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Summary

Nucleosome remodelers of the DDM1/Lsh family are required for DNA methylation of
transposable elements, but the reason for this is unknown. How DDM1 interacts with other
methylation pathways, such as small RNA-directed DNA methylation (RADM), which is thought
to mediate asymmetric methylation through DRM enzymes, is also unclear. Here, we show that
most asymmetric methylation is facilitated by DDM1 and mediated by the methyltransferase
CMT?2 separately from RADM. We find that heterochromatic sequences preferentially require
DDM1 for DNA methylation, and that this preference depends on linker histone H1. RADM is
instead inhibited by heterochromatin and absolutely requires the nucleosome remodeler DRD1.
Together, DDM1 and RADM mediate nearly all transposon methylation, and collaborate to repress
transposition and regulate the methylation and expression of genes. Our results indicate that
DDM1 provides DNA methyltransferases access to H1-containing heterochromatin to allow stable
silencing of transposable elements in cooperation with the RADM pathway.

Introduction

DNA methylation in flowering plants occurs in three sequence contexts: CG, CHG and
CHH, where H is any nucleotide except G. Methylation in each context is believed to be
primarily catalyzed by a specific family of DNA methyltransferases: MET1 homologous to
animal Dnmt1) for CG, chromomethylases (CMT) for CHG, and DRM (homologous to
animal Dnmt3) for CHH (Law and Jacobsen, 2010). The majority of plant methylation is
found in transposable elements (TEs), where methylation occurs in all sequence contexts
and is crucial for the repression of TE expression and transposition (Law and Jacobsen,
2010). Substantial methylation is also found in the bodies of active genes, where
methylation is generally restricted to the CG context (Law and Jacobsen, 2010; Zemach et
al., 2010b).

© 2013 Elsevier Inc. All rights reserved.
"Correspondence: danielz@berkeley.edu.

These authors contributed equally

Current address: Faculty of Agriculture, Food and Environment, Hebrew University of Jerusalem, Rehovot 76100, Israel
3Current address: Department of Plant Biology, University of California, Davis, CA 95616, USA

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zemach et al.

Results

Page 2

The establishment of plant DNA methylation in all sequence contexts, and the maintenance
of CHH methylation is mediated by a specialized branch of the RNA interference pathway
referred to as RNA-directed DNA methylation (RdDM) (Law and Jacobsen, 2010). RdDM
relies on two plant-specific homologs of RNA polymerase 11 — pol IV and pol V. The pol IV
branch of RADM is thought to synthesize the long RNA molecules that are made double-
stranded by RNA-dependent RNA polymerase 2 (RDR2) and processed by Dicer-like
nucleases into small interfering RNA (SRNA). RNA pol V and associated factors are
believed to produce nascent transcripts from target loci that are recognized by SRNA-
containing AGO4 complexes that target DNA methylation via DRM enzymes (Haag and
Pikaard, 2011).

DNA methylation is also influenced by chromatin factors: CHG methylation by CMT3
requires dimethylation of histone H3 at lysine 9 (H3K9me2), to which CMT3 binds via its
chromo and bromo adjacent homology domains (Du et al., 2012; Law and Jacobsen, 2010),
and CHG methylation is kept out of genes by a histone demethylase, IBM1, which removes
H3K9me2 from gene bodies (Saze and Kakutani, 2011).

A more enigmatic chromatin factor that is essential for normal DNA methylation is the Snf2
family nucleosome remodeler DDM1 (Jeddeloh et al., 1999; Lippman et al., 2004). Snf2
remodelers hydrolyze ATP to move along DNA, altering nucleosome composition and
placement and allowing other proteins to access the DNA (Ryan and Owen-Hughes, 2011).
DDML1 can shift nucleosomes in vitro (Brzeski and Jerzmanowski, 2003), and its mutation
has been reported to cause a profound loss of methylation from some TEs and repeats
(Jeddeloh et al., 1999), but not from genes (Lippman et al., 2004). Mutation of Lsh, the
mouse homolog of DDM1, causes a similar methylation phenotype (Tao et al., 2011),
indicating that DDM1 remodelers are ancient components of the DNA methylation pathway.
The loss of DDM1 leads to strong transcriptional activation of TEs (Lippman et al., 2004),
and inbred ddm1 mutant lines have increased rates of transposition (Tsukahara et al., 2009).
SRNAs correspond to the TEs hypomethylated in ddm1 mutant plants, leading to the
suggestion that DDM1 participates in RADM (Lippman et al., 2004). However, DDM1 and
RdDM synergize to silence rDNA loci (Blevins et al., 2009), indicating that RADM can
function without DDM1, and DDM1 can mediate CHH methylation independently of
RdDM at some TEs (Teixeira et al., 2009). Thus, the related questions of how DDM1
interacts with the methyltransferase pathways, including RdADM, and why some sequences
require DDM1 for methylation and others do not, remain largely unanswered.

DDM1 and RdDM separately mediate nearly all DNA methylation in TEs

To understand how DDM1 mediates DNA methylation, we quantified genomic methylation
of ddm1 mutant Arabidopsis thaliana plants (Table S1). Lack of DDM1 caused a 58%, 57%
and 32% overall reduction of CG, CHG and CHH methylation, respectively (Figure S1A),
reflected in much lower TE methylation in all sequence contexts (Figure 1A). The strong
loss of CHH methylation might be caused by a dependence of RdADM on methylation in
other contexts, as proposed to explain the loss of non-CG methylation in metl mutant plants
(Figure S1A) (Lister et al., 2008), or may indicate that a large fraction of plant CHH
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methylation is mediated by DDM1 independently of RADM (Teixeira et al., 2009). To
answer this question, we determined DNA methylation in plants with a mutation in RdADM
pathway gene RDR2, which is required for the production of all endogenous SRNA
molecules (Xie et al., 2004). We also analyzed methylation in plants lacking DRD1, a Snf2
remodeler that positively regulates RdADM at a number of loci (Kanno et al., 2004; Law et
al., 2010) and forms a complex with RdDM pathway proteins that is thought to facilitate pol
V activity (Law et al., 2010; Zhong et al., 2012). Lack of RDR2 and DRD1 caused a
relatively modest loss of CHH methylation (Figures 1A and S1A), demonstrating that the
majority of CHH methylation does not require RdADM (Wierzbicki et al., 2012). Combining
the ddm1 mutation with either rdr2 or drd1 caused a nearly complete loss of CHH
methylation (Figures 1A and S1A), as well as of CG and CHG methylation in TEs (Figure
1A), demonstrating that a great deal of Arabidopsis CHH methylation is mediated by DDM1
separately from RdDM, and that the two pathways together are responsible for almost all
DNA methylation of TEs. The methylation phenotypes of drd1 and ddm1drdl mutants are
virtually indistinguishable from those of rdr2 and ddm1rdr2, respectively (Figure 1A),
indicating that DRD1 is absolutely required for RADM.

DDM1-dependent CHH methylation is catalyzed by CMT2

The presence of extensive RADM-independent CHH methylation raises the question of
which DNA methyltransferase is responsible. Previous studies have demonstrated that
MET1 and CMT3 mediate virtually all Arabidopsis CG and CHG methylation, respectively
(Cokus et al., 2008; Lister et al., 2008), and our data confirm these results (Figures 1B and
S1A). However, even plants lacking DRM1 (which appears to be specifically active during
early seed development (Jullien et al., 2012)), DRM2, and CMT3 have substantial residual
CHH methylation (Cokus et al., 2008; Lister et al., 2008), indicating that another
methyltransferase must be involved. Mutation of DRM2 causes CHH methylation loss that
closely resembles that in RADM mutants (Figures 1A-C), consistent with the established
link between DRM2 and RdDM (Law and Jacobsen, 2010). Unexpectedly, lack of CMT2, a
homolog of CMT3 (Figure 1D), has little impact on CHG methylation but causes a major
loss of CHH methylation (Figures 1B and S1A-B). The observation that DRM2 accounts for
RdDM (Figures 1A-C) indicates that CMT2 is responsible for the DDM1-mediated, SRNA-
independent CHH methylation (Figure 1A). In support of this conclusion, residual
methylation in cmt2 plants is correlated with that in ddm1 and anticorrelated with that in
RdDM mutants (Table S2), whereas residual methylation in drm2 plants (mediated by
CMT2) is uncorrelated with SRNA abundance (Table S2). CMT2 appears to have evolved
prior to the radiation of angiosperms (Figure 1D) to methylate a different sequence context
than canonical chromomethylases (Cokus et al., 2008; Du et al., 2012; Zemach et al.,
2010b).

DDM1 and RdDM mediate methylation of distinct TE sizes and domains

The ddm1 and drd1 mutant lines exhibit a similar absolute level but very different patterns
of CHH methylation loss (Figures 1A and S1A). The drd1 mutation strongly reduces TE
CHH methylation near the points of alignment, whereas ddm1 has a larger effect away from
the points of alignment (Figure 1A). The same distinction is evident for CG and CHG
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methylation (Figure 1A), and for the CHH methylation phenotypes of drm2 and cmt2
(Figure 1B). Lack of DDM1 and RADM thus affects TEs very differently.

More than 80% of annotated Arabidopsis TEs are shorter than 1000 bp (Buisine et al.,
2008), and such TEs would only contribute to the patterns of TE methylation shown in
Figures 1A and 1B close to the points of alignment, suggesting that the differences between
ddml and drd1, as well as between cmt2 and drm2, may be caused by differential
hypomethylation of short and long TEs. Indeed, the ddm1 and cmt2 hypomethylation effects
are positively correlated with TE size, whereas drd1 and drm2 hypomethylation is
negatively correlated with TE size (Figures 1C and 1E). Pericentric heterochromatin and
chromosome arms are enriched for long and short TEs, respectively (Figure S1C) (Ahmed et
al., 2011), and consequently DDM1 preferentially mediates DNA methylation near the
centromeres, whereas RADM predominantly functions along the chromosome arms (Figures
S1D-E).

The methylation patterns in Figure 1A are also consistent with DDM1 and DRD1 mediating
methylation differently at the edges and inside the bodies of TEs. To examine this issue, we
averaged methylation across TEs longer than 4 kb, so that short TEs would not influence the
methylation level near the points of alignment. The hypomethylation induced by drd1 is
strongest at TE edges, whereas ddm1 hypomethylation is greater within TE bodies (Figures
1C and 1F). The little remaining non-CG methylation in the ddm1drdl double mutant is
evenly distributed across the entire TE sequence (Figure 1F). Similarly, cmt2 nearly
eliminates CHH methylation of TEs longer than 4 kb except at the edges, where CHH
methylation is mediated by DRM2 (Figures 1C and S1F). Taken together, our results
indicate that DDML1 is preferentially required for DNA methylation within the bodies of
long TEs, which is catalyzed by MET1 (CG), CMT3 (CHG) and CMT2 (CHH), whereas
RdDM mostly targets short TEs and TE edges through DRM2 (Figures 1C, 1E-F and S1F),
consistent with the observed enrichment of pol V at such sequences (Zhong et al., 2012).

Heterochromatin requires DDM1 for DNA methylation and inhibits RdDM

Because DDM1 can remodel nucleosomes, we asked whether chromatin features are
responsible for the differential requirement of DDM1 for DNA methylation. Sequence
composition is thought to be a major determinant of the nucleosome landscape (lyer, 2012),
and indeed ddm1 TE demethylation in all sequence contexts is strongly correlated with
nucleosome occupancy and GC content (Figure 2A). Short TEs and TE edges are relatively
AT-rich and nucleosomedepleted (Figures 2B—C and S2A), consistent with the preferential
requirement of DDM1 to maintain DNA methylation in the bodies of long TEs (Figures 1E—
F and 2A). However, nucleosome occupancy alone is unlikely to determine the dependence
of DNA methylation on DDM1 because genic GC content is similar to that of long TEs and
nucleosome occupancy in genes is higher than in most TEs (Figure 2B), presumably because
genes and long TEs are composed largely of protein-coding sequences. The properties of
nucleosomes in euchromatic genes do differ from those of heterochromatic TEs, as
exemplified by different sets of posttranslational histone modifications (Roudier et al.,
2011). Somewhat unexpectedly, we find that H3K9me2, the most well-studied histone
modification associated with plant heterochromatin, is enriched in the bodies of long TEs
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compared to short TEs (Figures 2B—C). More generally, DDM1-mediated TE DNA
methylation — the residual methylation in the drd1 mutant — is correlated with
heterochromatic histone modifications, anticorrelated with euchromatic ones, and not
correlated with sSRNA abundance (Figures 2A and S2B). Furthermore, the dependence of
short TE methylation on DDM1 also correlates with GC content, nucleosome occupancy and
histone modifications (Figure 2D) just like methylation of all TEs (Figure 2A), indicating
that the chromatin environment, rather than TE size, ultimately determines the extent to
which DDM1 is required for maintenance of DNA methylation.

RdDM would be expected to occur at SRNA-associated loci. Indeed, DRD1-mediated
methylation — the residual methylation in the ddm1 mutant — is positively correlated with
SRNA abundance (Figure S2C), and TE edges, which are hypermethylated at CHH sites in
comparison to internal sequences in wild-type plants (Figure 1F), are preferentially targeted
by sRNA (Figure 2C) (Lee et al., 2012). However, SRNA molecules are also abundantly
derived from TE bodies (Figure 2C). To understand how chromatin structure affects RdDM,
we analyzed DRD1-mediated DNA methylation at sequences with similar levels of SRNA.
With sRNA levels held constant, DRD1-mediated methylation is negatively correlated with
GC content, nucleosome occupancy and heterochromatic histone modifications (Figures 2E,
S2B and S2D). Thus, RdDM is inhibited by heterochromatin, as has been suggested by
(Schoft et al., 2009).

Histone H1 mediates the dependence of heterochromatic DNA methylation on DDM1

Our results indicate that DDM1 is preferentially required for methylation of heterochromatic
sequences in all contexts, most likely by allowing methyltransferases access to the DNA. To
determine which component of heterochromatin blocks enzyme access, we examined
histone H1, which binds to the nucleosome core and the linker DNA that separates
nucleosomes (Thomas, 1999), condenses chromatin and inhibits nucleosome mobility and
transcription in vitro (Pennings et al., 1994; Robinson and Rhodes, 2006), and is associated
with more compact, less accessible and transcriptionally silent chromatin in vivo (Ascenzi
and Gantt, 1999; Barra et al., 2000; Fan et al., 2005; Raghuram et al., 2009). Loss of H1 has
been reported to cause disparate changes in genomic DNA methylation: mice with reduced
H1 specifically lose DNA methylation at the regulatory regions of several imprinted genes
(Fan et al., 2005), whereas loss of H1 leads to extensive hypermethylation in the fungus
Ascobolus immersus (Barra et al., 2000) and apparently stochastic methylation gains and
losses in Arabidopsis (Wierzbicki and Jerzmanowski, 2005).

Plants with mutant alleles in the two canonical Arabidopsis H1 genes (Rea et al., 2012;
Wierzbicki and Jerzmanowski, 2005) (h1 plants; Figures S3A-C) exhibit a complex DNA
methylation phenotype. Euchromatic TEs (those with low H3K9me2) lose DNA methylation
in hl (Figure 3A), whereas H3K9me2-rich heterochromatic TEs exhibit a global increase of
DNA methylation (Figures 3A-B), supporting our hypothesis that H1 impedes access of
DNA methyltransferases to heterochromatin. Loss of H1 almost completely suppresses the
reduction of TE CHH methylation in ddm1, and greatly ameliorates the reduction of TE CG
and CHG methylation (Figures 3B—C and S3D-E). Most strikingly, H3K9me2-rich
heterochromatic TEs are not preferentially hypomethylated in h1ddm1 plants, as they are in
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ddml (Figures 3C and S3D). Instead, hlddm1 causes heterochromatic TEs to lose less DNA
methylation than more euchromatic TEs (black traces in Figure 3C), similar to h1 (green
traces in Figure 3C), indicating that the loss of DDM1 affects euchromatic and
heterochromatic TEs similarly when H1 is not present (Figure 3D). Lack of H1 still
destabilizes the methylation of euchromatic TEs when combined with ddm1, but
heterochromatic TEs are methylated rather efficiently when both DDM1 and H1 are absent
(Figures 3C and S3D-E). Our results indicate that the differential importance of DDM1 for
the maintenance of DNA methylation in heterochromatic versus euchromatic TES is
governed by H1.

Methylation of TE families depends on sRNA abundance and chromatin features

The Arabidopsis genome contains a variety of TE families that have different mechanisms
of transposition, internal structure, and chromosomal localization (Ahmed et al., 2011;
Buisine et al., 2008). We chose four such families to examine DNA methylation mediated
by DDM1 and RdDM in more detail: Gypsy, Copia, MuDR and LINE elements. Gypsy
elements are long terminal repeat (LTR)-flanked retrotransposons that are concentrated in
pericentric heterochromatin (Figure S1C). Copia LTR elements are more evenly dispersed,
as are LINE non-L TR retrotransposons and the terminal inverted repeat (TIR)-flanked
MuDR DNA transposons (Figure S1C).

The four TE families have distinct SRNA distributions: Gypsy elements have high levels of
SRNA across the entire sequence, Copia and MuDR elements preferentially accumulate
SRNA at their 5" and 3' terminal repeats, and LINEs, which lack 5' repeats, have a spike in
SRNA abundance at the 3' end (Figure 4A). DDM1-mediated DNA methylation — the
residual methylation in the drd1 mutant — does not appear to be influenced by SRNA, as
exemplified by efficient methylation of SRNA-poor Copia and LINE TE bodies as well as
SRNA-rich Gypsy elements in drd1 (compare the black traces in Figures 4B and S4A with
Figure 4A), supporting our family-independent TE analysis (Figure 2A). CHH RdDM - the
residual methylation in the ddm1 mutant — resembles the distribution of SRNA in Copia,
MuDR and LINE elements (compare the blue trace in Figure 4B with Figure 4A). Although
Gypsy elements are evenly covered by SRNA (Figure 4A), RADM is still preferentially
localized at their edges (Figure 4B), supporting our conclusion that the heterochromatic
environment of internal Gypsy sequences inhibits RADM (Figure 2E). Lack of H1
ameliorates the CG, CHG and CHH methylation losses caused by ddml in all TE families
(Figures 4C and S4B). In particular, CHH methylation in hlddm1 is similar to that in h1 at
Gypsy and MuDR elements, and to a lesser extent at Copia and LINE TEs (Figure 4C).

CHH methylation in drm2 plants closely resembles that in drd1 mutants at all four TE
families (compare the black traces in Figures 4B and 4D), further substantiating the link
between RADM and DRM2. The cmt2 CHH methylation phenotype is similar to but stronger
than that of ddm1 at MuDR, Copia, and LINE elements (compare the blue traces in Figures
4B and 4D) - virtually all CHH methylation is lost in cmt2 plants except at SRNA-targeted
terminal repeat sequences (Figure 4D), supporting our conclusion that CMT2 mediates CHH
methylation independently of SRNA. Surprisingly, lack of CMT2 essentially eliminates
CHH methylation at Gypsy elements (Figure 4D), even though Gypsy CHH methylation can
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be maintained by RdDM (Figure 4B). This result suggests that CHH methylation feeds back
on the levels of the SRNA molecules that mediate RADM, and is consistent with the recent
finding that SRNA production from short TEs requires pol V, but SRNA production from
Gypsy elements does not (Lee et al., 2012). Lack of the pol V pathway, as exemplified by
drdl, leads to major CHH hypomethylation of short TEs and TE edges (Figures 1E-F), and
would thus be expected to reduce CHH methylation-dependent SRNA production from such
sequences, whereas SRNA production from Gypsy elements that maintain RdDM-
independent CHH methylation at SRNA-corresponding sequences (Figure 4B) would not
require RADM, but would require CMT2.

DDM1 and RdDM collaborate to repress TE transcription and transposition

Consistent with the importance of DDML1 for the maintenance of DNA methylation in the
bodies of long TEs, where TE-encoded genes required for transposition are located, our
RNA-seq analysis revealed that many TEs (2294) are reactivated in ddm1 mutant plants
(Figure 5A). In contrast, lack of DRD1, which primarily affects RdADM of non-coding short
TEs and TE edges, caused the reactivation of just 44 TEs (Figure 5A). In agreement with
our methylation analyses, TEs reactivated in ddm1 are longer and more heterochromatic
than those reactivated in drd1 (Figure 5B). In both mutants, TE reactivation is associated
with DNA hypomethylation (Figures 5C and S5A). The ddm1drd1 double mutant, which
showed additive to synergistic hypomethylation (Figures 5C and S5A), led to stronger TE
transcriptional reactivation than either of the single mutants (Figure 5D). This is particularly
exemplified by Gypsy elements that require both DDM1 and RdDM for full methylation
(Figures 4B and S4A), which are synergistically hyperactivated in ddm1drdl (Figure 5E).

Mutations in DDM1 and MET1 have been shown to cause transposition of a few TEs,
including CACTA and EVADE, but only after several generations of inbreeding (Mirouze et
al., 2009; Tsukahara et al., 2009). We found that CACTA and EVADE transpose within the
first homozygous generation of ddmldrdl and ddmlrdr2 mutants (Figures 5F and S5B).
This result emphasizes that the DDM1 and RdDM pathways collaborate to prevent TE
expression and mobilization.

DDM1 mediates gene body DNA methylation

Plant genes, including those with presumed or demonstrated biological functions, can have
methylation patterns that resemble TEs (You et al., 2012; Zemach et al., 2010a), and may
therefore be regulated more like TEs than conventional genes. TEs are generally highly
methylated at CG sites (Figure 6A, left panel), whereas most Arabidopsis genes have lower
methylation levels, except for a distinct group that resembles TEs (Figure 6A). A cutoff of
60% overall CG methylation separates the two genic groups rather cleanly (Figure 6A). The
1284 highly methylated genes resemble TEs in many aspects — they are concentrated in
pericentric heterochromatin (Figure S6A), and enriched for non-CG methylation (Figures 6B
and S6B) and H3K9me2 (Figure 6C). CG methylation of such genes is lost in ddm1 but not
drd1 mutants (Figure 6A), and non-CG methylation is lost partially in both mutants and
synergistically in ddm1drdl1 (Figures 6B and S6B). Because of these characteristics, we will
refer to the highly methylated TE-like genes as heterochromatic genes, and to the rest as
euchromatic genes.
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Despite the reported requirement of DDM1 and its mouse homolog Lsh for maintenance of
DNA methylation in TEs but not genes (Lippman et al., 2004; Tao et al., 2011), we find that
CG methylation of at least 5,348 euchromatic gene bodies (50% of all methylated
euchromatic genes) is significantly reduced in ddm1 plants (Fisher’s exact test p-value <
0.0005), whereas only 85 genes are significantly hypermethylated, leading to an overall
methylation loss of 20% (Figures 6D and S6C). Lack of H1 also destabilizes genic
methylation (Figures S3E and S6C), with at least 3,712 genes significantly hypomethylated
and 2,003 genes hypermethylated (p-value < 0.0005). Nevertheless, h1 suppresses the genic
hypomethylation caused by ddm1 (Figures 6D-E and S3E), with numbers of significantly
hypomethylated (3,878) and hypermethylated (1,488) genes in h1ddm1 resembling h1.
These results demonstrate that DDM1 is important for DNA methyltransferase access to all
types of sequences, and that the DDM1 requirement depends on the extent of
heterochromatin, from the most heterochromatic long TEs, to the less heterochromatic short
TEs, to the least heterochromatic genes (Figure 6F).

Loss of DDM1 causes extensive genic CHG hypermethylation

Loss of DDML1 has been reported to cause CHG hypermethylation of a few genes (Lippman
et al., 2004; Saze and Kakutani, 2007), and genic hypermethylation was also reported in
mouse cells lacking Lsh (Tao et al., 2011), but whether ddm1 causes extensive genic CHG
hypermethylation, as has been reported for Arabidopsis metl and ibm1 mutants (Lister et al.,
2008; Saze and Kakutani, 2011), is unknown. We find that lack of DDM1 leads to
substantial CHG hypermethylation in euchromatic gene bodies (Figure 6D), but this
hypermethylation differs from that caused by metl. Hypermethylation in ddm1 plants is
higher toward the 3' end, whereas met1l-mediated CHG hypermethylation is more prevalent
near the 5' end (Figures 6D and S6D). CHG hypermethylation in ddm1 is restricted to genes
that exhibit CG methylation, and is excluded from 5' and 3' genic sequences like wild-type
CG methylation (Figure 6G). In contrast, metl causes CHG methylation of genes that lack
CG methylation in wild-type, and the hypermethylation extends to the 3', and to a lesser
extent the 5' regions of genes that are normally not CG methylated (Figure 6G).

Like the ddm1 phenotype, CHG hypermethylation in plants lacking the H3K9me2
demethylase IBM1 (Figure 6D) is confined almost exclusively to genic regions that bear CG
methylation (Figure 6G). Such genes also exhibit some CHG methylation in wild-type plants
(Figure 6G), which may be due to imperfect activity of IBM1. The ibm1 mutation also
causes substantial CHH hypermethylation of genes (Figure 6D) (Coleman-Derr and
Zilberman, 2012) that is insensitive to drd1 (Figure S6E), and is thus likely mediated by
CMT2. However, hypermethylation in ddm1 plants is unlikely to be primarily caused by
IBM1 malfunction (Miura et al., 2009), because genic CHG methylation is 5'-biased in
ibm1, unlike the 3'-biased methylation in ddm1 (Figures 6D and S6D). This interpretation is
also supported by the normal expression of the IBM1 transcript in ddm1, which is disrupted
in metl (Figure S6F) (Rigal et al., 2012). Thus, lack of MET1, IBM1 and DDM1 leads to
distinct genic hypermethylation phenotypes likely mediated by different, though potentially
overlapping mechanisms.
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DDM1 and RdDM synergistically regulate gene expression

The importance of TE silencing by DNA methylation is not restricted to preventing
transposition — demethylation and activation of TEs can also alter the expression of nearby
genes (Henderson and Jacobsen, 2008; Hsieh et al., 2011). We found 179 genes upregulated
in ddm1 plants (Figure 7A and S7A), all but one of which are heterochromatic (Figure 7B),
consistent with the importance of DDM1 for the methylation of heterochromatin generally
and heterochromatic genes specifically (Figures 6A-B, S6B and 7C). Only ten genes are
upregulated in drd1 plants (Figure 7A), six of which are euchromatic (Figure 7B), and only
two of which overlap with genes upregulated by ddm1. One of the heterochromatic genes
upregulated in drdl is AT1G59930 (Figure 7C), a maternally-expressed imprinted gene that
is activated by DNA demethylation (Hsieh et al., 2011). All six drd1-upregulated
euchromatic genes (AT1G21940, AT1G35730, AT4G01985, AT4G09350, AT4G16460,
AT5G41830) have short TEs or TE edges that are hypomethylated in drd1 but not in ddm1
in close proximity to the transcriptional start sites, such as the 150 bp Copia fragment
(METAL) upstream of AT1G35730 (Figure S7B).

More genes (214) are overexpressed in the ddm1drdl double mutant, including 23
euchromatic genes and five of the six euchromatic genes upregulated in drd1 (Figures 7A-
B). One such gene is SDC (Figure 7D), the overexpression of which confers the
characteristic phenotype of the drm1drm2cmt3 methyltransferase mutant line (Henderson
and Jacobsen, 2008) that is also exhibited by ddm1drd1 plants (Figure 7E). Similarly to
Gypsy elements, the repetitive SDC promoter is targeted by SRNA and H3K9me2 (Figure
7D), and its methyation and silencing is mediated by DDM1 and RdDM (Figure 7D). SDC is
also a maternally-expressed imprinted gene regulated by DNA demethylation (Hsieh et al.,
2011), as is FWA, which is modestly upregulated in ddm1drd1l plants due to demethylation
of its SINE-related promoter (Figure S7C). Overall, our results demonstrate that DDM1 and
RdDM collaborate to methylate gene-adjacent repetitive elements, thereby maintaining
appropriate patterns of gene expression.

Discussion

The targeting of plant DNA methylation has been carefully dissected at individual loci, and
the methyltransferases that catalyze CG and CHG methylation throughout the genome are
known (Law and Jacobsen, 2010), but the identity of the pathways that mediate the bulk of
genomic methylation has remained a mystery. Here, we find that DDM1 and RdDM
separately mediate nearly all DNA methylation in Arabidopsis TEs. DDM1 is required for
methylation in all sequence contexts of highly heterochromatic TEs (Figures 1A and 2A).
This requirement is reduced at less heterochromatic elements, is least in euchromatic genes
(Figure 6F), and depends on histone H1 (Figures 3B-D). Together with the preferential
demethylation of short euchromatic TEs during plant sexual development (Ibarra et al.,
2012; Zemach et al., 2010a), our results demonstrate that a division of the genome into
genes and TEs can only explain the biology of DNA methylation if chromatin configuration
is also considered.

Lack of access to DNA is postulated to be a core property of heterochromatin that enforces
gene silencing by preventing binding of transcription factors and RNA polymerase (Grewal
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and Jia, 2007). At the same time, stable maintenance of inaccessible heterochromatin
requires DNA methylation and histone modifications like H3K9me2 that are catalyzed by
enzymes that need to access chromatin. This conundrum is exemplified by the RdDM
pathway that silences TE expression, yet requires TE transcripts to function (Haag and
Pikaard, 2011). Our results indicate that H1 restricts access to nucleosomal DNA, and that
DDML1 overcomes this restriction to enable the maintenance of DNA methylation and
silencing of diverse TEs. Without DDM1, DNA methyltransferases cannot efficiently
methylate inaccessible heterochromatic TEs (Figures 1A and 2A), leading to derepression
and transposition (Figures 5 and S5). Without H1, less heterochromatic sequences lose
methylation (Figures 3A and S3E), presumably because they become more accessible to
enzymes that catalyze euchromatic histone modifications and antagonize DNA methylation
(Ibarra et al., 2012; Probst et al., 2004; Qian et al., 2012). The balance between exclusion
and access is thus essential for the stable propagation of chromatin states.

The influence of the chromatin environment on DNA methylation has important
implications for how different classes of TEs are silenced. Short TEs, which are
preferentially found near active genes (Ibarra et al., 2012; Zemach et al., 2010a), are
generally relatively euchromatic (Figure 2B), and rely on RdDM for silencing (Figure 5B),
whereas silencing of the more heterochromatic longer TEs (Figure 2B) that are usually
found away from genes (Ibarra et al., 2012; Zemach et al., 2010a) relies primarily on DDM1
(Figure 5B). Despite these differences, DDM1 and RdDM contribute to the methylation and
silencing of most TEs, leading to a synergistic loss of methylation (Figures 1A, 4B and 5C)
and repression (Figures 5D-E), as well as to enhanced transposition (Figures 5F and S5B),
when both pathways are mutated.

Our data suggest that RdADM operates primarily through DRM2, and is thus responsible for a
relatively minor fraction of genomic methylation (Figures 1A-B) (Wierzbicki et al., 2012).
We show that the majority of CHH methylation is mediated by CMT2 (Figure S1A)
independently of RdADM (Figures 1A-C, 4D and Table S2), presumably by binding to
H3K9me2 like its CMT3 homolog (Du et al., 2012). CMT2 forms a distinct family in
monocots and dicots (Figure 1D), indicating that this enzyme catalyzes CHH methylation
throughout flowering plants, including important crops such as rice. Curiously, we have not
been able to identify a CMT2 homolog in maize, suggesting that CHH methylation may be
entirely dependent on RADM in this species.

RdDM, by definition, only targets loci that generate SRNA, and therefore affects TEs, which
are at least somewhat heterochromatic compared to genes, almost exclusively (Figures 1, 4B
and 6D) (Zhong et al., 2012). Production of SRNA can be influenced by many factors,
including TE structure and copy number (Martienssen, 2003). Thus, the abundant Gypsy
LTR retrotransposons that make up the bulk of pericentric heterochromatin generate SRNA
differently from the more dispersed Copia, LINE and MuDR elements (Figure 4A), and
RdDM is crucial for Gypsy silencing (Figure 5E) despite the highly heterochromatic nature
of these elements. Nonetheless, RADM is more efficient at less heterochromatic SRNA-
producing loci (Figure 2E) (Schoft et al., 2009). This is a curious observation because
RdDM, which functions to methylate and silence TEs, might be expected to work well in
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heterochromatin. Furthermore, why would DDML, a protein apparently adapted to remodel
heterochromatic nucleosomes, not facilitate RADM?

Our observation that DRD1 is required for RADM offers a potential explanation. DRD1 is
associated with RNA polymerase V, a derivative of RNA polymerase Il that shares most pol
Il subunits (Haag and Pikaard, 2011). Pol 11 has evolved to transcribe genes, and thus the
machinery associated with pol V is likely adapted to function in euchromatin. Unlike
DDM1, DRD1 may remodel heterochromatic nucleosomes inefficiently. Because RADM is
a branch of the RNA interference pathway that functions to cleave aberrant and viral
mMRNA, it likely evolved independently of heterochromatic DDMZ1-associated pathways.
Thus, plants possess two separate mechanisms for methylating and silencing TEs that rely
on distinct remodelers with differing nucleosome preferences.

Experimental Procedures

Biological materials

The ddm1-2 (Jeddeloh et al., 1999), met1-6 (Xiao et al., 2003), rdr2-1 (Xie et al., 2004) and
ibm1-6 (Coleman-Derr and Zilberman, 2012) mutant lines were described previously. The
drd1-7 (GABI_503F06) and h1.2-1 (AT2G30620; GABI_406H11) mutants in the Col-0
ecotype were obtained from the GABI-KAT collection (www.gabi-kat.de). T-DNA insertion
lines for drm2-3 (SALK_150863), cmt3-12 (SALK_148381), cmt2-3 (SALK_012874),
cmt2—-4 (SALK_201637), cmt2-5 (SAIL_906_G03; CS863642), cmt2—6 (SAIL_1236_D12;
CS863007) and h1.1-1 (AT1G06760, SALK_128430C) alleles in the Col-0 ecotype were
obtained from TAIR (www.arabidopsis.org). T-DNA insertions were confirmed by PCR.

Genomic data acquisition

Bisulfite conversion, Illumina library construction, sequencing and data processing were
performed exactly as described in (Ibarra et al., 2012). DNA for the MNase-seq library was
prepared essentially as described in (Zilberman et al., 2008). RNA-seq was performed as
described in (Zemach et al., 2010Db).

Published genomic data

Data for SRNA were derived from (Lister et al., 2008), for ibom1-6 DNA methylation from
(Coleman-Derr and Zilberman, 2012), for H3K9me2 from (Bernatavichute et al., 2008) and
(Moissiard et al., 2012), for H3K27me3 from (Kim et al., 2012), and for all other histone
modifications from (Roudier et al., 2011).

Phylogenetic analysis

Phylogenetic analysis was performed as described in (Zemach et al., 2010Db).

Gene and TE DNA methylation and chromatin pattern analyses

Gene and TE meta-analysis was performed as described in (Coleman-Derr and Zilberman,
2012). Genes with CG methylation over 60% were excluded from the analysis because they
behave like transposons. Genes with low CG methylation (<20%) were also excluded from
methylation analyses because they decrease the dynamic range without substantively
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contributing to the analysis. To avoid complications in calculating TE size caused by serial
TE insertions near the centromeres, only TEs located on the chromosome arms were
included in analyses where TEs were filtered by size. GC content was calculated by
averaging in 50-bp windows.

Kernel density plots

Density plots in Figure 3A were generated with the difference between h1 and wild-type
root methylation in 50-bp windows with at least 10 informative sequenced cytosines and
fractional methylation of at least 0.3 for CG and 0.1 for CHG and CHH in h1 or wild-type.
Genes with over 60% and under 20% CG methylation were excluded from the analysis.

Expression analysis

RNA-seq datasets were mapped to the TAIR cDNA and TE annotations and analyzed using
the Bioconductor package edgeR (Robinson et al., 2010).

Accession Numbers

Sequencing data have been deposited in Gene Expression Omnibus under accession number
GSE41302.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DDM1 and CMT2 mediate RADM-independent CHH methylation of long TEs
(A) Patterns of TE DNA methylation (CG, CHG and CHH) in wild-type and indicated

mutants. Arabidopsis TEs were aligned at the 5° end or the 3" end, and average methylation
for all cytosines within each 100-bp interval is plotted. The dashed lines represent the points
of alignment. (B) Patterns of TE methylation in metl, cmt3, cmt2 and drm2 plants. (C) CHH
methylation, SRNA, GC content, nucleosomes, H3K9me2 and RNA levels of a
representative region. Genes and TEs oriented 5" to 3" and 3" to 5" are shown above and
below the line, respectively. (D) Phylogenetic tree of angiosperm chromomethylases, with
Selaginella moellendorffii (black) as an outgroup. Dicots are shown in green and monocots
in red. (E) LOWESS fit of CG, CHG and CHH methylation levels in wild-type and indicated
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mutants calculated in 50-bp windows and plotted against TE size. (F) DNA methylation in
wild-type and indicated mutants was averaged specifically in long TEs (> 4 kb) as described
in (A). See also Figure S1 and Table S1.
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Figure 2. Heterochromatin requires DDM1 for DNA methylation and inhibits RdADM
(A) Spearman correlation coefficients between DDM1-mediated methylation (drd1

methylation minus ddm1drdl methylation) and DNA sequence and chromatin features of
TEs in 50-bp windows. (B) Box plots showing GC content, nucleosome occupancy and
H3K9me2 levels in 50-bp windows within TEs and genes of the indicated size. (C) SRNA,
GC content, nucleosome occupancy and H3K9me2 levels were averaged in long TEs (> 4
kb) as described in Figure 1. (D) Spearman correlation coefficients between DDM1-
mediated methylation in short TEs (<500 bp) and chromatin features. (E) Spearman
correlation coefficients between DRD1-mediated CHH methylation (ddm1 methylation
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minus ddm1drdl methylation) and chromatin features, calculated for 50-bp windows with
three different levels of SRNA. See also Figure S2 and Table S2.
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Figure 3. Lack of H1 ameliorates the loss of methylation in ddml plants

(A) Kernel density plots of methylation differences between h1 and wild-type (positive
numbers indicate greater methylation in h1). TEs with H3K9me2 log2 scores lower than -1
and higher than 1 are considered euchromatic and heterochromatic, respectively. The
colored arrows emphasize global differences (a shifted peak) or extensive local differences
(a broad shoulder). (B) Average methylation of TEs in sibling wild-type (WT), h1, ddm1,
and hlddm1 (two biological replicates) seedlings is plotted as in Figure 1. (C-D) M-spline
curve fits of log2 DNA methylation ratios in 50-bp windows plotted against H3K9me2

level. See also Figure S3.
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Figure 4. Methylation of TE families depends on SRNA abundance and chromatin features
(A-D) Averaged sRNA abundance (A) and CHH methylation levels (B-D) are plotted as in

Figure 1 for TEs belonging to four distinct families. The ddm1 trace in (C) represents
siblings of the wild-type (WT), hl and hlddml seedlings analyzed in this panel, and is
independent of the ddm1 roots analyzed in (B). See also Figure S4.
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Figure 5. DDM1 and RdDM collaborate to repress TE expression and transposition
(A) Venn diagram of significantly upregulated TEs in drd1, ddm1 and ddmldrd1l mutants.

(B-D) Box plots of the sizes and H3K9me?2 levels (B), absolute fractional CHH
demethylation of 50-bp windows (C), and expression compared to wild-type (D) of TEs that
are at least 32-fold overexpressed either in drdl or in ddml. (E) Box plots of TE family
expression in the indicated mutants with respect to wild-type. (F) DNA sequencing coverage
(log2(reads in mutant/reads in wild-type)), DNA methylation and RNA levels near the LTR
retrotransposon EVADE (AT5TE20395). The sequence coverage is indicative of EVADE
copy number relative to wild type (Tsukahara et al., 2009). See also Figure S5.
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Figure 6. DDM1 mediates genic DNA methylation
(A) CG methylation was averaged in TEs (left panel) and genes for the indicated genotypes

(right panels), and plotted against TE or gene size. Note the group of relatively short genes
above the red line that are highly methylated in wild-type and significantly hypomethylated
in ddm1 and ddml1drdl mutants, similarly to TEs. (B) Box plots of averaged CHG
methylation in TEs, euchromatic genes (mCG < 0.6), and heterochromatic genes (mCG >
0.6). (C) Box plots of H3K9me2 in euchromatic and heterochromatic genes. (D) Genes with
average CG methylation between 20% and 60% (euchromatic genes) were aligned as
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described in Figure 1A. The Y-axis of the CHG plot was broken at 0.02 to improve
visualization. (E) Distribution of CG methylation in representative genes AT1G04700,
AT1G04750 and AT1G67220 (emphasized by horizontal black bars) that lose methylation in
ddm1 but not in h1ddml. (F) Box plots of wild-type CG methylation (left), absolute
fractional CG demethylation in ddm1 (middle), and H3K9me2 (right) of 50-bp windows
within long TEs (> 4 kb), short TEs (< 500 bp) and euchromatic genes. (G) Heat maps of
CG (red) and CHG (yellow) DNA methylation in genes aligned at the 5' end (left half of
each panel) and the 3' end (right half of each panel). More intense color indicates greater
methylation. Genes without wild-type CG methylation (shown in the top half of each panel)
were stacked from the top of chromosome 1 to the bottom of chromosome 5; genes
containing CG methylation islands (shown at the bottom of each panel) were sorted based
on the starting position (for 5' panels) or ending position (for 3' panels) of the wild-type CG
methylation island. See also Figure S6.
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Figure 7. DDM1 and RdDM synergistically regulate gene expression
(A-B) Venn diagram of significantly (p < 0.05) upregulated genes in drd1, ddm1 and

ddm1drdl mutants. (C) DNA methylation and RNA levels near AT1G46696, and the linked
genes AT1G59920 and AT1G59930. (D) sRNA, H3K9me2, CHH methylation and RNA
levels near SDC (AT2G17690). (E) Phenotypes of wild-type (flat leaves) and ddm1drdl
(leaves curled downward) plants. See also Figure S7.
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