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SUMMARY

Cytosine methylation is involved in various biological
processes such as silencing of transposable ele-
ments (TEs) and imprinting. Multiple pathways regu-
late DNA methylation in different sequence contexts,
but the factors that regulate DNA methylation at
a given site in the genome largely remain unknown.
Here we have surveyed the methylomes of a com-
prehensive list of 86 Arabidopsis gene silencing
mutants by generating single-nucleotide resolution
maps of DNA methylation. We find that DNA methyl-
ation is site specifically regulated by different factors.
Furthermore, we have identified additional regulators
of DNA methylation. These data and analyses will
serve as a comprehensive community resource for
further understanding the control of DNAmethylation
patterning.
INTRODUCTION

The Arabidopsis genome is methylated in CG, CHG, and

CHH (where H = A, T, or C) sequence contexts (Law and

Jacobsen, 2010). It is understood that distinct pathways regulate

methylation in each of the three sequence contexts. CG

methylation is maintained by METHYLTRANSFERASE 1

(MET1), the plant homolog of mammalian DNA (cytosine-5)-

methyltransferase 1 (DNMT1), and CHG methylation is main-

tained by CHROMOMETHYLASE 3 (CMT3). KRYPTONITE

(KYP/SUVH4), SUVH5, and SUVH6 are the primary H3K9 meth-

yltransferases and are required for CMT3 activity (Ebbs and

Bender, 2006; Jackson et al., 2002; Lindroth et al., 2001).

DOMAINS REARRANGED METHYLTRANSFERASES 1 (DRM1)

and 2 (DRM2), plant homologs of mammalian DNMT3, are

responsible for CHH methylation through the RNA-directed

DNA methylation (RdDM) pathway, which involves two plant

specific RNA polymerases, RNA Pol IV and Pol V, as well as 24

nucleotide (24 nt) small interfering RNAs (siRNAs). Although
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these three main DNA methylation pathways exist, it is

notable that the chromatin remodeler DECREASE IN DNA

METHYLATION 1 (DDM1) is required for the maintenance of

CG and non-CG methylation (Jeddeloh et al., 1999; Vongs

et al., 1993). Some interplay between DNAmethylation pathways

has been reported; however, the extent is largely unknown due

to the lack of genome-wide analyses. Studies thus far on DNA

methylation have usually been restricted to a few selected loci

or insensitive methods such as immunostaining.

Whole-genome bisulfite sequencing (BS-seq) enables deter-

mination of methylation levels at single-nucleotide resolution

(Cokus et al., 2008; Lister et al., 2008). Here, we have generated

high-coverage genome-wide maps of the Arabidopsis methyl-

ome in 86 mutants in the same genetic background and tissue

type. Along with the current view that distinct pathways control

CG, CHG, and CHH methylation, we also found that DNA

methylation is regulated in a site-specific manner involving inter-

plays between different pathways. Our results provide a compre-

hensive view of the regulation of DNA methylation patterning in

theArabidopsis genome. In addition, our results revealed several

unexpected features. Close examination of RNAi mutants sug-

gested that specific sites in the genome might be regulated by

RNAi factors not involved in the DRM1/2 pathway. Mutation in

the chromatin assembly factor 1 (CAF-1) complex, which was

thought not to regulate DNA methylation, induced CHG hyper-

methylation. We also found that RNA Pol II is required for DNA

methylation largely independent of Pol IV and Pol V, suggesting

an additional pathway for heterochromatin formation in plants.

Finally, we found that one of the Su(var)3-9 related genes,

SUVR2, is involved in RdDM, revealing a new component in

the pathway. Our results open new areas of future research,

and our data set allows one to determine the factor(s) involved

in controlling DNAmethylation at a given cytosine in the genome,

and thus will serve as a platform for further studies.

RESULTS AND DISCUSSION

Single-Nucleotide Resolution Maps of DNA Methylation
We performed whole-genome BS-seq on 86 mutants utilizing

tissue of the same developmental stage (3-week-old leaves)
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Figure 1. CG Methylation

(A) Average distribution of CG methylation over

protein-coding genes (left) and TEs (right). Flank-

ing regions are the same length as the gene or TE

body (middle region). TSS = transcription start

site. TTS = transcription termination site.

(B) Heatmap of CG methylation levels (black, 1;

white, 0) within all genes and TEs in chromo-

some 1. Columns represent data for each indi-

cated genotype, and rows represent the genes/

TEs. The rows were sorted by complete linkage

hierarchical clustering with Euclidean distance as

a distance measure.

(C) Genome browser views of CG methylation in

chromosome 1. Genes (black bars) and TEs (gray

bars) are shown below.

See also Figure S1 and Table S1.
and in a single ecotype (Columbia) so that we could carefully

detect methylation differences due to genotype. By deeply

sequencing each mutant, we obtained an average coverage of

43-fold (Table S1). The methylation data are displayed in a modi-

fied UCSC genome browser (http://genomes.mcdb.ucla.edu/

AthBSseq/). Differentially methylated regions (DMRs) were

determined by comparing methylation levels in each mutant to

three independent wild-type replicates in 100 base pair tiles

throughout the genome (see Experimental Procedures).

Regulation of CG Methylation
CG methylation is the most abundant type of DNA methylation.

CG methylation is present over heterochromatic regions en-

riched with transposable elements (TEs) and repeats, as well

as genic regions (Cokus et al., 2008; Lister et al., 2008). This is

in contrast to CHG and CHH methylation, which are almost

exclusively present in heterochromatin (Cokus et al., 2008; Lister

et al., 2008). Mutation of the CGmethyltransferase MET1 results

in elimination of CGmethylation throughout the genome (Figures

1A and 1B; Figures S1A and S1B available online) (Cokus et al.,

2008; Lister et al., 2008). VARIANT IN METHYLATION 1 (VIM1),

VIM2, and VIM3 are orthologous to mammalian UBIQUITIN-

LIKE, CONTAINING PHD AND RING FINGER DOMAINS 1

(UHRF1) and have been shown to regulate CG methylation

(Feng et al., 2010; Woo et al., 2008). In vim1 vim2 vim3 (vim1/

2/3), CG methylation was strongly reduced resembling met1

(Figures 1A and 1B; Figures S1A and S1B). Notably, vim1,

vim2, and vim3 individually did not affect CG methylation, indi-

cating complete functional redundancy in regulating CG methyl-

ation (Figure S1C). Either met1 +/+ or +/� progeny of met1 +/�
heterozygous plants havemorphological defects, which led us to

investigate their methylomes.We found that although TEs largely

hadwild-typemethylation levels, genicmethylation was severely
Cell 152, 352–364,
impaired (Figures 1A–1C). Hence, our

results suggest that genic methylation

cannot be restored once lost and is

consistent with previous studies suggest-

ing that siRNAs (which are exclusively

associated with heterochromatin) are

required for restoration of DNA methyla-
tion in mutants of chromatin remodeler DDM1 (Teixeira et al.,

2009). In ddm1, some heterochromatic DNA methylation has

been shown to be reduced (Lippman et al., 2004), and DNA

methylation is lost progressively upon inbreeding (Kakutani

et al., 1996). We tested 7th generation homozygous ddm1 and

found that heterochromatic DNA methylation is severely lost in

ddm1; however, genic methylation remained largely intact

(Figures 1A–1C; Figure S1A). Hence, DDM1 controls DNA meth-

ylation specifically at heterochromatin (Lippman et al., 2004).

Regulation of CHG Methylation
CMT3 is the main CHG methyltransferase in Arabidopsis (Law

and Jacobsen, 2010). Indeed, we observed a strong depletion

of CHG methylation in cmt3 (Figure 2A). H3K9 methyltrans-

ferases KYP, SUVH5, and SUVH6 have been shown to be

required for CMT3-dependent CHG methylation (Ebbs and

Bender, 2006). Loss of CHG methylation in kyp suvh5 suvh6

(kyp suvh5/6) closely mimicked the loss of CHG methylation in

cmt3 (Figure 2B; Figure S2A). Hence, KYP SUVH5/6 regulate

CHG methylation through CMT3 genome-wide. We further

tested redundancies between KYP, SUVH5, and SUVH6. We

found that KYP was solely responsible for certain CHG methyla-

tion sites in the genome, whereas mutations in SUVH5 or SUVH6

alone did not show any detectable alterations in CHG methyla-

tion (Figure 2B).

Although a strong depletion of CHG methylation was ob-

served in cmt3, there were patches of DNA methylation in the

genome that were not affected (Figure 2B). We found that CHG

methylation at these sites often depended on DRM1/2 (Fig-

ure 2B). Although DRM1/2 are suggested to be CHH methyl-

transferases, our results confirm that they also regulate CHG

methylation (Cao and Jacobsen, 2002a). DRM1/2 regulate

CHG methylation at specific sites in the genome, 60.4% of
January 17, 2013 ª2013 Elsevier Inc. 353
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Figure 2. Non-CG Methylation

(A) Genome coverage of defined CHG and CHH

hypomethylation DMRs.

(B) Heatmap of methylation levels within 17,437

met1 cmt3 CHG (top) and 13,776 CHH (bottom)

hypomethylation DMRs.

(C) Overlap between kyp suvh5/6 and drm1/2

cmt3 hypomethylation DMRs.

(D) Genome browser views of CHH methylation in

chromosome 1. Genes (black bars) are shown

below.

See also Figure S2 and Table S1.
which sites are nonoverlapping with sites regulated by CMT3

(Figure S2A). To test the degree of redundancy between CMT3

and DRM1/2, we profiled drm1/2 cmt3 triple mutants. We

did not observe many additional losses of CHG methylation

in drm1/2 cmt3 (Figure S2B), suggesting that CMT3 and

DRM1/2 regulate CHG methylation in a mostly nonredundant

fashion.

Regulation of CHH Methylation
CHG methylation and CHH methylation highly colocalize in the

wild-type genome (Cokus et al., 2008; Lister et al., 2008). Hence,

we tested whether loss of CHG methylation is associated with

loss of CHH methylation. In cmt3, loss of CHG methylation is

only partially associatedwith loss of CHHmethylation (Figure 2B;

Figure S2M). Hence, although CMT3 is required for the majority

of CHG methylation in the genome, it is required for a relatively

small proportion of CHH methylation. In contrast, in drm1/2,

loss of CHG methylation was always associated with loss of

CHH methylation (Figure S2N). Loss of CHH methylation,

however, was not always coupled with loss of CHG methylation

(Figure S2N). Thus, CHH methylation maintenance appears

more reliant on CHG methylation than CHG methylation is on

CHH methylation.
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Interestingly, whereas kyp and cmt3

showed very similar losses in CHH meth-

ylation, kyp suvh5/6 showed much

stronger losses of CHH methylation

compared to cmt3 (Figures 2A–2C;

Figure S2C). KYP SUVH5/6-dependent

clusters of CHH methylation were gener-

ally nonoverlapping with DRM1/2-depen-

dent CHH methylation (Figures 2B–2D;

Figure S2C). Hence, although KYP

SUVH5/6 control CHG methylation

through CMT3, our results suggest that

KYP SUVH5/6 strongly regulate CHH

methylation through a different pathway.

Notably, mutations in factors responsible

for siRNA biogenesis such as RNA-

dependent RNA polymerase 2 (RDR2)

and DICER-LIKE 2, 3 and 4 (DCL2/3/4)

(discussed more in detail below) did not

disrupt CHH methylation at most KYP

SUVH5/6-regulated sites (Figure S2O).
Thus, KYP SUVH5/6 regulate CHH methylation in a siRNA-inde-

pendent manner.

Different methylation pathways appeared to target different

classes of TEs (Figure S2R). One insight was that both cmt3

and kyp CHH DMRs were overrepresented by LTR/Copia type

TEs. The overlap between cmt3 and kyp was high; 71.0% of

cmt3 CHH TE DMRs overlapped with kyp CHH TE DMRs

(Figure S2S).

Interdependence of CG and Non-CG Methylation
Previous studies based on immunostaining and single-loci ChIP

analyses have suggested that mutation in MET1 causes loss of

H3K9m2 at certain sites (Soppe et al., 2002; Tariq et al., 2003).

Consistent with these findings, we found loss of CHG methyla-

tion at certain sites in met1 (Figure 2B). Comparing met1 and

vim1/2/3, we found 85.1% overlap between sites that lose

CHG methylation, suggesting that CG methylation is required

for proper CHG methylation at those sites (Figure S1B). Loss of

CHG methylation was observed at a subset of sites in met1 +/+

and met1 +/� progenies of met1 +/� (Figure S2P). These sites

corresponded to the subset of heterochromatic sites that did

not restore CG methylation (Figure S2P), further supporting the

notion that CG methylation is required for maintaining CHG



methylation. Loss of CHG methylation in met1 largely occurred

at certain KYP SUVH5/6 and CMT3-dependent CHG sites (Fig-

ure 2B; Figures S2E and S2G). However, loss of CHH methyla-

tion in met1 largely did not overlap with KYP SUVH5/6 and

CMT3-dependent CHH sites (Figures S2F and S2H). Hence,

although MET1 regulates CHG methylation through KYP

SUVH5/6 and CMT3, it regulates CHH methylation mostly

through a different pathway.

Although met1 CHH DMRs were much more abundant

compared to drm1/2 CHH DMRs, 63.0% of drm1/2 CHH

DMRs overlapped with met1 CHH DMRs (Figure 2B; Figures

S2I and S2J). This overlap was significantly higher than observed

for CMT3 and KYP SUVH5/6-dependent sites (11.4% and

26.7%, respectively). This and the fact that drm1/2 has minimal

disruption of CG methylation (Figure S2N) suggest a strong

tendency for DRM1/2 targeted methylation to depend on CG

methylation. Wild-type CG methylation levels at CG-methyla-

tion-dependent and -independent DRM1/2 target sites were

similar (Figure S2Q). Therefore, the features that determine

whether a DRM1/2 site is dependent on CG methylation or not

is unclear.

An additional insight was thatmet1 cmt3 caused strong reduc-

tion in both CHG and CHH methylation. In fact, met1 cmt3 most

severely affected CHH methylation of all the mutants we tested

(Figure 2A). met1 cmt3 reduced CHH methylation at many addi-

tional sites compared to met1 or cmt3 alone (Figures S2K and

S2L), suggesting that MET1 and CMT3 cooperatively regulate

the bulk of CHH methylation in the genome. Our results indicate

a strong genome-wide dependence of asymmetric CHHmethyl-

ation on symmetrical CG and CHG methylation.

Mutation in DDM1 also disrupted CHG and CHH methylation,

where loss of DNA methylation generally occurred at sites regu-

lated by KYP SUVH5/6 rather than sites regulated by DRM1/2

(Figure 2B). Only 27.3% of drm1/2 CHG DMRs and 23.1% of

drm1/2 CHH DMRs overlapped with corresponding ddm1

DMRs. Hence, unlike MET1, DDM1 is largely not required for

DRM1/2-dependent methylation.

We also found that CG methylation is dependent on non-CG

methylation at certain sites. Loss of CG methylation was associ-

ated with loss of non-CG methylation at a subset of sites in kyp

suvh5/6, cmt3, and drm1/2 (Figures S2M andS2N). For example,

although loss of methylation in drm1/2 mostly occurred in CHH

and CHG contexts, 18.5% of drm1/2 CHH DMRs were associ-

ated with loss in CGmethylation. Among sites where CHHmeth-

ylation was lost in both drm1/2 and kyp suvh5/6, sites that lost

CG methylation in drm1/2 and kyp suvh5/6 were largely overlap-

ping (77.8% of those in drm1/2 overlapped with kyp suvh5/6).

This confirms that it is likely that the loss of non-CG methylation

causes the loss of CG methylation; 71.8% of DRM1/2 CHH

DMRs that also lost CG methylation were sites where CG meth-

ylation was required for CHH methylation. These sites are inter-

esting as CG methylation and non-CG methylation become

interdependent.

Comparison of Regions Methylated by KYP SUVH5/6,
CMT3, and DRM1/2
We further examined the characteristics of sites affected in kyp

suvh5/6, cmt3, and drm1/2. DRM1/2 target sites were associ-
ated with relatively lower G+C sequence composition (Figure 3A;

Figure S3A) and showed a tendency of GC skewing (Figure 3B;

Figure S3B). Association with inverted repeats was also a unique

feature of drm1/2 DMRs (Figure 3C; Figure S3C). Although

siRNAs are produced throughout most heterochromatic sites

in the genome, it is unclear howDRM1/2 are specifically targeted

to a subset of these sites. Our results suggest that sequence

composition may be one of the factors that determines which

methylation pathway is targeted at a given site in the genome.

We found that DRM1/2 targets small TEs, whereas KYP

SUVH5/6 and CMT3 target large TEs (Figure 3D; Figure S3D)

(Tran et al., 2005). TEs regulated by DRM1/2 were proximal to

promoters of genes, where around �70% of drm1/2 DMRs fell

within 2 kb of transcription start sites of protein-coding genes

(Figures 3E and 3F, Figures S3E, F) (Zhong et al., 2012). These

proximal genes were not significantly associated with particular

biological processes (data not shown). Another distinction was

that DRM1/2 specifically methylated the boundaries of TEs

(Figures 3G and 3H; Figures S3G and S3H). We next examined

the levels of enrichment of transcription factor binding sites

(TFBS) at DMRs. We found enrichment of TFBS over drm1/2

DMRs but not over kyp suvh5/6 and cmt3 DMRs (Figure 3I;

Figures S3I and S3L). Hence, DRM1/2 target sites tend to be

regulatory sites.We thensought tomeasure theexpression levels

of TEs inwild-typebyperformingRNAsequencing.We found that

DRM1/2 targeted TEs are more silent compared to CMT3-

targeted TEs (Figure 3J; Figure S3J), presumably because they

are closer to genes and thus potentially harmful if expressed.

Finally, we examined the distribution of nucleosomes and

known histone modifications over DMRs. Consistent with the

notion that CMT3 is dependent on H3K9 methylation, kyp

suvh5/6 and cmt3 DMRs were associated with higher levels of

H3K9me2 compared to drm1/2 DMRs (Figure 3K; Figure S3K).

kyp suvh5/6 and cmt3 DMRs were also associated with higher

levels of nucleosome occupancy compared to levels in drm1/2

DMRs (Figure 3K; Figure S3K). Hence, different methylation

pathways regulate sites with distinct genomic and epigenomic

characteristics.

RNA-Directed DNA Methylation
The RdDM pathway involves many accessory factors that guide

DNA methylation by DRM2 (Law and Jacobsen, 2010). We

sought to examine whether disruption of components of the

pathway result in similar DNA methylation defects. We tested

29 mutants previously suggested to affect RdDM (Gu et al.,

2011; He et al., 2009; Henderson et al., 2006; Law and Jacobsen,

2010; Zheng et al., 2009). By examining methylation levels

at DRM1/2-dependent CHH sites, we found that there are differ-

ential effects when disrupting components of the RdDM

pathway (Figure 4A). Broadly, there are four classes of RdDM

components: those where mutation in the gene eliminates

DRM1/2-dependent methylation, those where mutation reduces

methylation, those where mutation weakly reduces methylation,

and those that only affect a very small proportion of sites (some

of which we describe below) (Figure 4A). Importantly, AGO4 and

AGO6 were suggested to be partially redundant (Zheng et al.,

2007). However, our results suggest that mutation in AGO4 alone

is sufficient to eliminate DRM1/2-dependent methylation.
Cell 152, 352–364, January 17, 2013 ª2013 Elsevier Inc. 355
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Figure 3. Characteristics of CHH Sites Regulated by KYP SUVH5/6, CMT3, and DRM1/2

(A) G+C content ((G+C)/(G+C+A+T)) in CHH hypomethylation DMRs. Red lines, median; edges of boxes, 25th (bottom) and 75th (top) percentiles; error bars,

minimum and maximum points within 1.5xIQR (interquartile range); red dots, outliers.

(B) Base composition over drm1/2 CHH hypomethylation DMRs.

(legend continued on next page)
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Figure 4. RNA-Directed DNA Methylation

(A) Heatmap of methylation levels within 4,949

drm1/2 CHH hypomethylation DMRs. Genotypes

(columns) have also been clustered.

(B) Genome browser views of DNA methylation in

chromosome 1. Genes (black bars) are shown

below.

(C) Overlap of rdr1 and rdr6 CHG hypomethylation

DMRs with TEs and genes.

See also Figure S4 and Table S1.
The flowering-time regulators FCA and FPAwere suggested to

be responsible for DNA methylation at certain RdDM sites

(Bäurle et al., 2007). We did not observe global reduction of

DNAmethylation at RdDM sites in fca fpa but did findminor alter-

ations in methylation (Figure S4A), in which 69 out of 86 (80.3%)

defined fca fpa CHH DMRs overlapped with drm1/2 DMRs.
(C) Average distribution of CHH hypomethylation DMRs (DMR per bp) over different repeats. Flanking regions

(D) Boxplots of sizes of TEs that overlap with CHH hypomethylation DMRs.

(E) Boxplots of distances between CHH hypomethylation DMRs and the closest gene TSS.

(F) Fraction of CHH hypomethylation DMRs that are within 1 kb or 2 kb from TSS.

(G) Average distribution of DMRs over TEs of indicated sizes. Negative x axis scale is outside of TEs, and po

(H) Genome browser views showing loss of methylation spikes at boundaries of TEs in drm1/2 in chromoso

shown below.

(I) TFBS (TFBS per bp) over CHH hypomethylation DMRs.

(J) Wild-type expression levels of TEs overlapping with CHH hypomethylation DMRs.

(K) Average histone modification and nucleosome distributions over CHH hypomethylation DMRs.

See also Figure S3 and Table S1.
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Consistent with the overlap, fca fpa

DMRs were associated with promoters

of genes (Figure S4B). Analyses of fca

and fpa single mutants revealed partial

redundancies (Figure S4C).

Although DICER-LIKE 3 (DCL3) cleaves

double-stranded RNA (dsRNA) into

24 nt siRNA and thus functions in

RdDM, DCL2 and DCL4 cleaves

dsRNA into 22 nt and 21 nt siRNA,

respectively, and function in other biolog-

ical processes (Voinnet, 2008). However,

functional redundancies between DCL3

and DCL2/4 have been suggested at

some loci (Henderson et al., 2006).

Indeed, although dcl3 was categorized

as a ‘‘weakly reduced’’ mutant, dcl2/3/4

was categorized as a ‘‘reduced’’ mutant

(Figure 4A). Hence, in the absence of

DCL3, DCL2 and DCL4 can mediate

DNA methylation at most RdDM sites.

RNAi Factors Are Involved in DNA
Methylation
We further examined whether mutants of

known RNAi components not implicated

in the canonical RdDM pathway, includ-

ing AGOs, DCLs, HEN1, RDRs, SDEs,
and SGS3, affected DNA methylation. Of all mutants tested,

RDR1 and RDR6, which are involved in pathways that yield 21

and 22 nt siRNAs, showed the strongest loss of DNAmethylation

(Figure 4B); 38.4% of rdr6 DMRs overlapped with rdr1 DMRs

(Figure S4D). Only 60 out of 215 sites (27.9%) were also DMRs

in drm1/2. Furthermore, unlike mutations in RdDM components,
are the same length as the repeat (middle region).

sitive x axis scale is toward the body of TEs.

me 1. Genes (black bars) and TEs (gray bars) are

January 17, 2013 ª2013 Elsevier Inc. 357



Figure 5. Ectopic Hypermethylation

(A) Heatmap of methylation levels within 4,773 met1 CHG hypermethylation DMRs.

(B) Heatmap of methylation levels within 2,695 ddm1 CHG hypermethylation DMRs.

(C) Heatmap of methylation levels within 13,588 ibm1 CHG hypermethylation DMRs.

(D) Genome coverage of defined CHG and CHH hypermethylation DMRs.

(E) Fraction of CHH hypermethylation DMRs nonoverlapping with CHG hypermethylation DMRs.

(F) Fraction of CHH hypermethylation DMRs nonoverlapping with CHG hypermethylation DMRs that overlap with genes and TEs.

(legend continued on next page)
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where DNAmethylation was largely affected in non-CG contexts

(Figure S2N), DNA methylation was lost in all three cytosine

contexts in rdr1 and rdr6 (Figures S4E and S4F). One character-

istic of these sites was that they were more likely to be associ-

ated with genes compared to DRM1/2 sites (Figure 4C). Another

characteristic of these sites was that 21 and 22 nt siRNA levels in

wild-type, measured by small RNA sequencing (Lee et al., 2012),

were somewhat enriched compared to levels of 24 nt siRNAs

(Figure S4G). Hence, RDR1 and RDR6 may be involved in DNA

methylation independent of the DRM1/2 pathway.

Ectopic Gain of CHG Methylation
Gain of DNA methylation has been reported in several mutants,

including DNA and histone demethylases as well as DNA meth-

yltransferases. In the DNA demethylase mutant, ros1 dml2 dml3

(rdd), we found that hypermethylation occurred in all three cyto-

sine contexts; however, ros3, which has been suggested to act

in the same genetic pathway, showed only very limited hyperme-

thylation (Figure S5A). In contrast, other tested mutants ex-

hibited hypermethylation mostly in CHG contexts and to a lesser

extent in the CHH contexts (Figures 5A–5C; Figure S5B). Hence,

ectopic hypermethylation in these mutants occurs through

a different mechanism (Figure S5C). Importantly, CHG hyperme-

thylated sites in met1 were not necessarily hypermethylated in

vim1/2/3 (Figure S5D) and vice versa, suggesting that the hyper-

methylation phenotype may not be explained directly by loss of

CG methylation. This is in contrast to CHG hypomethylation,

where met1 and vim1/2/3 caused loss of CHG methylation at

very similar sites (Figure S1B). One interpretation for this result

may be that CHG hypermethylation occurs stochastically (Ma-

thieu et al., 2007), whereas CHG hypomethylation is a direct

consequence of loss of CG methylation. It is worth noting that

met1 +/+ and met1 +/� progeny from met1 +/� showed limited

CHG hypermethylation and this did not occur at sites that lost

CG methylation (Figure S5E). Collectively, our results suggest

that CHG hypermethylation in met1 is not likely a phenomenon

that compensates for the loss of CG methylation as previously

proposed (Cokus et al., 2008; Lister et al., 2008). In met1 cmt3,

the CHG hypermethylation is eliminated, indicating that the

CHG hypermethylation phenotype in met1 is dependent on

CMT3 (Figure 5A).

CHG hypermethylation in ddm1 occurred at distinct sites

compared to met1 (Figure S5F). CHG hypermethylation in

met1 and vim1/2/3 predominantly occurred in normally unme-

thylated regions (Figure 5A; Figure S5B); however, CHG hyper-

methylation in ddm1 occurred predominantly at regions only

CGmethylated (Figure 5B). This suggests that CHGhypermethy-

lation in ddm1 is not likely due to loss of CG methylation and

likely occurs through a different mechanism. Because ddm1
(G) Genome browser views of DNA methylation in wild-type and fas2 in chromos

(H) Heatmap of methylation levels within 1,572 fas2 CHG hypermethylation DMR

(I) Chromosomal views of methylation in wild-type (faded lines) and fas2 (solid li

below the graphs.

(J) Average distribution of methylation levels over genes and TEs in wild-type (fade

length as the gene/TE (middle region).

(K) Heatmap of methylation levels within fas2 CHG hypermethylation DMRs.

See also Figure S5 and Table S1.
loses a significant amount of both CG and non-CG methylation,

a speculation is that loss of non-CG methylation induces CHG

hypermethylation at distinct loci in the genome. Histone H3K9

demethylase IBM1 has been suggested to protect CG methyl-

ated genes from becoming CHG methylated (Miura et al.,

2009). We have confirmed these findings with BS-seq (Fig-

ure 5C). Notably, 49.1% of ddm1 CHG hypermethylation

DMRs overlapped with those of ibm1 (Figure S5G). Because

IBM1 transcripts are largely unaffected in ddm1 (Figure S5H),

CHG hypermethylation in ddm1 is not likely due to impaired

IBM1. These results suggest a relationship between the hyper-

methylation occurring in ddm1 and ibm1.

We next examined whether RdDM mutants show any CHG

hypermethylation. We defined 79 CHG hypermethylated sites

in drm1/2, and found that they tend to occur at sites immediately

flanking TEs (Figure S5I). Because of the relatively small number

of DMRs, we cannot rule out stochastic variations; however, we

observed CHG hypermethylation across RdDMmutants at these

same sites (with some variation) (Figure S5J). In drm1/2 cmt3, the

CHG hypermethylation was suppressed (Figure S5J), suggest-

ing that CMT3 is again required for CHG hypermethylation.

Consistent with the fact that DNA methylation by DRM1/2 is

largely regulated by MET1 (Figure S2I and S2J), 51.9% of

drm1/2 CHG hypermethylation DMRs overlapped with those of

met1, compared to 20.2% of those in ibm1. In summary our

results suggest that loss of DNA methylation induces CHG hy-

permethylation through CMT3.

Ectopic Gain of CHH Methylation
We found that CHG hypermethylated sites were generally asso-

ciated with CHH hypermethylation in themutants tested (Figures

5A–5C; Figure S5K). In met1 cmt3, the CHH hypermethylation

associated with CHG hypermethylation was suppressed, sug-

gesting that CMT3 is responsible for CHH methylation at these

sites (Figure S5K). However, met1 cmt3 exhibited comparable

genome-wide CHH hypermethylation levels asmet1 (Figure 5D).

Interestingly, whereas 65.1% of CHH hypermethylation DMRs

were associated with CHG hypermethylation in ibm1, this was

the case for only 20.6% and 19.4% in met1 and ddm1, respec-

tively (Figure 5E). Hence, in met1 and ddm1, the bulk of CHH

hypermethylation occurs at distinct sites compared to CHG hy-

permethylation. CHH hypermethylation decoupled from CHG

hypermethylation might be explained by transcriptional reactiva-

tion of TEs in these mutants, where TE transcripts become

processed into siRNA, which then directs CHH methylation.

Consistent with this idea, CHHhypermethylation DMRs not over-

lapping with CHG hypermethylation DMRs corresponded

predominantly to TEs in met1 and ddm1 (Figure 5F). TEs that

get CHH hypermethylated were overrepresented with LTR/
ome 1. Genes (black bars) and TEs (gray bars) are shown below.

s.

nes). Regions of pericentromeric heterochromatin are indicated by back bars

d lines) and fas2 (solid lines). Upstream and downstream regions are the same
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Figure 6. RNA Pol II-Directed DNA Meth-

ylation

(A) Genome browser views of DNA methylation in

wild-type and nrpb2 in chromosome 1. Genes

(black bars) and TEs (gray bars) are shown below.

(B) Fraction of CHG hypomethylation DMRs

overlapping with TEs and genes.

(C and D) Heatmap ofmethylation levels within 413

nrpb2 CHG hypomethylation DMRs.

See also Table S1.
Gypsy type TEs (Figure S5L). In summary, loss of global DNA

methylation induces CHH hypermethylation that is largely

distinct from the CHG hypermethylation phenomenon.

Mutation in the CAF-1 Complex Induces CHG
Hypermethylation
The CAF-1 complex is required for proper heterochromatin

formation. FASCIATA 1 (FAS1) and FAS2 are subunits of the

CAF-1 complex, and their disruption results in reduced hetero-

chromatin without disturbing DNAmethylation at certain repeats

(Schönrock et al., 2006). We studied the CAF-1 complex by

testing fas2. We found that fas2 tended to exhibit hypermethyla-

tion in CHG contexts (1,572 defined sites) (Figures 5G and 5H).

Whole-chromosomal views and average plots over TEs sug-

gested modest genome-wide elevation of DNA methylation

(Figures 5I and 5J). There was relatively little overlap between

fas2 CHG hypermethylated DMRs and those of rdd, met1,

ddm1, and ibm1 (4.5%, 18.4%, 3.9%, and 0.9%, respectively)

(Figure 5K). CHG hypermethylation DMRs tended to overlap

with TEs (60.2%) but not genes (14.0%). TEs that get CHG hy-

permethylated were somewhat overrepresented with LTR/

Gypsy type TEs (Figure S5M). Hence, FAS2 is likely involved in

an independent pathway to prevent hypermethylation of TEs.

RNA Pol II Is Involved in DNA Methylation Independent
of Pol IV and Pol V
Pol IV and Pol V have likely evolved from Pol II and specifically

function in RdDM (Haag andPikaard, 2011). Pol II was suggested
360 Cell 152, 352–364, January 17, 2013 ª2013 Elsevier Inc.
to be involved in regulating DNAmethyla-

tion at certain intergenic sites by recruit-

ing Pol IV and Pol V (Zheng et al., 2009).

Using a weak Pol II mutant allele, nrpb2-

3, we confirmed that nrpb2 has reduced

DNA methylation at certain sites (Fig-

ure 6A). We found a tendency of nrpb2

DMRs to overlap with genic regions

compared to drm1/2 DMRs (Figure 6B).

Intriguingly, we found that 64.4% and

66.6% of nrpb2 DMRs did not overlap

with nrpd1 and nrpe1 DMRs, respectively

(Figure 6C), suggesting that for the most

part Pol II regulates DNA methylation

independently of Pol IV andPol V. Further-

more, unlikenrpd1andnrpe1, loss ofDNA

methylation in nrpb2 occurred in all three

cytosine contexts (Figure 6D). Because
we are limited to analyzing a weak Pol II allele, since null muta-

tions in Pol II are lethal (Onodera et al., 2008), it is possible that

Pol II regulates a larger proportion of DNA methylation in the

genome. Hence, we provide evidence that Pol II itself is involved

in a pathway that regulates DNA methylation.

Relationship between Histone Modifications and DNA
Methylation
There is growing evidence regarding interplays between histone

modifications and DNAmethylation (Cedar and Bergman, 2009).

In Arabidopsis, H3K9 methylation is required for CHG methyla-

tion (Law and Jacobsen, 2010). Loss of DNA methylation is

accompanied by ectopic gain in H3K27me3 and H3K4me3 in

plants and animals (Hon et al., 2012; Weinhofer et al., 2010;

Zhang et al., 2009). We utilized several mutants known to regu-

late particular histone modifications, and examined the impact

on DNA methylation. We tested mutations that alter histone

modifications normally localized at DNA hypomethylated

sites (H3K4me3 and H3K27me3) as well as those that are

normally localized at DNA methylated sites (H3K36me3 and

H3K27me1). We tested sdg8, which has reduced H3K36me3

(Xu et al., 2008); atxr5/6, which has reduced H3K27me1 (Jacob

et al., 2009); sdg2, which has reduced H3K4me3 (Berr et al.,

2010; Guo et al., 2010); and ref6, which has gain of H3K27me3

(Lu et al., 2011). We did not observe notable changes in DNA

methylation in these mutants (Figures S6A–S6D). Hence,

although H3K36me3 and H3K27me1 colocalize with DNA meth-

ylation, loss of these marks does not affect DNA methylation.
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Figure 7. Chromatin Modifiers Involved in

DNA Methylation

(A) Genome browser views of DNA methylation in

wild-type and hda6 in chromosome 1. Genes

(black bars) are shown below.

(B) Fraction of CHG hypomethylation DMRs that

are within 1 kb or 2 kb from TSS.

(C and D) Heatmap of methylation levels within 120

hda6 CHG hypomethylation DMRs.

(E) Heatmap of methylation levels within 1,113

suvr2 CHH hypomethylation DMRs.

(F) Overlap between suvr2 and drm1/2 CHH

hypomethylation DMRs.

(G) Average distribution of CHH methylation over

drm1/2 CHH hypomethylation DMRs.

(H) Heatmap of methylation levels within 4,949

drm1/2 CHH hypomethylation DMRs.

(I) FWA flowering-time assay. Approximately 20

plants were measured in each population. Data

are represented as mean ± SEM.

(J) FWA transgene bisulfite analysis. DNA meth-

ylation of the transgenic copy of FWA in FWA

transformed plants was analyzed.

See also Figure S6 and Table S1.
And although loss of DNA methylation causes gain of H3K4me3

and H3K27me3, alteration of these marks does not affect DNA

methylation. These results suggest that H3K9 methylation is

the main histone modification that regulates DNA methylation

in Arabidopsis.

Histone Deacetylase 6 Regulates DNA Methylation
at Promoters
Previous studies have suggested that the histone deacetylase 6

(HDA6) plays a role in RdDM (Aufsatz et al., 2002; He et al., 2009).

Studies of rDNA suggested that loss of HDA6 causes reduction

in CG/CHGmethylation as well as CHH hypermethylation (Earley

et al., 2010). In addition, other studies have reported that HDA6
Cell 152, 352–364
physically interacts with MET1 (Liu et al.,

2012) and FVE (Gu et al., 2011), and tran-

scriptionally regulates a similar subset of

genes as MET1 (To et al., 2011). We

analyzed hda6 and found that, unlike

met1, the methylome was largely unal-

tered, except at particular sites of the

genome (Figure 7A). These hypomethy-

lated sites tended to be at promoters of

genes, similar to the extent seen in

drm1/2 (Figure 7B). However, only 27.5%

of hda6 hypomethylation DMRs over-

lapped with those of drm1/2. Rather,

91.7% of hda6 DMRs corresponded

with those methylated by CMT3 (Fig-

ure 7C). However, unlike drm1/2 and

cmt3, where loss of methylation was

largely restricted to non-CG contexts

(Figures S2M and S2N), DNA methylation

was lost in all three cytosine contexts

(Figure 7D). This was similar to what
was seen in nrpb2 (Figure 6D). Furthermore, 27.5% of hda6

DMRs overlapped with nrpb2 DMRs despite the fact that

nrpb2 affects many fewer sites compared to drm1/2. Hence,

although HDA6 has been suggested to interact with MET1 and

FVE, our results suggest that HDA6 regulates DNA methylation

at subsets of promoters through an independent mechanism.

Further, at least in part, HDA6 appears to be associated with

Pol II-directed DNA methylation.

SUVR2 Is Involved in the DRM1/2 Pathway
Su(var)3-9 is a conserved factor required for gene silencing

through H3K9 methylation (Schotta et al., 2003). Arabidopsis

has 15 Su(var)3-9 homologs: ten SUVH genes and five SUVR
, January 17, 2013 ª2013 Elsevier Inc. 361



genes (Baumbusch et al., 2001; Pontvianne et al., 2010). We per-

formed BS-seq on each mutant except for suvr4 (due to lack of

a knockout allele in a Col background). Interestingly, we found

large losses of methylation in the suvr2 mutant, especially at

CHH sites. We found 1,113 sites that CHH hypomethylated in

suvr2, which, as in drm1/2 (Figure S2N), were often associated

with loss of CHG and to a small extent loss in CG (Figure 7E).

A total of 1,041 (93.5%) of suvr2 CHH DMRs overlapped with

those in drm1/2 (Figure 7F). Comparison of methylation levels

between suvr2 and drm1/2 suggested that suvr2 is a weak

RdDM mutant (Figure 7G), with suvr2 falling into the ‘‘weakly

reduced’’ (Figure 4A) class of RdDM mutants (data not shown).

We also tested methylation levels in a suvr1/2/3/4/5 quintuple

mutant (into which a Nossen ecotype allele of suvr4 had been in-

trogressed) and did not observe additional methylation loss

compared with suvr2 alone (Figure 7H), ruling out functional

redundancies with other SUVR genes. Methylation analysis by

Southern blot at the known RdDM target,MEDEA-INTERGENIC

SUBTELOMERIC REPEATS (MEA-ISR), supported observations

seen at the genome-wide level (Figure S6E).

In addition to their role in DNA methylation maintenance,

RdDM pathway components also carry out DNA methylation

establishment—or de novo methylation (Cao and Jacobsen,

2002b;Chan et al., 2004;Greenberg et al., 2011). Given its poten-

tial role as an effector of RdDM, we wanted to test whether

SUVR2 also is required for de novomethylation. In order to do so,

we utilized the FLOWERING WAGINENGEN (FWA) transgenic

system. In the vegetative tissue of wild-type plants, FWA expres-

sion is repressed in a DNA methylation-dependent manner at

tandem repeats in its 50 UTR (Soppe et al., 2002). When FWA

transgenes are introduced into wild-type plants, the repeats are

targeted for de novo DNA methylation and silenced. However,

in RdDM mutants, the transgene fails to be methylated, causing

ectopic expression that leads to a late-flowering phenotype (Au-

sin et al., 2009; Chan et al., 2004; Greenberg et al., 2011). When

we transformed suvr2with the FWA transgene, themutant plants

flowered significantly later than wild-type controls (Figure 7I).

Consistently, bisulfite analysis of the FWA transgene showed

that DNA methylation was virtually absent in all three cytosine

contexts (Figure 7J). Taken together, these results strongly indi-

cate that SUVR2 is a canonical RdDM factor that is required for

both DRM2 establishment and maintenance methylation.

In order to further place SUVR2 in the RdDM pathway, we per-

formed small RNA northern blots (Figure S6F). RdDM proteins

that act downstream of 24 nt siRNA biogenesis—such as

NRPE1—only affect siRNA accumulation at a subset of targets,

known as type I loci, but not type II loci (Zheng et al., 2009). We

found that suvr2 behaved similarly to nrpe1, indicating that

SUVR2 is not required for generation of siRNAs. Consistent

with the methylation analysis, higher-order suvr mutants did

not impact siRNA levels any more than suvr2 alone. In summary,

our results indicate that SUVR2 is a new regulator of the DRM2

pathway that acts downstream of siRNA biogenesis.

CONCLUSION

In summary, by generating single-nucleotide resolution maps of

the Arabidopsis methylome for a comprehensive list of mutants,
362 Cell 152, 352–364, January 17, 2013 ª2013 Elsevier Inc.
we found interplays between different pathways and found addi-

tional regulators of DNA methylation. All DNA methylation data

generated in this study can be viewed at our genome browser

along with various epigenomic data. These genome-wide data

sets and tools should serve as a community resource for further

understanding DNA methylation patterning in Arabidopsis.

EXPERIMENTAL PROCEDURES

Detailed experimental and analysis methods can be found in the Extended

Experimental Procedures.

Plant Material

All mutant lines used in this study were in the Columbia background. Excep-

tions are the ros1 dml2 dml3 line where each allele was introgressed into

Col (Penterman et al., 2007), and suvr1/2/3/4/5, where suvr4 allele was in Nos-

sen. First generation homozygous plants of met1, 2nd generation plants of

ibm1 and vim1/2/3, and 7th generation ddm1 plants were used. Plants were

grown under continuous light, and three-week-old leaves were used for all

experiments.

Whole-Genome Bisulfite Sequencing

A total of 0.5�1 mg of genomic DNA was used to generate BS-seq libraries.

Libraries were generated with premethylated adapters as previously

described (Feng et al., 2011). Libraries were single-end sequenced on a HiSeq

2000 generating 50mer reads. Sequenced reads were base-called with the

standard Illumina software. BS-seq reads were mapped to the TAIR10

genomewith BS-seeker (Chen et al., 2010) allowing twomismatches. Identical

reads were collapsed into one read. Methylation levels were calculated by the

ratio of #C/(#C+#T). DMRs for each mutant were defined by comparing their

methylation levels in each cytosine contexts with those of three independent

wild-type data.

RNA Sequencing

Libraries were generated and sequenced following manufacturer instructions

(Illumina).

Histone Modification Data

Previously published histone ChIP data (Bernatavichute et al., 2008; Roudier

et al., 2011; Zhang et al., 2009) were used for analyses. Nucleosome posi-

tioning data were mapped by Micrococcal nuclease sequencing.

Southern Blot, FWA Transgene Assay, and Small RNA Northern Blot

Southern blot, FWA transgene assay, and small RNA northern blot were per-

formed as previously described (Greenberg et al., 2011).

ACCESSION NUMBER

The GEO accession numbers for the bisulfite sequencing data reported in this

paper are GSE39901 and GSE38286.
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