miRNA319 is not affected in the mutant.
Similarly, SPL3 whose abundance is regulated by the H3K27me3
targeted miRNAI156 showed reduced expression in clf/swn
mutants (Figure 7B).

H3K27me3 targets 6 of the 8 PIN gene members (Table 3), we
therefore also analysed their expression in c/f/swn and vrn2/emf2—
10 mutants. Except for PINI, none of the PIN genes showed
upregulation in the mutants (Figure 7A, Figure S6). PIN3, PIN4
and PIN7 which are all not targeted by H3K27me3 in leaves even
showed a strong down-regulation of expression in clf7 swn
mutants.

As we also revealed H3K27me3 targeting of several TE genes,
we studied expression of several H3K27me3 targeted TE genes.
We observed upregulation of two TE genes in the ¢/f/swn mutant
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Figure 6. Imnmunoblot analyses of histone modifications in Pc-G mutants. (A) c/f-28/swn-7 double mutants, 60 d old and grown in axenic
conditions in long days, (B) emf2-10, (C) vrn2-1/emf2-10 double mutants, (D) Wassilewskija (WS) wildtype. Plants in (B)-(D) are 17 old and grown in
short day conditions. (E), (F) 45 d old plants grown under short day conditions, (E) vrn2-1/emf2-10 double mutant, (F) wildtype. Scale bars in pictures
(A) to (D) indicate 0.5 cm and in (E) and (F) 1T cm. (G) Immunoblot analyses of H3K4me3 and H3K27me3 levels in Pc-G mutants. Similar amounts of
histone H3 were loaded as confirmed with a H3 specific antibody detecting the unmodified C-terminal part of H3. Immunoblot analyses of additional

histone modifications are shown in Figure S5.
doi:10.1371/journal.pgen.1002040.9g006

(Figure 8), suggesting that Pc-G proteins and H3K27me3 can
prevent expression of TE genes, which is consistent with a previous
study revealing Pc-G mediated silencing of a TE gene in the
endosperm [51]. To study whether interference with DNA
methylation can further enhance activation of TE genes, we grew
wildtype and ¢/f/swn plants on media containing the DNA
methyltransferase inhibitor zebularine [52] and analysed TE
activation (Figure 8). The tested TE genes were neither activated
by zebularine in wildtype nor further transcriptionally activated in
clf/ swn suggesting DNA methylation independent regulation of the
TE genes which are activated in the Pc-G mutants.

Lastly, we investigated whether Pc-G mutants control tissue-
specific expression of differentially methylated H3K27me3
targets. Mirl67a and 167d genes show higher levels of
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H3K27me3 in the meristem compared to leaves (Figure 3).
Reporter transgenes in which p-GLUCURONIDASE (GUS) was
fused to the promoters of mirl67a and mirl67d [53] revealed
preferential expression of the miRNA genes in cotyledons, but
exclusion from the meristem, consistent with the H3K27me3
patterns (Figure 7, Figure S8). In ¢/f7swn mutants, the expression
domains of mirl 67a and mirl 67d reporters were expanded to the
shoot apical meristem, the petioles, the main root and the base of
the hypocotyl (Figure 7F, Figure S8). The genes ARF6 and ARFS8
genes are regulated by mirl67 which is in agreement with their
mutually exclusive expression domains [53] (Figure 7E, 7G).
Clonsistent with mis-expression of mir/67 in clf/swn mutants we
observed loss of shoot meristematic expression of a pARF6::ARF6-
GUS reporter gene construct that harbours the miRNA binding
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Figure 7. Pc-G proteins control tissue-specific expression of H3K27me3 target genes. (A) - (C) qRT-PCR based expression analyses of (A, B)
9 d old wildtype and clf-28/swn-7 plants or (C, D) 45 days old, dissected wildtype and vrn2-1/emf2-10 plants. Samples were enriched for meristem
(Me) (Q), young leaves (yLe, up to 3 mm blade length) or older leaves (oLe, 3 - 10 mm) (D). Expression values were normalized to At5g60390 (EF-10).
(E, F) Colorimetric analyses of pMir167a::GUS expression in 9 d old wildtype (E) and cl/f-28/swn-7 double mutants (F). Insets are close-ups. (G, H)
Expression of pARF6::ARF6-GUS 9 d old wildtype (G) and c/f-28/swn-7 double mutants (H). pARF6::ARF6-GUS carries the mir167 binding site. Asterisks
mark meristematic region, white arrow base of hypocotyl. The border between the hypocotyl and the root is indicated with a dashed white line. Scale
bars indicate 1 cm. All plants were grown in short day conditions.

doi:10.1371/journal.pgen.1002040.g007

site (Figure 7H). This further demonstrates the expansion of the dissected plants and analyzed gene expression in meristematic
miRNA expression domain to the meristem. tissue, young leaves (up to 3 mm blade length) and older leaves

To uncover tissue-specific mis-expression of differentially (3-10 mm). In wildtype, ANAT2, KNAT6, STM and PINI are
methylated H3K27me3 targets in the vm2/emf2—10 mutant we strongly expressed in the meristem and carry H3K27me3
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Figure 8. Expression analysis of transposable element genes. The expression of several transposable element genes was analysed in 9 d old
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doi:10.1371/journal.pgen.1002040.9g008

preferentially in leaves (Figure 3, Figure 7). Expression of these
genes was not altered in meristems of vm2/emf2-10 double
mutants as expected (Figure 7C). In older leaves of the mutant,
however, the ANAT genes were activated which correlates with a
reduction in H3K27me3 (Figure 7D, Figure S6). STM displayed
only moderate mis-expression in leaves, consistent with similar
levels of H3K27me3 in wildtype and om2/emf2—10 mutants.
Although H3K27me3 of PINI is depleted in om2/emf2-10
mutant leaves the gene is only slightly activated in the mutant
(Figure 7, Figure S6). For several H3K27me3 target genes
exhibiting differential methylation we revealed tissue-specific
mis-expression in Pc-G mutants indicating that Pc-G proteins
restrict expression of their targets by depositing tissue-specific
H3K27me3. We also showed that Pc-G proteins transcription-
ally regulate miRNA consistent with an up-regulation of miRNA
genes and concomitant down-regulation of miRNA target genes
in Pc-G mutants. In addition, although no global effect on DNA
methylation and TE activation was revealed in ¢/f7/swn mutants
[15], a subset of TE genes may be regulated by Pc-G proteins
(Figure 8 and [51]).

Discussion

In this study, we analyzed the dynamic regulation of the PRC2-
mediated modification H3K27me3 in undifferentiated meriste-
matic and differentiated leaf tissue. Our analyses revealed
differential methylation of hundreds of H3K27me3 target genes
including protein coding, transposable element and microRNA
genes and expand previous observations that plant Pc-G proteins
have important roles in controlling tissue-specific expression
patterns of gene families and regulatory networks.
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Enrichment of meristematic and leaf tissue for

H3K27me3 and expression analyses

To study the dynamics of H3K27me3 in Arabidopsis develop-
ment and its function in tissue differentiation we focused on the
vegetative shoot apical meristem which harbors continuously
dividing stem cells and gives rise to terminally differentiated organs
(leaves) and also differentiates into the flower producing inflores-
cence meristem. Manual dissection of meristems and young leaves
was performed on c¢f3 mutants as these have strongly enlarged
meristems and increased stem cell numbers [35], but show no
obvious defects in leaf development. Independent analyses on
dissected wildtype meristems and leaves confirmed differential
H3K27me3 of all tested genes (Figure 3). Furthermore, a large
overlap of H3K27me3 targets with previously published data on
seedlings [5,20] revealed a similar set of H3K27me3 targets both
in wildtype seedlings and ¢/v3 mutant leaves and meristems. Thus,
overall the experimental system appeared highly suitable to study
the dynamics of H3K27me3 on a whole genome level during
differentiation.

H3K27me3 is dynamically regulated during
differentiation and correlates with gene repression in a
tissue-specific manner

Our analyses identified several hundred protein coding genes,
transposable elements and microRNA genes exhibiting differential
H3K27me3 patterns between meristematic and leaf tissue. Genes
that acquired H3K27me3 during differentiation included several
meristematic regulators like STM or KNATZ and 6, but also many
previously non-characterized genes which may present novel
regulators of meristem regulation and maintenance. Leaf tissue is
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developmentally derived from continuously dividing cells in the
shoot tip which differentiate in the periphery of the meristem. Thus,
H3K27me3 at the subset of genes showing meristem-specific
H3K27me3 must be actively or passively removed during
differentiation. H3K27me3 demethylases have not been identified
in plants yet, however, our analyses strongly suggest the
contribution of these enzymatic activities to confer dynamic
regulation of H3K27me3. Charron et al [22] observed differential
H3K27me3 patterns of protein coding and transposable element
genes when dark grown seedlings were compared with dark grown
seedlings shifted to light. In addition, dynamic changes in
H3K27me3 and/or Pc-G protein binding were also unveiled both
during Drosophila development and differentiation of mammalian
embryonic stem cells suggesting conserved mechanisms which
confer developmental dynamics of H3K27me3 [23,28,32,54].

We confirmed that H3K27me3 is largely excluded from
heterochomatic regions and transposable element (TE) genes,
especially in leaf tissue (only 4% of all targets) [5,20]. Interestingly,
more than 15% of H3K27me3 targets detected in the meristem
were TE genes (Figure 2). H3K27me3 detection at TEs was likely
not due to cross-reaction of the antibody to H3K27mel which is
found in heterochromatin, because the same anti-H3K27me3
antibody was used for both analyzed tissues. In addition, the
antibody was not detecting histones in ¢/f/swn mutants which
lacked all H3K27me3 but showed no alterations in H3K27mel
(Figure 6, Figure S5). Transposable elements are usually repressed
throughout sporophytic development, thus loss of H3K27me3 in
leaves likely does not result in transcriptional activation. The stem
cells are required for plant germline formation and therefore must
be particularly protected from transposable element activation.
Thus, H3K27me3 may represent an additional, meristem-specific
silencing mechanism besides the canonical heterochromatic marks
H3K9me2 and H3K27mel [55,56]. Also in mammalian embry-
onic stem cells, transposable elements are marked by a specific set
of repressive histone modifications, suggesting that pluripotent
cells are protected by a large array of modifications [32]. For a few
TE genes we observed up-regulation in the ¢/f/swn Pc-G mutant,
consistent with a previous report showing up-regulation of a TE
gene in Pc-G mutant endosperm [51], suggesting that Pc-G
proteins contribute to the regulation of TEs.

Our data revealed that non-expressed genes are preferential
H3K27me3 target genes (Figure 4) as previously reported
[5,20,21,31]. Interestingly, protein coding genes which showed
strong expression differences between meristem and leaf are
enriched for H3K27me3 targets. In addition, differential
H3K27me3 was anti-correlated with tissue-specific gene expres-
sion patterns (Figure 4). Thus, similar to Drosophila, Pc-G proteins
likely control ON/OFF expression states of their targets in
Arabidopsis [30]. However, tissue-specific H3K27me3 is not the
only determinant which generates tissue-specific expression
patterns as many genes showing differential expression are not
covered by H3K27me3.

Tissue-specific targeting of particular gene families by
H3K27me3 in Arabidopsis

Previous analyses of H3K27me3 identified transcription factors
as one major class of H3K27me3 targets, but preference for
certain families was not unveiled [5]. We confirmed this finding as
most transcription factor families including AADS-, WOX-,
HOMEOBOX- and YABBY-transcription factors were preferentially
targeted by H3K27me3. However, others including SPL-, ARF-
and HAP2-transcription factor genes were largely devoid of
H3K27me3, indicating that transcription factor genes are not per
se enriched for H3K27me3 (see also below). In addition, certain
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transporter gene families (e.g. sucrose transporters, auxin carriers)
and gene families involved in biosynthetic pathways (peroxidases,
cytochrome P450 genes) were among the H3K27me3 targets. In
Drosophila and mammals, transporter and biosynthetic genes
(hydrolases, cytochrome P450 genes) were also revealed as
preferential H3K27me3 targets in addition to transcription factor
genes [6,23,26,29]. This strongly suggests an unexpected level of
conservation not only of Pc-G proteins but also of their target gene
families between animals and plants.

We also identified gene families and functional categories
showing preferential H3K27me3 targeting in the meristem (e.g.
TCP transcription factor genes, Cytochrome P450 genes; func-
tional categories “plastid” and “kinase activity”) or in leaves (e.g.
MYB and HOMEOBOX transcription factor genes). In particular
the differential methylation of HOMEOBOX transcription factor
genes confirmed the validity of our approach as these are repressed
in leaves by Pc-G proteins ([48] and this study).

Thus, our in-depth analyses of H3K27me3 targets confirmed
specific gene families as preferential H3K27me3 targets, but also
identified novel pathways and gene families that are likely
controlled by Pc-G proteins and epigenetic gene regulation.

Dynamic regulation of miRNA genes by H3K27me3
controls expression of miRNA target genes

Our study discovered a large fraction of microRNA genes as
H3K27me3 targets many of which exhibited tissue-specific
differences in H3K27me3 (Figure 2, Figure 3, Table 1, Table 2).
In addition, we uncovered mis-expression of several miRNA genes
and down-regulation of their target genes in Pc-G mutants (Figure 7).
Although miRNAs largely post-transcriptionally regulate their target
genes, some miRNAs recruit the DNA methylation machinery to
their target genes resulting in transcriptional repression [57-59].
Similarly to H3K27me3, miRNA genes target a multitude of
transcription factor genes [60,61], raising the possibility that
miRNAs mediate recruitment of Pc-G proteins to some of their
targets. Our analyses suggest that this is likely a rare phenomenon as
transcription factor genes which are miRNA targets, are largely not
targeted by H3K27me3 (Table 1, Table 2), despite the general
enrichment of transcription factors as H3K27me3 targets ([5] and
this study). Nonetheless, we also identified gene pairs, for which both
the miRNA gene (e.g. mir319a) and their targets (e.g. 7CP2, TCP10)
displayed differential, but antagonistic H3K27me3 patterns. Thus,
for a subset of genes miRNA-mediated targeting of H3K27me3 is an
attractive possibility.

In summary, our studies provide evidence that Pc-G proteins
and H3K27me3 do not only negatively regulate expression of
transcription factor genes by direct association, but also positively
control their expression by restricting expression of miRNA genes
(Figure 9). This regulation appears to be particularly important in
meristematic and leaf tissues as a large fraction of miRNA genes is
differentially methylated in these two tissues (Figure 2). Regulation
of miRNA genes by Pc-G proteins is likely a conserved
mechanism. Recent analyses of miRNA gene regulation during
mouse and human lymphopoiesis and genome-wide profiling of
Pc-G protein binding sites in Drosophila uncovered H3K27me3-
mediated control of miRNA gene expression [62,63]. In addition,
more than 30 miRNA loci were discovered as H3K27me3 targets
in human embryonic stem cells [26].

H3K27me3 regulates diverse pathways in auxin

biosynthesis, transport, perception, and signaling
Organ-specific auxin maxima are generated by both local auxin

biosynthesis and auxin transport, which is largely mediated by the
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mediated repression of small RNA genes (tasiRNAs and miRNAs) (see Table 1, Table 2 for details). (B) Pc-G proteins directly repress auxin biosynthesis,
transport, perception and signaling (IAA transcription factors). Thickness of arrows is relative to number of genes targeted by H3K27me3. Pc-G
proteins indirectly activate genes involved in auxin perception and signaling (ARF transcription factors) through the repression of miRNA (mir160, 167,
393) and tasiRNA (TAS3) genes. Positive regulation of the ARF transcriptional activator and auxin perception genes and negative regulation of /AA
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doi:10.1371/journal.pgen.1002040.9009

PIN efflux carrier proteins (reviewed in [43,64,65]). To date, three
different pathways for the synthesis of auxin from tryptophan have
been identified or proposed for plants (reviewed in [42]). Our
analyses identified most of the key regulators of auxin transport
and biosynthesis to be H3K27me3 targets several of which are
leaf-specifically methylated (Figure 3, Figure 5, Table 3, Table 4).
Additionally, our results suggest that auxin perception is controlled
by Pc-G proteins as H3K27me3 targets the mir595a gene which in
turn regulates the auxin receptor genes 7TIRI/AFB (Table 4)
[66,67]. In addition, H3K27me3 regulates the transcriptional
responses to auxin as half of the A4UX/IAA repressor genes are
covered by H3K27me3. Although only one of the 23 ARF
transcriptional activator genes carries H3K27me3, all known
miRNAs or tasiRNAs that regulate a total of 8 ARF genes are
H3K27me3 targets (Table 2). Thus, we propose that auxin
responsive genes are largely suppressed in Pc-G mutants as
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H3K27me3 restricts expression of the AUX/IAA repressors and
promotes expression of the ARF activators by controlling the
expression of ARF-regulating miRNAs (Figure 7, Figure 9,
Table 2). Consistent with this hypothesis, we observed down-
regulation of several auxin-inducible PIN genes (PIN3, PIN4, PIN7)
[68] in ¢/f/swn mutants (Figure S7). In addition, the Pc-G mutant
terminal flower2 was recently shown to have lower expression of
auxin responsive genes including the synthetic reporter DR5:GUS
[69] and genome-wide expression profiles of embryonic flower 1
(emfl) and emf2 Pc-G mutants identified more down- than
upregulated auxin regulatory genes in the mutants [70]. Loss of
vegetative Pc-G activity in cff/swn or wvm2/emf2 mutants is
accompanied by loss of organ identity, generation of somatic
embryos and callus-like appearance [18,19] and all these
phenotypes are associated with deregulated auxin responses.
Although we cannot rule out that these phenotypes are auxin-
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independent, we showed mis-regulation of PIN, ARF and
miRNA167 genes in Pc-G mutants revealing that loss of
H3K27me3 is indeed associated with mis-regulation of genes
involved in auxin responses (Figure 7). Other studies have also
linked Pc-G proteins to hormonal control of gene expression:
Charron and colleagues [22] uncovered strong H3K27me3
targeting of genes involved in gibberellic acid biosynthesis and
inactivation. Global gene expression in emf! and emf2 mutants
revealed mis-regulation of many genes involved in diverse
hormonal pathways [70]. However, many of these effects are
likely indirect, thus a rigorous comparison of Pc-G protein
binding, H3K27me3 targeting and gene expression profiles in
Pc-G mutants in defined tissues will be essential to uncover the
mis-regulated target genes that determine the Pc-G mutant
phenotypes.

Role of H3K27me3 in Pc-G silencing and epigenetic
inheritance

This and previous studies uncovered at least 25% of all
Arabidopsis protein coding genes as H3K27me3 targets, some of
which are tissue-specifically methylated [5,20-22,31]. Although
H3K27me3 is entirely dependent on Pc-G proteins, H3K4me3 is
enriched in ¢/f/swn mutants (Figure 6) and H3K27me3 is strongly
correlated with gene repression (Figure 4), only a limited number
of H3K27me3 targets are mis-expressed in Pc-G mutants or in
tissues in which H3K27me3 is lost (this study and [70]). Also in
animals lack of Pc-G proteins results in mis-expression of only a
small number of target genes [24]. Thus, loss of H3K27me3 may
poise genes for activation but gene expression may require
additional environmental or developmental cues. Thus, Pc-G
proteins and H3K27me3 may confer stability of developmental
processes and gene regulatory networks.

Pc-G proteins are considered as epigenetic regulators conferring
mitotically stable gene expression states. The large number of
H3K27me3 targets implies that either more than 25% of all
protein coding genes are epigenetically regulated or that
H3K27me3 has a more general gene regulatory role. Certainly,
epigenetic phenomena like the vernalization response are
controlled by Pc-G proteins and H3K27me3 [8,71,72]. In
addition, Pc-G target genes are covered with H3K27me3 which
may ensure perpetuation of the modification through replication
[9]. Interestingly, for small genes like miRNA genes the number of
modified nucleosomes may not be sufficient to guarantee high
fidelity of inheritance.

This and previous studies unveiled tissue-specific dynamics of
H3K27me3 distribution [22,31,51], suggesting that if H3K27me3
is generally mitotically heritable it may persist for only limited cell
divisions until it is reset again to allow gene activation. The
mechanisms of H3K27me3 inheritance and resetting can now be
studied with the identified Pc-G target genes which are
dynamically regulated during differentiation.

Materials and Methods

Plant material and growth conditions

All plants were grown under either long day (16 h light/8 h
darkness) or short day conditions (8 h light/16 h darkness). The
clavata3—9 mutant in Columbia background carries a point
mutation in the CLV3 coding region which disrupts CLV3 function.
clf-28 (SALK_139371), swn-7 (SALK_109121), clf-28 swn-7, vm2-1
[47], emf2-10 [18] and vmZ2-1/emf2—10 mutants were used in this
study. Pmirl 67a::GUS, Pmurl 67d::GUS and pARF6::ARF6-GUS were
previously described [53]. For expression and ChIP-chip analyses,
¢lv3 mutant plants were grown for 9 weeks under short day
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conditions and enriched for meristematic and leaf tissue by manual
dissection. Tissues for expression and ChIP-chip analyses were
simultaneously harvested. For zebularine treatment, plants were
germinated on plates containing 40 uM zebularine (Sigma,
Munich) and harvested 9 days after germination.

Array-based expression analysis of different tissue
samples

Array hybridization. Total RNA was extracted with
QIJAGEN plant RNeasy kit (Qiagen, Hilden), Superscript II
(Invitrogen, Carlsbad) was used for c¢cDNA synthesis. Probe
labelling and array hybridisation on Agilent 44 k arrays
[G2519F, V4 (Agilent, Santa Clara)] were performed by the
Imagenes Corp. (Berlin, Germany).

Gene expression data analysis. The quality of the array
hybridization was tested with scatter plots of the raw intensities
(Figure S9). Pearson correlation coefficients were determined
showing high similarity of biological replicates. The normalized
and background subtracted data received from Imagenes was
processed with a spreadsheet program (Excel, Microsoft) resulting
in 22988 expressed genes (total), 22237 in the meristem (Me) and
22017 in the leaf (Le) sample (Figure S2). For the comparison of
different tissues the log2 wvalues [log2(Me); log2(Le)] of the
normalized intensities and their difference between the tissues
[Alog2(Me-Le)] were calculated. Gene sets of different expression
levels were binned to compare gene expression and histone
methylation (Figure 4). Genes with a minimal difference in
expression of Alog2|Me-Le|=2 which were statistically
significantly different [determined by Students tTest (p=0.05)]
were considered as tissue specifically expressed. Genes with
Alog2 |Me-Le| <1 and a standard deviation of the samples
=0.05% were considered as equally expressed (Figure S2). Genes
expressed in the different tissues area are provided in Table S4.

Tissue-specific H3K27me3 ChIP and ChIP-chip analyses
ChIP and array hybridization. For each tissue, 200 mg
plant material was harvested on ice, crosslinked with 1%
formaldehyde for 15 minutes under vacuum, frozen in liquid
nitrogen and stored at —70° until chromatin extraction. A
previously described protocol [8] was used for ChIP. Antibodies
specific for H3K27me3 (#07-449) and H3K4me3 (#07-473) were
retrieved from Millipore (Billerica, USA). Chromatin was sheared
with a Bioruptor sonicator (10 pulses, 30 seconds each)
(Diagenode, Liege, Belgium). High density tiling arrays with
probes tiled approximately every 220 bp over the entire sequenced
Arabidopsis genome were used as described [36,37]. Input and
precipitated DNA  was amplified with a whole genome
amplification kit (WGA2, Sigma, St. Louis) as described in
“PROT30” of The Epigenome NoE web-page (http://www.
epigenome-noe.net/). Labelling and array hybridisation were
performed by the Imagenes NimbleGen service (Berlin, Germany).
H3K27me3 ChIP-chip data analysis. The array
hybridization data was received from Imagenes (Berlin,
Germany) as intensity ratios of precipitate and input samples in
the GFF-file format. In a first processing step M-Values
[M =1og2(IP/I) where IP is signal intensity from hybridized
immunoprecipitated DNA and I is signal intensity from hybridized
input DNA] were determined. The quality of the array
hybridization was analyzed with scatter plots of the M values for
biological replicates (Figure S10). The correlation of the two
biological replicates for each tissue was estimated with the
Spearman’s rank correlation coefficient (SCC) (Figure S10). The
data was analyzed with SignalMapl.9 software (Nimblegen) and
the Bioconductor R packages [73] in an R programming
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environment. M values were used as input for the Bioconductor
package Ringo. The Ringo clustering algorithm has been developed
specifically for widely occurring enrichments including those found
for histone modifications [74]. Prior to cluster detection Ringo
applies a running median to smooth the datasets. A window size of
1400 bp was used for running median. The cluster algorithm was
executed with a distance cut off of 700 bp and an intensity
threshold defined by the 80th percentile. The identified
methylation clusters were used to calculate gene specific
methylation scores for each annotation [based on TAIRS8
genome annotation (www.arabidopsis.org)] and tissue (Me or Le)
and scaled so that the maximum equals 100. Further analyses and
comparisons of loci-specific methylation scores were calculated
with a regular spreadsheet program (Excel, Microsoft). A scale
normalisation on the level of methylation scores was performed for
the different tissues to account for differences in precipitation
efficiency. Since the array hybridisations were performed as
replicates we only considered genes for which a positive
methylation score was detected in both samples. This resulted in
6071 protein coding genes methylated in the meristematic sample
and 6928 in leaf sample (Figure S11). Other annotations are
depicted in Table SI. We grouped methylated genes in specific
classes for further analyses after retrieving methylation scores (ms)
for each annotation: methylated [ms (Me)>0 (Me>0 in the text)
or ms(Le)>0 (Le>0) (target)], non methylated [ms(Me)=0

and ms(Le)=0 (Me=Le=0) (non target)], equally
[ms(Me)=ms(L.e)>0 (M=L)] or differentially methylated in
the meristem (ms(Me)>»ms(Le) [dM+]) or leaf sample
(ms(Le)>»ms(Me) [dLA4]). Two criteria were used to detect

differentially methylated loci: ms(Me)/ms(Le)=2 or ms(Le)=0
(p=0.05, Students tTest) and |ms(Me)-ms(Le)|=10 for meristem
specifically methylated loci (dM+) and ms(Le)/ms(Me)=2 or
ms(Me) =0 (p=0.05, Student’s tTest) and |ms(Me)-ms(Le)|=10
for leaf specifically methylated loci (dL+). Equally methylated loci
(M =L) were isolated with the criteria 0.5<ms(Me)/ms(Le)<2;
|ms(Me)-ms(Le)| <10 and a standard deviation =0.05%.
H3K27me3 target genes identified in the different tissues are
listed in Table S5.

Gene Ontology (GO) term and gene family analyses of
target genes

Specific gene ontologies (GO) were extracted for specific gene
sets with the GO analysis tool on TAIR (www.arabidopsis.org/
tools/bulk//go/index.jsp) and calculated as enrichment or
depletion over the background of all protein coding genes in the
genome (based on TAIRS). Significance was determined by a
hypergeometric test. Gene families were extracted from TAIR and
the plant transcription factor database (http://plntfdb.bio.uni-
potsdam.de/v3.0/) [75] and compared to specific subsets of
methylated genes. Significance of over- or under-representation of
target genes within a gene family was tested with a y*-test (in
comparison with the observed frequency of targets or subsets
within the genome).

gPCR based analysis of gene expression (qQRT-PCR) and
histone modifications (ChIP-qPCR)

All gPCR analyses were performed with a CHROMO4 cycler
(BioRad, Munich) and a MesaGreen reaction mix (Eurogentec,
Liege) with a two step program. The genes At5g60390 (EF-1a),
At4g34270 and Atlgl3320 were used as reference genes in qR'T-
PCR based expression analyses [76]. For ChIP-qPCR analyses the
PCRs were performed on input and immunoprecipitated samples,
% of input was calculated and normalized to the reference gene
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FUSCA3 (FUS3, AT3G26790) which carries H3K27me3 and is not
expressed in both meristematic and leaf sample. For H3K4me3
analyses, ACTINZ (AT5G09810) was used as reference as it carries
H3K4me3 and is equally expressed in both samples. Sequences of
oligonucleotides used for gene expression and ChIP analyses are
listed in Table S6.

Analyses of global histone modification in Pc-G mutants
by immunoblot analyses

Histone enriched plant extracts were prepared from ten day old
seedlings as described [77]. Various histone modifications were
detected by standard immunoblot analyses using antibodies
specific for H3 (Abcam; ab1791), H3K27mel (Millipore; 07-
448), H3K27me2 (Millipore; 07-452), H3K27me?2 (Active Motif;
39245), H3K27me3 (Millipore; 07-449), H3K4me3 (Diagenode;
pAb-003-050).

Histochemical analysis of Arabidopsis plants

Seven days old plants were histochemically assayed as
previously described [78]. Photos were taken with a stereomicro-
scope equipped with AxioCam ICC1 camera and AxioVision4.8
software (Zeiss).

Accession numbers
Data files for transcriptome and H3K27me3 analyses can be
accessed via GEO accession number GSE24507.

Supporting Information

Figure 81 Tissue-specific differences of H3K4me3 and
H3K27me3. (A) Comparison of the H3K27me3 profiles derived
from meristem (Me) and leaf (Le) tissue reveal differences in the
H3K27me3 abundance within the ANAT6 locus. Genes are
depicted in blue, the signal intensity ratio (IP/input) of each array
probe in green, the position of the qPCR-probes (KNAT6 pA,
pK1, pK2) in red. (B, C) ChIP with H3K27me3 (B) and
H3K4me3 (C) specific antibodies followed by qPCR analysis of
the precipitates. Plant material was dissected from 9 weeks old,
short day grown ¢/v3 mutants. For the tissue comparison the data
was normalized and is presented as enrichment to the corre-
sponding reference loci “ENAT6 pR2” (AT1G23320) (for
H3K27me3 ChIP) and “ACT pATG” (AT5G09810) (for
H3K4me3 ChIP). Region pKl1 (atlg23360) does not show
enrichment in H3K27me3 in array (A) and ChIP-qPCR (B).
(TTF)

Figure S2 Identification of equally and differentially expressed
genes. The diagram shows the number of expressed genes
identified in meristem (Me) and leaf (Le) tissues as well as the
intersection of both tissues (upper panel) (means of two biological
replicates). Genes harbouring equal or differential expression levels
were identified as described in methods (lower panel).

(TIF)

Figure 83 [Functional categorization of H3K27me3 target genes
by GO term analysis. (A-C) Frequency of H3K27me3 target
(blue), non target (black), equally (grey), meristem- (yellow) and
leaf-specifically (green) methylated genes within functional anno-
tations (GO terms) relative to all protein coding genes of the
TAIRS8 Arabidopsis genome annotation. The analysis is split in the
GO_slim analyses of cellular components (A), of molecular
functions (B) and biological processes (C). Significant differences
(hypergeometric test) are only given for dM+, dL+, Differences for
target and non-target genes were all significant (p<<0.001).

(TIF)
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Figure 84 Abundance of H3K27me3 target genes in gene
families. (A, G, E) Relative enrichment or depletion of H3K27me3
target genes (blue) or equally methylated genes (M =L, purple) in
specific transporter (A), regulatory RNA (C), enzyme and other
families (E). (B, D, F) Relative enrichment or depletion of
meristem-specific (dM+, yellow) or leaf-specific (dM+, green)
H3K27me3 target genes in specific transporter (B), small RNA
(D), enzyme and other families (F). Y-axes indicate fold difference
relative to the observed frequencies of specific subsets within the
genome. Asterisks indicate significant differences (#=0.05, y-test)
compared to total number of genes for a specific subset (adjacent
subsets with same significance are labelled with coloured brackets).
Details of statistical analyses can be found in Table S3. Gene
family names are shown in G. (H) Relative enrichment or
depletion of H3K27me3 target genes in retrotransposon and DNA
transposon genes. Retrotransposon and DNA transposon genes
were grouped. (I) Relative enrichment or depletion of H3K27me3
target genes in subclasses of retrotransposon and DNA transposon
genes (based on TAIR8 genome annotation). Y-axes indicate fold
difference relative to the observed frequencies of specific subsets
within the genome. Asterisks indicate significant differences
(p=0.05, y*-test) compared to total number of genes for a specific
subset. Details of statistical analyses can be found in Table S3.

(TIF)

Figure 85 Immunoblot analyses of H3K27mel and H3K27me2
in Pc-G mutants. Immunoblot analyses of H3K27mel and
H3K27me? levels in wildtype and Pc-G mutants. Similar amounts
of histone H3 was loaded as confirmed with a H3 specific antibody
detecting the unmodified C-terminal part of H3. Same plant
material was used as in Figure 6.

(TIF)

Figure 86 Gene-specific analyses of H3K27me3 in wildtype and
vmZ2-1/emf2-10 leaves. H3K27me3 target genes were analyzed in
leaf material derived from 70d old, short day grown wild type and
vrn2-1/emf2-10 plants by ChIP-qPCR. The gPCR data is
presented as enrichment to the reference locus FUS3
(AT3G26790) as described in Figure 3, enrichment factors wt
compared to vm2-1/emf2-10 are indicated in brackets. The results
are shown as mean values of two biological replicates.

(TIF)

Figure 87 Regulation of PIN gene expression in Pc-G mutants.
(A)-B) qRT-PCR based expression analyses of (A) 9 d old
wildtype and ¢/f~28/swn-7 plants or (B) 45 days old leaves of
wildtype and wvm2-1/emf2-10 plants. Expression values were
normalized to At5g60390 (EF-1a).

(TTF)

Figure S8 Colorimetric analyses of pMIR167d::GUS in wildtype
and c/f/swn mutants. Colorimetric analyses of pMirl 67d::GUS
expression in 9 d old wildtype (A) and ¢/f~28/swn-7 double mutants
(F). Insets are close-ups. Asterisks mark meristematic region, white
arrow base of hypocotyls. Scale bars indicate 1 cm. All plants were
grown in short day conditions.

(TIF)

Figure S9 Comparison of expression arrays. Microarray hybrid-
ization intensities (XM1, XM2 = meristem expression profiles;
XL1, XL2 =leaf expression profiles) were compared in a matrix of
scatter plots revealing high overlap for biological replicates. The
density of data points is represented by a darker colouration. White
areas correspond to areas without data points. In low density areas
single data points are indicated by single dots. The Pearson
correlation coefficient (PCC) is shown below the diagonal.

(TIF)
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Figure S10 Correlation of H3K27me3 arrays (ChIP-chip) on
the level of raw intensity values. The matrix plot correlates
H3K27me3 ChIP-chip signal intensities between samples. L1 and
L2 are biological replicates of leaf tissue, M1 and M2 of
meristematic tissue. The upper triangle of the matrix displays
scatter plots to compare each sample to the other samples. The
axes represent the M-Values (M = log2(R)-log2(G) with R(red) = IP
and G(green) =input) for all probes of the according sample. The
intensity of shading of the scatter plot represents the density of data
points within that area. Where density of data points is low single
data points are shown. The lower triangle shows Spearman’s rank
correlation coeflicients between different samples revealing high
overlap between biological replicates.

(TIF)

Figure S11 Comparison of identified H3K27me3 target genes in
biological replicates. The diagram shows the identified numbers of
H3K27me3 target genes for biological replicates for meristem
(Me) or leaf (Le) material. The arrays of the same tissue share
85.2% (Mel and Me2) and 89.9% (Lel and Le2), respectively (two
upper panels). Target genes identified in both replicates were used
for the tissue comparison (lower panel and Figure 2).

(TTEF)

Table S1 Summary of all identified H3K27me3 target gene loci.
All annotations of TAIR8 (www.arabidopsis.org) were analysed for
their H3K27me3 coverage in leaf and meristematic tissue. The
table shows the total numbers of identified target loci in
comparison to the analysis of Zhang et al. [5] and Oh et al.
[20]. TEs: transposable elements, ncRNAs: non coding RNAs. See
methods for details on different subsets of meristem and leaf-
specific H3K27me3 targets.

(TTF)

Table S2 Analysis of the significance of over- or under-
representation of target genes within expression gene sets.
Comparisons were performed between the frequency of a given
H3K27me3 subset and the frequency of expression set in the
genome (upper table) or between the frequency of a given
expression set and the frequency of H3K27me3 subset in the
genome (lower table). X’-test was applied to identify significantly
different genes (p=0.05).

(TIF)

Table 83 Irequency of H3K27me3 target genes within gene
families. The tables (A-E) show the percentages of H3K27me3
target genes, equally (M =L), meristem (dM+) and leaf (dL+)
specifically methylated genes for transcription factor (A), trans-
porter (B), other gene families (C, D) and transposable element
genes (E). The probabilities that the observed frequencies within a
gene family match the average representation in the genome
[p(ga)] are given by a X’-test. Frequencies resulting in p=0.05
were considered as significantly different. For transcription factor
genes, the probabilities that the observed frequencies match the
average of all transcription factor genes [p(TF)] were also
calculated.

(TTF)

Table S4 Lists of equally and differentially expressed genes.
Genes harbouring specific expression levels are grouped and
shown as gene sets X(M=L), dXM=2 (Alog2(M-L)=2) and
dXL=-2 (Alog2(M-L)=-2).

(XLSX)

Table 85 Lists of H3K27me3 target genes identified by ChIP-
chip. Enriched genes were separately identified for each tissue
(Me, Le) and methylation scores were calculated for each gene as
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described in methods. All genes harbouring H3K27me3 scores >0
are included in the lists. Genes harbouring defined methylation
levels were identified as described above (Figure 2 and methods).

(XLSX)

Table 86 Oligonucleotides used for ChIP-qPCR and qRT-PCR
analyses.

(XLSX)
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