Analysis of Chromatin Regulators Reveals Specific
Features of Rice DNA Methylation Pathways'

Feng Tan? Chao Zhou? Qiangwei Zhou?, Shaoli Zhou, Wenjing Yang, Yu Zhao, Guoliang Li, and
Dao-Xiu Zhou*

National Key Laboratory of Crop Genetic Improvement, Huazhong Agricultural University, 430070 Wuhan,
China (F.T., C.Z, QZ,SZ, WY, Y.Z, G.L.,, D.-X.Z.); and Institute of Plant Sciences Paris-Saclay, Centre
National de la Recherche Scientifique, Institut National de la Recherche Agronomique, Université Paris-Saclay,
Université Paris-sud 11, 91405 Orsay, France (D.-X.Z.)

ORCID IDs: 0000-0001-9111-1598 (S.Z.); 0000-0003-4451-9907 (Y.Z.); 0000-0002-1540-0598 (D.-X.Z.).

Plant DNA methylation that occurs at CG, CHG, and CHH sites (H = A, C, or T) is a hallmark of the repression of repetitive
sequences and transposable elements (TEs). The rice (Oryza sativa) genome contains about 40% repetitive sequence and TEs and
displays specific patterns of genome-wide DNA methylation. The mechanism responsible for the specific methylation patterns
is unclear. Here, we analyzed the function of OsDDM1 (Deficient in DNA Methylation 1) and OsDRM2 (Deficient in DNA
Methylation 1) in genome-wide DNA methylation, TE repression, small RNA accumulation, and gene expression. We show that
OsDDML1 is essential for high levels of methylation at CHG and, to a lesser extent, CG sites in heterochromatic regions and also is
required for CHH methylation that mainly locates in the genic regions of the genome. In addition to a large member of TEs, loss
of OsDDM1 leads to hypomethylation and up-regulation of many protein-coding genes, producing very severe growth
phenotypes at the initial generation. Importantly, we show that OsDRM2 mutation results in a nearly complete loss of CHH
methylation and derepression of mainly small TE-associated genes and that OsDDM]1 is involved in facilitating OsDRM2-
mediated CHH methylation. Thus, the function of OsDDM1 and OsDRM2 defines distinct DNA methylation pathways in
the bulk of DNA methylation of the genome, which is possibly related to the dispersed heterochromatin across chromosomes

in rice and suggests that DNA methylation mechanisms may vary among different plant species.

DNA methylation in flowering plants occurs in three
sequence contexts: the so-called symmetric CG and
CHG and the asymmetric CHH, where H is any nu-
cleotide except G. Methylation in each context is be-
lieved to be catalyzed primarily by a specific family of
DNA methyltransferases: MET1 (homologous to ani-
mal Dnmtl) for CG, plant-specific chromomethylases
(CMT3 and CMT12) for CHG, and DRM2 (homologous
to animal Dnmt3) for CHH (Law and Jacobsen, 2010).
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Recently, it was shown that CMT2 is a major CHH
methyltransferase in Arabidopsis (Arabidopsis thaliana;
Zemach et al., 2013; Stroud et al., 2014). The majority of
plant methylation is found in transposable elements
(TEs) and transcribed TE genes (known as transposable
element-related genes [TEGs]) and is crucial for the
repression of TE expression and transposition (Law and
Jacobsen, 2010). Substantial methylation also is found
in the bodies of active genes, where methylation is gen-
erally restricted to the CG context (Law and Jacobsen,
2010; Zemach et al., 2010). Methylation in all sequence
contexts also is found in the promoter regions of many
genes, which represses gene expression.

In Arabidopsis, the maintenance of CHH methyla-
tion is mediated by RNA-directed DNA methylation
(RADM) involving the methyltransferase activity of
DRM2 (Law and Jacobsen, 2010). DNA methylation
also is influenced by chromatin factors. For instance, the
Arabidopsis Snf2 family nucleosome remodeler DDM1,
which can shift nucleosomes in vitro (Brzeski and
Jerzmanowski, 2003), is essential for normal DNA
methylation (Jeddeloh et al., 1999; Lippman et al., 2004).
The loss of DDMI1 leads to a profound decrease of
methylation from some TEs and repeats and strong
transcriptional activation of TEs (Jeddeloh et al., 1999;
Lippman et al., 2004), and inbred ddml mutant lines
have increased rates of transposition and produce se-
vere developmental abnormalities (Tsukahara et al,,
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2009). Mutation of Lsh, the mouse homolog of DDM1,
causes similar methylation phenotypes (Tao et al,
2010). Recent data indicate that Arabidopsis DDM1
is important for DNA methylation in TEs, and the
strength of the DDM1 requirement is positively corre-
lated with heterochromatin (Zemach et al., 2013). It
is believed that DDM1 can facilitate CMT2-mediated
CHH methylation independently of RADM and that
DDM1 and RdDM synergistically mediate nearly all
Arabidopsis TE methylation, prevent transposition,
and maintain proper patterns of gene expression
(Zemach et al., 2013).

Rice (Oryza sativa) is one of the most important food
crops in the world and has been established as a
model plant for genome research. The rice genome,
one of the most accurately sequenced eukaryotic ge-
nomes, contains about 40% repetitive sequence and
TEs (Paterson et al., 2009). In contrast to the more
localized pattern of repeats close to centromeres in
Arabidopsis, repeats in rice are widely spread on the
chromosomes. In addition, the rice genome contains a
large number of miniature inverted-repeat transpos-
able elements (MITEs), a majority of which are asso-
ciated with genes (Feschotte and Wessler, 2002; Lu
et al., 2012). Extensive genome-wide DNA methyla-
tion and histone modification data sets have been
generated in rice (Feng et al., 2010; He et al., 2010;
Zemach et al., 2010; Li et al., 2012; Liu et al., 2015).
Compared with Arabidopsis, the rice genome dis-
plays a different global DNA methylation profile and
has a much higher level of genome-wide cytosine
methylation (Feng et al., 2010; Li et al., 2012). Rice
genes involved in DNA methylation are generally
conserved (Chen and Zhou, 2013), and some of them
have been studied. For instance, knockdown of
OsDRM?2 by homologous recombination-mediated
gene targeting produces very severe defects at the
seedling stage (Moritoh et al., 2012). Except for OsMET1
(Hu et al., 2014), the function of rice methylation genes
in genome-wide DNA methylation is unknown. In
particular, it is unclear whether a similar mechanism is
conserved for the bulk of methylation of the rice ge-
nome that displays significant structural differences
from that of Arabidopsis.

Here, we report a genome-wide analysis of DNA
methylation, gene expression, and small RNA abun-
dance in rice plants lacking OsDDM1 and OsDRM2.
We find that loss of OsDDM1 and OsDRM2 severely
affects rice plant growth in the initial generation and
causes the deregulation of a large number of genes,
indicating an essential role of the proteins in main-
taining proper patterns of gene expression in rice. We
find that OsDDM1 is required for heterochromatic
CHG and CG methylation and euchromatic CHH
methylation. We find that, in contrast to Arabidopsis
DRM2, which is required for a minor part of CHH
methylation of the genome, OsDRM?2 is required for
most of the CHH methylation in rice, which is essen-
tially located in small TEs such as MITEs that are scat-
tered in the genic regions. Importantly, we find that
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OsDDM1-mediated CHH methylation sites totally
overlapped with that by OsDRM2, suggesting that
OsDDM1 may be involved in OsDRM2-mediated CHH
methylation. These data revealed specific pathways
that mediate the bulk of genomic DNA methylation in
rice, suggesting that specific epigenetic mechanisms
may be elaborated to adapt to genome structure vari-
ation that is strikingly high in plants.

RESULTS

OsDDM1 Genes Are Required Mainly for
Heterochromatic CHG and CG Methylation and
Euchromatic CHH Methylation

Rice has two DDM1 homologous genes, OsDDM1I1a
(0s09g27060) and OsDDM1b (Os03g51230), which
share 93% amino acid identity (Higo et al., 2012). Both
genes displayed a similar expression pattern, with the
transcript levels of OsDDM1b higher than that of
OsDDM1a in the tested organs (Supplemental Fig.
S1A). A previous study showed that down-regulation
of both genes by antisense produced a dwarf pheno-
type in the transgenic plants, some of which progres-
sively lost fertility and became completely infertile
(Higo et al., 2012). Here, we isolated homozygous loss-
of-function transfer DNA (T-DNA) insertion mutants of
the two genes (Supplemental Fig. S1, B and C). How-
ever, the single osddmla or osddm1b mutation did not
produce any clear phenotype during either the vege-
tative or reproductive stage, even after several gen-
erations (Supplemental Fig. S1D). By contrast, the
osddmla/lb double mutation obtained by genetic
crosses produced many severe developmental abnor-
malities, including an extremely reduced plant height
at the mature stage and complete sterility (Fig. 1A;
Supplemental Fig. S1E), suggesting that the two rice
DDM1 orthologs acted redundantly to ensure normal
plant growth and development. To study the effects of
the mutations on DNA methylation, we first estimated
overall methylated cytosine levels by mass spectrome-
try (MS). The analysis revealed that the osddmla and
o0sddm1b single mutations reduced cytosine methylation
by 3% and 11.5%, respectively, whereas the osddm1a/1b
double mutation reduced the methylation by 53.6%
(Supplemental Table S1). The synergistic effects on
phenotype production and cytosine methylation sug-
gested that the two genes had a redundant function in
cytosine methylation and gene regulation. To study the
precise effects on genome-wide DNA methylation, we
generated single-nucleotide resolution maps of cyto-
sine methylation in seedling leaf tissues of osddm1la,
osddm1b, and the double mutants by bisulfite sequenc-
ing (BS-seq; Supplemental Table S2). Because the rice
T-DNA mutants were obtained after callus culture, in
this work we used callus culture-regenerated wild-type
plants as a control. Compared with the wild type,
methylation at CG, CHG, and CHH sites in osddmla
was reduced by 5.5%, 14%, and 18.9%, respectively,
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Figure 1. Effects of the osddm7a/1b and osdrm2 mutations on plant growth and genome-wide cytosine methylation. A, The
osddm1a/1b and osdrm2 mutations severely reduced plant height. Plants at seedling and mature stages are shown. The osdrm2
osddm1a/1b triple mutants were seedling lethal. B, Heat map of methylation levels at CG, CHG, and CHH sites in chromosomes
1 and 4 of the wild type (WT), osddm1a/1b, and osdrm2. Average methylation levels per 1-kb bin were calculated and are shown
as red bars. The distribution of histones H3K9me2 and H3K27me3 and small interfering RNA (siRNAs) identified in this work are
shown along the chromosomes. Genes and TEs are indicated. The heterochromatin (dark blue) and euchromatin (light blue)
regions of the chromosomes are drawn according to Cheng et al. (2001). C, Effects of osdrm2 and osddm1a/1b mutations on
cytosine methylation at different levels. Genome-wide cytosine methylation is divided into five intervals (from lowest [0%—20%]
to highest [80% or greater], represented by the indicated colors). The percentage of each interval (detected in the wild type and the
mutants) is shown on the y axis. D, Density plots of differential methylation levels at CG (blue), CHG (green), and CHH (red) sites
in osddm1 (left) and osdrm2 (right) compared with the wild type. The y axis shows the percentage of differential methylation
levels, and the x axis shows differential methylation levels (from —1 to +1) in the mutants relative to the wild type (0), with the area
of each sequence context set as 100%. Only methylation differences for 1-kb windows containing at least five informative se-

quenced cytosines were considered.

while that in osddm1b was reduced by 8.3%, 26%, and
32%, respectively. The double mutation caused 44.9%,
73.5%, and 49% reductions of CG, CHG, and CHH
methylation, respectively (Table I). More dramatic los-
ses of CHG and CG than CHH methylation were found
in the double mutant, suggesting that the two rice
DDM]1 orthologs functioned redundantly to mostly
regulate CHG and CG methylation. However, it is
possible that deregulation of methylation-related genes
or disrupted methylation homeostasis might account
for the divergence in CHG/CG and CHH methylation
changes between single and double mutants.

In rice chromosomes, the majority of heterochroma-
tin is distributed in the pericentromeric regions, with
chromosome 4 having a distinct pattern in which the
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entire left (short) arm is highly heterochromatinized
(Cheng et al., 2001; Fig. 1B). We observed that methyl-
ation at CG and CHG sites was enriched in hetero-
chromatic regions, whereas CHH methylation was
located essentially in euchromatic regions (Fig. 1B). For
comparison, we analyzed genome-wide H3K9me2 (a
heterochromatic gene mark), H3K27me3 (a euchro-
matic gene mark; Supplemental Table S3), and small
RNAs in the same tissues as for BS-seq of wild-type
plants. H3K9me2 was relatively more enriched in the
heterochromatic and pericentromeric regions, while
more peaks of H3K27me3 were found in euchromatic
regions (Fig. 1B). siRNA also was enriched in the eu-
chromatic region in rice, consistent with previous ob-
servations in maize (Zea mays; Gent et al., 2014). The
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Table I. Cytosine methylation levels in wild-type and mutant plants

Methylation Levels

Percentage of Decrease

Genotype

C CG CHG CHH C CG CHG CHH
Wild type  17.60%  63.90% 30.60% 5.30%
ddmia 15.90% 60.40% 26.30% 4.30% 9.66% 5.48% 14.05% 18.87%
ddm1b 14.70% 58.60% 22.60% 3.60% 16.48% 8.29%  26.14%  32.08%
osdrm2 12.60% 57.00% 23.60% 0.80% 28.41% 10.80% 22.88% 84.91%
ddm1a/1b 8.10%  35.20% 8.10% 2.70% 53.98% 44.91% 73.53% 49.06%

analysis revealed that the osddm1a/1b double mutation
resulted in predominant losses of CHG and, to a lesser
extent, CG methylation, mostly in heterochromatin re-
gions, and clear CHH methylation losses in euchro-
matic regions of the chromosomes (Fig. 1B), suggesting
that OsDDM1 is involved in the methylation of
both heterochromatic and euchromatic regions of the
genome.

OsDRM2 Is Required for Most of the CHH Methylation
in Rice

The rice genome contains three DRM1/2 homologous
genes. OsDRM2 (Os03g0110800) is the major DRM1/2-
type methyltransferase gene in rice, as OsDRMIla
(Os11g0109200) and OsDRM1b (Os12g01018900) are
not expressed and/or lack methyltransferase motifs
(Moritoh et al., 2012). To study the function of
OsDRM2 in DNA methylation, we characterized a
homozygous T-DNA insertion mutant of the gene
(Supplemental Fig. S1, B and C). This mutant dis-
played severe pleiotropic growth phenotypes at both
the vegetative and reproductive stages, including a
dwarfed stature, reduction in tiller number, delayed
heading or no heading, abnormal panicle and spikelet
morphology, and complete sterility, which are similar
to the previously characterized osdrm2 knockout
plants (Fig. 1A; Supplemental Fig. S1E; Moritoh et al.,
2012). Analysis of the single-nucleotide resolution
maps of cytosine methylation of seedling leaves by BS-
seq revealed that the osdrm2 mutation greatly reduced
CHH methylation (84.9%), but with much weaker ef-
fects on CG (10.8%) and CHG (22.9%) methylation
(TableI). As in the osddm1a/1b double mutant, losses of
CHH methylation in osdrm2 plants were located pri-
marily in euchromatin domains (Fig. 1B), suggesting
that OsDRM2 may play an important role in gene
regulation.

To study the characteristics of methylated cytosines
targeted by OsDDM1 and OsDRM2, we divided the
cytosine methylation levels into five intervals (20%
each from 0% to 100%) and calculated the percentages
of each interval in the wild type and mutants. The
analysis revealed that the osddm1a/1b double mutation
preferentially reduced the percentage of the highest
interval (greater than 80% methylation; Fig. 1C), in-
dicating that OsDDM1 mostly targeted to heavily
methylated regions of the genome. By contrast, the
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osdrm2 mutation mainly reduced the percentages of
moderately methylated intervals (20%—40% and 40%—
60% methylation; Fig. 1C). To further refine the
methylation losses at each sequence context in the mu-
tants, we plotted the percentage (density) of the
methylation changes (from —1 to +1) in the mutants
relative to the wild type (set at 0) at CG, CHG, and
CHH sites. The analysis indicated that the areas of
heavy CHG and CG methylation losses (greater than
50%; from —0.5 to —1) were much larger than that of
CHH methylation in osddm1a/1b (Fig. 1D). In contrast,
in osdrm2, CHH methylation losses were most preva-
lent (e.g. about 75% at —0.2), while CG methylation
loss was not clearly observed (Fig. 1D). This analysis
confirmed the above observations that OsDDM1
was mainly required for CHG and CG methylation,
whereas OsDRM2 was essentially required for CHH
methylation.

Function of OsDDM1 and OsDRM2 in DNA Methylation
of Protein-Coding Genes

To study the effects of the mutations on methylation
levels at different genomic elements, we calculated the
percentages of methylated cytosines of each of the rice
protein-coding genes, TEGs, and TEs and plotted them
according to the length of each element. This analysis
indicated that the rice protein-coding genes had
lower methylation levels than TEs and TEGs (Fig. 2;
Supplemental Fig. S2). Like TEs or TEGs, a small group
of protein-coding genes displayed high levels of CG
methylation (greater than 80%; Fig. 2A; Supplemental
Fig. S2). The osddmla/1b double mutation eliminated
the high level of CG methylation and reduced CHG and
CHH methylation in protein-coding genes (Fig. 2A). To
analyze the mutation effects on methylation levels at
different regions of rice protein-coding genes, we cal-
culated the average methylation levels for every 100-bp
interval of each gene and its 2-kb upstream and
downstream flank regions in wild-type and mutant
plants. The analysis revealed that, in the wild type, CG
methylation was at about similar levels between the 5’
and 3’ regions and gene body (except the ends of the
body), while non-CG methylation was much higher in
the 5" and 3’ regions than the body (Fig. 2B), confirming
previous data (Zemach et al., 2010). In osddm1a/1b, CHG
and CHH methylation was reduced mainly from the 5’
and 3’ regions of protein-coding genes (Fig. 2B). By
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Figure 2. Average cytosine methylation levels in all sequence contexts in genes and TEs. A, Average cytosine methylation levels in
all sequence contexts plotted against gene (left) and TE (right) sizes. Note that high levels of wild-type (WT) CG methylation
(greater than 80%) in genes and TEs were reduced to about 40% on average in osddm1a/1b, and wild-type CHG levels (80% on
average) in TEs were reduced to lower levels (about 20% on average) in osddm1a/1b but remained unchanged in osdrm2, which
mostly reduced CHH methylation in genes and small TEs (less than 1 kb; arrows). The percentage of methylated cytosines out of
total cytosines of each protein-coding gene or TE was plotted in terms of the lengths of the elements. Each dot represents a gene or
TE. B, Patterns and genome-wide average levels of cytosine methylation (CG, CHG, and CHH) of genes (top row) and TEs (bottom
row) in wild-type and mutant rice plants. Protein-coding genes and TEs with their contiguous 2-kb upstream and downstream
flanks were aligned at the 5’ and 3’ ends, and average cytosine methylation levels within each 100-bp interval are plotted.

contrast, the osdrm2 mutation largely reduced CHH
methylation (Fig. 2A), which was located mostly at the
5" and 3’ ends of protein-coding genes (Fig. 2B). McrBC
digestion and PCR analysis of methylation levels of
several genes confirmed the BS-seq data (Supplemental
Fig. 53). This analysis indicated that both OsDDM1 and
OsDRM2 were mainly involved in methylation of the 5’
and 3’ ends of protein-coding genes.

Plant Physiol. Vol. 171, 2016

Function of OsDDM1 in TE and TEG Methylation

TE and repetitive sequences represent about 40% of
the rice genome. In addition, the rice genome contains
a large number of TEGs (16,924, compared with 38,622
protein-coding genes; http://rice.plantbiology.msu.
edu/). Similar analysis to that with the protein-coding
genes revealed that rice TEs and TEGs were highly
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methylated at CG and CHG sites, but only small
TEs (less than 1 kb) showed relatively high levels of
CHH methylation (Fig. 2A; Supplemental Fig. S2).
In osddmla/1b plants, CHG and CG methylation
in TEs and TEGs were greatly reduced (Fig. 2;
Supplemental Fig. S2). However, CG methylation
reduction (from an average of more than 80% to
about 40%) appeared less important than that of
CHG methylation (from about 80% to about or below
20%) of long TEs and TEGs (Fig. 2A; Supplemental
Fig. 52). Consistent with the observation in Figure
1B, these data indicated that OsDDM1 was required
predominantly for CHG methylation. McrBC diges-
tion and PCR analysis of four TEGs confirmed the BS-
seq data (Supplemental Fig. S3). Analysis of average
cytosine methylation levels within each 100-bp in-
terval of the different classes of TEs and repeats
revealed hyper-CHH methylation of centromere re-
peats, CACAT DNA elements, and long terminal
repeat retrotransposons (Ty3-gypsy) in osddmla/lb
plants (Fig. 3; Supplemental Fig. S4). Hyper-CHH

Figure 3. Genome-wide average CG
levels of methylation in each se-
quence context of the indicated TE
families and repeats in culture-
regenerated wild-type (Cr WT) and
mutant plants. TEs with their con-
tiguous 2-kb upstream and down-
stream flanks were aligned at the 5’
and 3’ ends, and average methyla-
tion for all cytosines within each
100-bp interval is plotted. Note the
hyper-CHH methylation of cen-
tromere repeats, CACAT, and Ty3-
gypsy retroelements in osddm1a/1b
plants and the nearly complete los-
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methylated TEs were located mostly in the pericen-
tromeric regions (Supplemental Fig. S5). The ectopic
CHH methylation may be caused by an internal
balancing mechanism to compensate for the exten-
sive loss of CHG and CG methylation found in
heterochromatic TEs due to the loss of OsDDM1
function. Considering that DRM2 or RdADM seems
not to be required for CHH methylation of hetero-
chromatic or long TEs in Arabidopsis and maize
(Zemach et al., 2013; Li et al., 2014), the ectopic CHH
methylation in heterochromatic TEs may be medi-
ated by a CMT2-like activity that was shown to
methylate CHH in heterochromatic regions in Ara-
bidopsis (Zemach et al., 2013). However, the o0sdd-
mla/1b mutation clearly reduced CHH methylation
of small TEs (i.e. MITEs and SINEs; Fig. 3). Thus,
OsDDM1 was required mainly for CHG and, to a
lesser extent, CG methylation of TEs and TEGs.
OsDDM1 also was required for CHH methylation of
small TEs, which are located mainly in the euchro-
matic region (see below).
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OsDRM2 Is Required for CHH Methylation of Gene-
Associated Small TEs

The osdrm2 mutation clearly reduced CHH methylation
of TEs, especially small TEs (less than 1 kb), but had little
effect on CG or CHG methylation of TEs or TEGs (Fig. 2;
Supplemental Fig. S2). When we examined the methyla-
tion levels of different classes of TEs, we found that the
osdrm2 mutation generally reduced CHH methylation of
TEs, but it almost completely eliminated CHH methyla-
tion from small TEs such as MITEs and SINEs (Fig. 3;
Supplemental Fig. S4). This is consistent with the function
of Arabidopsis DRM2 (Tran et al., 2005). Small TEs, es-
pecially MITEs, are the most abundant short DNA ele-
ments in rice and are dispersed in genic regions (Bureau
and Wessler, 1994; Zemach et al., 2010). MITEs are located
at high frequencies at the 5’ and 3’ ends of protein-coding
genes (Fig. 4A). MITEs are highly methylated at CHH
sites in different rice tissues, and MITE distribution closely
parallels that of CHH methylation (Zemach et al., 2010).
In osdrm?2 plants, CHH methylation losses peaked at the 5’
and 3’ ends of protein-coding genes (Fig. 4B). We found
that about 28% (15,484 of 55,546) of the total rice genes
had MITE sequences detected within the range from
200 bp upstream to 200 bp downstream to the coding
regions (Fig. 4C). About 71% (9,750 of 13,673) of the hypo-
CHH methylated genes (see below) in osdrm2 were MITE-
associated genes (Fig. 4C). Analysis by McrBC and Haelll
digestion coupled with PCR of MITE-associated genes
confirmed the BS-seq data (Supplemental Fig. S3). Thus,
OsDRM2-dependent CHH methylation mainly targets
gene-associated small TEs, thereby affecting the methyl-
ation of protein-coding genes.

OsDDM1-Dependent CHH Methylation Sites Overlap
with That Methylated by OsDRM2

Next, we analyzed differentially methylated cytosines
(DMCs), differentially methylated regions (DMRs), and
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differentially methylated genes (DMGs) in all se-
quence contexts (see “Materials and Methods”) and
found that the ddmla/1b double mutation mostly
produced hypomethylated DMCs or DMRs at CHG
and, to a lesser extent, at CHH and CG sites, while the
osdrm2 mutation produced hypomethylated DMCs/
DMRs essentially at CHH sites (Fig. 5A; Supplemental
Table S5). Relatively smaller numbers of hyper-
methylated CHH DMCs/DMRs also were produced
in osddm1a/1b plants (Fig. 5A). In terms of DMGs, the
osddmla/lb mutation produced not only a large
number of hypo-CHG methylated TEGs (about 8,600)
but also many hypo-CHG (about 2,500) and hypo-
CHH (about 6,000) methylated protein-coding genes
(Fig. 5A; Supplemental Table S5). The osdrm2 muta-
tion produced about 11,700 hypo-CHH methylated
protein-coding genes (Fig. 5A; Supplemental Table
S5). These data indicated that OsDDM1 and OsDRM2
controlled the methylation of many functional genes
in rice, suggesting that they might play an important
role in gene regulation.

Hypo-DMRs at CG and CHG sites in osddmla/1b
had lower H3K27me3 but higher H3K9me2 levels
than the genome-wide average, while hypo-CHH
DMRs in both osddmla/l1b and osdrm2 plants dis-
played higher H3K27me3 and lower H3K9me?2 than
the genome-wide average (Fig. 5B). These data were
consistent with the above observations that CHH
methylation losses in both osddmla/la and osdrm?2
plants were located essentially in euchromatic re-
gions and that CHG methylation losses in osddm1a/1b
were mainly in heterochromatic regions (Fig. 1B).
Interestingly, nearly all of the hypo-CHH DMRs in
osddmla/1b were overlapped by those in osdrm2 (Fig.
5C), while there was little overlap of hypo-CG or
hypo-CHG DMRs between the two mutants (Fig. 5C).
We observed that the wild-type methylation levels of
the overlapped regions were higher than the regions
affected only in osdrm2 (Fig. 5D). The overlapped
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Figure 4. The osdrm2 mutation reduces CHH methylation of MITEs that are located close to genes. A, Frequency of the occurrence
of MITEs in rice protein-coding genes. The rice protein-coding genes (including the body and the 2-kb upstream and downstream
regions) were divided into 120 intervals (x axis) and searched for the presence of MITE sequences at each interval. The y axis shows
the percentage of rice genes with the presence of MITEs. B, Distribution of genome-wide average loses of CHH methylation in the rice
protein-coding genes in ordrm2. All rice protein-coding genes (including the body and the 2-kb upstream and downstream regions)
were divided into 120 intervals (x axis), and CHH methylation losses at each interval in osdrm2 compared with the wild type (WT) are
shown as minus percentages (y axis). C, High enrichment of MITE-associated genes in hypo-CHH methylation (71.4%) in osdrm2,
compared with 27.9% of MITE-associated genes genome wide. TSS, Transcription start site; TTS: transcription terminal site.
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regions displayed more significant losses of CHH
methylation in both osdrm2 and osddm1a/1b compared
with nonoverlapped regions (Fig. 5D). We noted that
the decreases of CHH methylation were more im-
portant in osdrm2 than in osddm1a/1b (Fig. 5D). Slight
decreases of CHH methylation of nonoverlapped re-
gions also could be detected in osddm1a/1b plants (Fig.
5D). These data suggest that OsDDM1 and OsDRM?2
may cooperate for high levels of CHH methylation in
the rice genome.

Given the intrinsic relationship between DRM2-
mediated DNA methylation and small RNAs, we
conducted small RNA sequencing (RNA-seq) of
osdrm2 plants using the same tissues as for the BS-seq.
About 30 million reads for the wild type and 44 million
reads for osdrm2 were obtained. In total, 17,932 (15,189
down-regulated and 2,743 up-regulated) differential
24-nucleotide siRNA regions were identified between
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the wild type and osdrm2, indicating that OsDRM2
was required for the production of a large number of
siRNAs. To explore a possible relationship between
the regional abundance of siRNAs and hypo-CHH
DMRs found in osdrm2, we binned the abundance of
24- and 21-nucleotide siRNAs into 1-kb windows in
the genome (as for DMRs) and searched for differences
between the wild type and osdrm2. We plotted the
differential 24- and 21-nucleotide siRNA regions (false
discovery rate < 0.01) that were at the same time
ordrm2 hypo-CHH DMRs (P = 0.01) in terms of rela-
tive siRNA abundance (x axis) and DNA methylation
levels in ordrm2 versus the wild type (v axis; Fig. 5E).
We found that a majority of hypo-CHH DMRs showed
reduced 24-nucleotide siRNA levels in ordrm?2, indi-
cating a positive correlation between the 24-nucleotide
siRNA abundance and OsDRM2-mediated CHH
methylation.

Plant Physiol. Vol. 171, 2016



A
< 300]
=
o .
> B e 200
é 200 %, )
5 100 < ; 100
o & ST,
" 1453 i 141 | : 369
8 6 4 -2 0 2 4 6 8 8 6 4 -2 0 2 4 6 8
Log2(WT/ddm1a/1b) Log2(WT/osdrm2)
B
5 16001 1453  ddmla/1b 1000 289 73  osdrm2
o m Total
£ 1200 = TE gene 750
g 800 859 non-TE gene 500
2 594 322
% 400 250
141 19122 7
L 0
0 up regulated down regulated up regulated down regulated
ddmla/1b up osdrm2 up
5 1600 8 400
8 687  wcGomG 338 325
£ 1200 m CHG DMG 300
3 CHH DMG
2 800 200
) 200
) 100
00l BZ sl W 218 0113 217
0 Total TEGs Genes 0 Total TEGs Genes
D E
- e = 100% 263
§ 25 ] o r20 20% (338
< 2
= i 1.5 60% 368
g 15 | m /949
o s . I 1.0 0%
g - . . L. 38.8%
2 os os 2%
T 0
0. - =1 = = 100 Total  Hypo-CHH
-&olw %eé‘ d‘d\?’ ‘\%36 MITE-associated /up-regulated
I @ (o o
_\0(5 o SRS
W

Figure 6. Differentially expressed protein-coding genes and TEGs in
osddmia/1b and osdrm2 mutants. A, Total numbers of differentially
expressed genes (greater than 4-fold; P < 0.01) in osddm7ia/1b and
osdrm2 compared with the wild type (WT). B, Numbers of up- and
down-regulated protein-coding genes and TEGs in the mutants. C,
Numbers of up-regulated protein-coding genes and TEGs that are at the
same time hypo-CG, -CHG, and -CHH DMGs in osddm1a/1b and
osdrm2. D, Relative enrichment of H3K9me2 of up-regulated genes
compared with unaffected genes in osddm1a/1b and osdrm2. Signifi-
cant enrichments are indicated by triple asterisks (P < 0.001, Student’s
ttest). E, Most of the up-regulated and hypo-CHH DMGs are associated
with MITEs.

Effects of the osddmla/lb and osdrm2 Mutations on
Gene Expression

To study the mutation effects of osddmla/1b and
osdrm2 on gene expression, we analyzed the tran-
scriptomes of the same tissues by RNA-seq (Supplemental
Table S4). Two biological repeats were analyzed for
both the wild type and the mutants. The sequence
data displayed a high reproducibility (+* > 0.99;
Supplemental Fig. S6A). Analysis of the data revealed
1,453 up-regulated and 141 down-regulated genes
in osddm1a/1b and 949 up-regulated and 369 down-
regulated genes in osdrm2 compared with the wild
type (greater than 4-fold; P < 0.001; Fig. 6, A and B).
The many more up-regulated than down-regulated
genes found in the mutants highlighted the repressive
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function of OsDDM1 and OsDRM2 in gene repres-
sion. In osddm1a/1b, about 60% (859 of 1,453) of the up-
regulated genes were TEGs (Fig. 6C), among which
80.3% (687 of 859) were hypo-CHG DMGs, compared
with about 1% (eight of 859) and 3.7% (32 of 859) of
the up-regulated hypo-CG or hypo-CHH methylated
TEGs, respectively (Fig. 6C). Quantitative reverse
transcription (QRT)-PCR analysis of five TEGs that lost
methylation confirmed the data (Supplemental Figs.
S3 and S7A). These data suggested that OsDDM1-
mediated methylation was required for the repression
of TEGs. Moreover, the up-regulated protein-coding
genes were more enriched for H3K9me2 than unaf-
fected genes (Fig. 6D). About 34% (200 of 594) of the
up-regulated protein-coding genes were hypo-CHG
DMGs, compared with only 1% (six of 594) hypo-CG
and 8% (45 of 594) hypo-CHH DMGs (Fig. 6C;
Supplemental Data Set S1). qRT-PCR analysis of the
five protein-coding genes that lost methylation con-
firmed the data (Supplemental Figs. S3 and S7B). These
results indicated that OsDDM1-mediated CHG meth-
ylation was required for the repression of TEGs as well
as a subset of protein-coding genes that display heter-
ochromatic features.

By contrast, in osdrm2 plants, most (873 of 949)
up-regulated genes were protein-coding genes (Fig.
6B). About 36% (338 of 949) of up-regulated genes were
hypo-CHH DMGs (Fig. 6C; Supplemental Data Set S1).
There were very few or no up-regulated hypo-CHG or
hypo-CG DMGs. qRT-PCR analysis of the four genes
that lost CHH methylation in the mutant confirmed the
data (Supplemental Figs. S3 and S7C). Most (263 of 338)
of the hypo-CHH methylated and up-regulated genes
were associated with MITEs (Fig. 6E), supporting the
assumption that OsDRM2 targeted MITEs for genic
CHH methylation and gene repression.

DISCUSSION

Our data indicate that the two OsDDM1 genes have
redundant functions in rice genome-wide DNA meth-
ylation, which differs in several respects from that
of Arabidopsis DDM]I. First, our results show that
OsDDM1 plays an essential role in gene regulation and
plant growth, as the loss of OsDDM1 function pro-
duced very severe growth defects in the first genera-
tion, while Arabidopsis ddm1 mutants grew relatively
normally in the initial generations and produced de-
velopmental abnormalities only after multiple rounds
of self-pollination (Kakutani et al., 1996). These gradu-
ally developed abnormalities are mainly due to the in-
sertion of derepressed TEs or the rearrangement of
repeats during generational propagation (Miura et al.,
2001; Singer et al., 2001; Tsukahara et al., 2009; Yi and
Richards, 2009), although others are due to DNA
methylation changes that affect gene expression (Soppe
et al., 2000; Saze and Kakutani, 2007). Maize also has
two DDML1 orthologs, Chr101 and Chr106. While single
gene loss-of-function alleles are viable, double mutation
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is likely lethal, as no double mutant could be obtained
(Li et al., 2014). Those results together with our data
suggest that the loss of DDM1 genes in grasses may
have stronger deleterious phenotypic effects than in
Arabidopsis.

The developmental defects of osddmla/lb plants
are likely due to the alteration of epigenetic changes
of many protein-coding genes. OsDDM1-dependent
DNA methylation is likely to be involved directly
in the epigenetic repression of functional genes in
rice, as many derepressed genes in osddm1a/1b have
been shown to be involved in rice development and
growth (Supplemental Data Set S1). Among these
genes, we checked DNA methylation and transcript
levels of OsFIE1, OsMPS, Kala4, and several others
(Supplemental Figs. S3 and S7B). OsFIE1 encodes a key
component of POLYCOMB REPRESSIVE COMPLEX2
and is repressed in rice vegetative tissues. Loss of DNA
methylation from OsFIE1 during tissue culture leads to
stable derepression of the gene, which severely affects
rice plant growth, leading to a dwarf phenotype (Zhang
et al., 2012). Overexpression of OsMPS also resulted in
decreased plant stature (Schmidt et al., 2013). Kala4
encodes a basic helix-loop-helix protein whose ectopic
expression produces black grains (Oikawa et al., 2015),
which also were observed in osddm1a/1b (Supplemental
Fig. S1E). The function of OsDDM1 in maintaining the
proper expression pattern of a large number of genes
may be related at least partly to DNA methylation in
genic regions. However, it is not ruled out that some of
the phenotypes also may be caused by the derepression
of TEs during the production of the double mutants. A
relatively high cooccurrence between hypo-CHG DMG
and up-regulated genes suggested that OsDDM1-
mediated CHG methylation played an important role
in developmental gene repression (Fig. 6C). However,
only 8% of the up-regulated genes were hypo-CHH
DMGs in osddmla/1b, and only about 20% of the
up-regulated genes (greater than 2-fold; P < 0.01)
in osddmla/l1b overlapped with those in osdrm2
(Supplemental Fig. S6B). This could be explained by
relatively low levels of decreases of CHH methylation
in osddm1a/1b (Figs. 1, B and D, and 2).

The Arabidopsis ddml mutation mostly reduces
methylation in all sequence contexts of heterochromatic
repeats, TEs, and TEGs, but it produces ectopic CHG
methylation in gene bodies (Lippman et al., 2004;
Zemach et al., 2013). However, our data indicate that,
among the three sequence contexts, CHG methylation
was affected mostly by the osddm1a/I1b mutation. Simi-
larly, loss-of-function alleles of one maize DDM1 gene,
Chr106, also results in more reduction of non-CG than
CG methylation (Li et al., 2014). It is established that
CHG methylation and H3K9me?2 form a positive feed-
back loop in Arabidopsis: CHG methylation by CMT3
requires H3K9me2, to which CMT3 binds via its
chromo- and bromo-adjacent homology domains (Law
and Jacobsen, 2010; Du et al., 2012). H3K9 dimethyla-
tion by SUVH proteins requires CHG methylation, to
which SUVH proteins bind via the SRA domain
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(Johnson et al., 2007; Rajakumara et al., 2011). CHG
methylation is kept out of genes by a histone demeth-
ylase, IBM1, which removes H3K9me2 from gene
bodies (Saze and Kakutani, 2011). It seemed that CHG
methylation loss in osddm1a/1b plants was not due
to up-regulation of the rice homolog of IBM1 (JM]719)
or repression of OsCMT3 or OsCMT?2, as their tran-
script levels were not clearly altered in the mutant
(Supplemental Fig. S6D). The more important role of
OsDDM1 in heterochromatic CHG methylation sug-
gests that OsDDM1-mediated chromatin remodeling is
essential to facilitate the OsCMT3-mediated CHG
methylation of heterochromatic regions of the rice ge-
nome (Cheng et al., 2015).

In Arabidopsis, RADM operates primarily through
DRM2 and is responsible for a relatively minor fraction
of genomic CHH methylation (Wierzbicki et al., 2012;
Zemach et al., 2013), and CMT2 mediates most CHH
methylation, separately from the RdDM pathway
(Zemach et al., 2013). It has been shown that Arabi-
dopsis DDM1 facilitates CMT2-mediated CHH meth-
ylation in body regions of long (or heterochromatic)
TEs, while RADM-dependent CHH methylation mostly
targets short TEs and TE edges (Zemach et al., 2013).
Our data here suggest that OsDDM1 may be involved
in OsDRM2-mediated CHH methylation at genic re-
gions (Fig. 5C). OsDDM1 may facilitate OsDRM2 or
RdDM-mediated CHH methylation in the rice genome
by the remodeling of dispersed small heterochromatin
in genic regions by displacing histone H1 (Zemach
etal., 2013). However, it is possible that the loss of CHH
methylation is coordinated with that of CHG in osdd-
m1a/1b, as observed in Arabidopsis and maize (Li et al.,
2014; Stroud et al., 2014).

Our data indicate that, in rice, CHH methylation was
located essentially in the euchromatic regions of the
genome (Fig. 1B), in agreement with the previous ob-
servations that CHH peaks are absent in the rice peri-
centromeric regions, in contrast to the more localized
pattern of repeats close to centromeres in Arabidopsis
(Feng et al., 2010). It is believed that this might reflect
the fact that repeats are widely spread across the rice
genome (Feng et al., 2010). The massive loss of CHH
methylation (about 85%; Table I) in ordrm2 plants sug-
gests that the OsDRM2-mediated RADM pathway in
rice may play a major role for CHH methylation. Our
results indicate that, in fact, rice CHH methylation es-
sentially targets small TEs such as MITEs that are
largely scattered in euchromatic regions, most at the 5’
and 3’ ends of genes. MITE-associated genes that have
significantly lower level expression than genes away
from MITEs (Lu et al., 2012) are likely to be repressed
by OsDRM2-mediated CHH methylation, as a large
portion of up-regulated genes were MITE-associated
hypo-CHH DMGs in osdrm2 (Fig. 6). This suggests an
important role of OsDRM2 and RdDM in gene regula-
tion in rice. Many up-regulated DMGs were important
rice developmental genes, such as OsGA20x5 and
Os08g19420 (Supplemental Data Set S1). The over-
expression of OsGA20x5 produces a severe dwarf
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phenotype (Shan et al., 2014), and plants with increased
expression of Os08g19420 showed exaggerated flag
leaf angle at the heading stage (Wei et al., 2014).
These phenotypes were observed in osdrm2 (Fig. 1A;
Supplemental Fig. S1F). Interestingly, OsMPS, hypo-
CHH methylated and up-regulated in osddmla/1b,
also was hypo-CHH methylated and up-regulated in
osdrm2 (Supplemental Figs. S3 and S6, B and C). RdADM
is a DNA methylation process triggered by double-
stranded RNA from which siRNAs are generated and
used by the RNA interference machinery to guide
DRM2-mediated DNA methylation. Conversely,
the production of siRNA also depends on DRM2
(Zilberman et al., 2004; Henderson et al., 2010). The
correlation between the decrease of 24-nucleotide
siRNA abundance and the loss of CHH methylation in
osdrm?2 suggests that OsDRM2 is required for siRNA
production in the RADM pathway that regulates many
protein-coding genes in rice. This hypothesis is sup-
ported by hundreds of up-regulated genes and the
severe phenotypes of ordrm2 mutants and those of
other rice RADM genes, such OsDCL3a, OsDCL4, and
OsRDR6 (Wu et al., 2010; Song et al., 2012a, 2012b;
Arikit et al, 2013). By comparison, mutants of the
Arabidopsis homologous genes display no or only
subtle phenotypes (Cao and Jacobsen, 2002), whereas
no double mutants of the maize DRM2 orthologs Zmet3
and Zmet7 could be recovered (Li et al., 2014). Likely,
DNA methylation mediated by DRM2-like proteins in
grasses is crucial for normal plant growth and viability.

These specific features of OsDDM1 and OsDRM2 in
DNA methylation and epigenetic regulation of gene
expression, together with both the conserved and spe-
cific functions of OsMET1 in DNA methylation (Hu
et al., 2014), indicate that the precise functions of DNA
methylation regulators and the identities of rice path-
ways that mediate the bulk of methylation of the rice
genome differ from those in Arabidopsis. The distinct
feature of the rice DNA methylation pattern and the
unique roles of OsDDM1 and OsDRM?2 may be related
to the differences in genome and chromatin organiza-
tion of rice and Arabidopsis. The majority of CHH
methylation locates in euchromatic regions in rice (Fig.
1B), whereas most CHH methylation is in the pericen-
tromeric heterochromatin in Arabidopsis (Lister et al.,
2008; Stroud et al., 2014). This is likely due to the fact
that heterochromatic regions are relatively dispersed
across chromosomes in rice but are much more focused
in pericentromeric regions in Arabidopsis.

MATERIALS AND METHODS
Plant Materials

Rice (Oryza sativa L. ssp. japonica ‘DongJin’) plants were used in this study.
T-DNA insertion lines of osddmla (PFG_3A-51065), osddm1b (PFG_2B-60109),
and osdrm?2 (PFG_3A-04110) were obtained from the Postech rice mutant da-
tabase (http://www.postech.ac kr/life/pfg/risd /). The homozygous mutants
of osddmla, osddmlb, osdrm2, osddmla/lb double mutant, osddmla/1b/osdrm2
triple mutant, and callus culture-regenerated wild type were germinated and
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grown on hormone-free, one-half-strength Murashige and Skoog medium un-
der 16/8 h of light/dark at 30°C/25°C or in the field. Twelve-day-old seedling
leaves from each genotype were harvested for chromatin, genomic DNA, or
total RNA extraction.

Genotyping of osddmla, osddml1b, and osdrm2 Plants

The insertion of osddm1a was confirmed by PCR using the primers 3A-51065-
P1 and 3A-51065-P2 and the T-DNA-specific primer P3, the osddm1b mutant by
the primers 2B-60109-P1 and 2B-60109-P2 and the T-DNA-specific primer P3,
and the osdrm2 mutant by the primers 3A-04110-P1 and 3A-04110-P2 and the
T-DNA-specific primer P4. The primers used for genotyping and reverse
transcription-PCR analysis are listed in Supplemental Data Set S2.

Semiquantitative Reverse Transcription-PCR and
qRT-PCR Analysis

Total RNA was isolated from 12-d-old seedling leaves using TRIzol reagent
(Invitrogen/Life Technologies). Four micrograms of treated total RNA was used
to synthesize first-strand complementary DNA with a reverse transcription kit
(Promega). The rice Actin gene was used as an internal control.

Methylation-Sensitive Endonuclease Digestion

Genomic DNA (1 ug) isolated from 12-d-old seedlings was digested with
40 units of the methylation-sensitive restriction enzyme McrBC (New England
Biolabs; M0272L) for 6 h, which cuts methylated DNA, followed by PCR with
specific primer pairs (Supplemental Data Set S2).

Enzymatic Hydrolysis of DNA and Liquid
Chromatography-Mass Spectrometry Analysis

Enzymatic hydrolysis of DNA and liquid chromatography-mass spec-
trometry analysis were conducted according to protocols described previously,
with slight modifications (Friso et al., 2002). DNA was extracted from mature
leaves using the DNeasy plant mini kit (Qiagen). About 0.5 ug of DNA was
denatured by heating at 100°C for 3 min and subsequently chilled in ice slush.
One-tenth volume of 0.1 M ammonium acetate (pH 5.3) and 2 units of benzonase
P1 (Sigma) were added and incubated at 37°C for 2 h. To the solution were
subsequently added one-tenth volume of 1 M ammonium bicarbonate (Sigma)
and 0.002 units of venom phosphodiesterase I (Sigma). The incubation was
continued for an additional 2 h at 37°C. Thereafter, the mixture was incubated
for 1 h at 37°C with 0.5 units of alkaline phosphatase (New England Biolabs).
After digestion, 0.4 mL of ultrapure water filtered through a 0.22-um filter for
liquid chromatography-mass spectrometry analysis was added. Nucleoside
standards including deoxycytidine and 5-methyldeoxycytidine were used to
determine the peak position of each nucleoside.

Chromatin Immunoprecipitation

Chromatin was isolated from 2 g of rice seedling leaves. After sonication,
chromation fragments were incubated with antibody (anti-H3K9me2 or anti-
H3K27me3)-coated beads (Invitrogen/Life Technologies; 10001D) overnight.
After wash and elution, products were reverse cross-linked. Then, the products
were treated with protease K (Takara; 9034). Anti-H3K9me?2 (ab1220; Abcam)
and anti-H3K27me3 (A2363; ABclonal) antibodies were used.

Whole-Genome BS-Seq Library Construction
and Sequencing

For genomic BS-seq, the total genomic DNA of callus culture-regenerated
wild-type and mutant plants was extracted from 12-d-old seedling leaves using
the DNeasy plant mini kit (Qiagen). The library was prepared and sequenced at
the Novogene Bioinformatics Institute on an Illumina HiSeq 2500 platform.

BS-Seq Data Processing

Quality control, mapping, and processing of BS-seq reads were performed
as follows. Briefly, low-quality reads were removed from raw data by
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Trimmomatic (http://www.usadellab.org/cms/uploads/supplementary/
Trimmomatic/Trimmomatic-Src-0.35.zip), and then the clean data were mapped
to the MSU?7.0 rice reference genome (ftp:/ /ftp.plantbiology.msu.edu/pub/
data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/
version_7.0/all.dir/) by BatMeth (Lim et al., 2012). Only uniquely mapped
reads were retained for further analysis. To calculate the methylation den-
sity, we first counted the total number of nucleotides C and T that overlap
with each genomic cytosine site across the whole genome. The methylation
level for each cytosine site was calculated by the sequencing depth of this site
divided by the number of unconverted cytosines.

Identification of DMCs, DMRs, and DMGs

The DMCs between any two genotypes were defined by a binomial test
(methylSig; Park et al., 2014). Only cytosine sites whose adjusted g values were
0.01 or less and had DNA methylation differences of 0.7, 0.5, or 0.1 between any
two genotypes were designated for DMCs (Stroud et al., 2013). The DMRs were
discriminated by comparison of the methylation levels of 1-kb window-
s/regions throughout the genome between any two genotypes. For the iden-
tification of DMGs, either the methylation level of the gene body or 2-kb
upstream flanks (promoter) of the gene has a difference (calculated the same as
DMCs).

mRNA Sequencing and Small RNA-Seq and Analysis

Total RNA was extracted from 12-d-old seedlings using TRIzol reagent
(Invitrogen). RNA-seq libraries were constructed from total RNA isolated using
TRIzol reagent (Invitrogen/Life Technologies) from leaf tissues. Total RNA
(10 ug) for each sample was used to purify poly(A) mRNA; this mRNA was
used for the synthesis and amplification of complementary DNA. The RNA-seq
libraries were prepared using the TruSeq RNA Sample Preparation Kit from
Ilumina. Libraries were sequenced on an Illumina HiSeq 2000.

Small RNA-seq libraries were constructed from total RNAs isolated from the
same tissues as for the mRNA libraries, using the TruSeq Small RNA Sample
Preparation Kit from Illumina. The libraries were sequenced on the same Illu-
mina HiSeq 2000 as the mRNA sequencing libraries.

RNA-seq data were first cleaned by removing contaminations and low-
quality reads by Trimmomatic (http://www.usadellab.org/cms/uploads/
supplementary/ Trimmomatic/Trimmomatic-Src-0.35.zip). The clean data were
mapped against the MSU7.0 rice genome with corresponding annotation by
Tophat2.0 (Kim et al., 2013; http://tophat.cbcb.umd.edu/) using default pa-
rameters. Then, the gene counts were calculated with htseq-count, and the
differentially expressed genes (log [fold change] = 2, g < 0.05) were calculated
by DESeq2.

Small RNA sequence raw data were cleaned by removing adaptor con-
tamination and low-quality reads by Cutadapt (Martin, 2011). MicroRNA
(http:/ /www.mirbase.org/ftp.shtml), transfer RNA (http:/ /rice.plantbiology.
msu.edu/analyses_search_tRNA.shtml), ribosomal RNA (Rice Genome An-
notation MSU?7.0), small nucleolar RNA, and small nuclear RNA (http://www.
arb-silva.de/no_cache/download/archive/release_111/Exports/) also were
removed. Clean reads were aligned to the rice MSU7.0 reference genome by
Bowtie (Langmead et al., 2009), allowing zero mismatches and unique map-
ping. Two types of small RNA abundance were calculated by 21- or 24-nucleotide
read numbers falling into 1-kb windows/regions throughout the whole ge-
nomes, and windows containing more than three reads were tested by edgeR
(Robinson et al., 2010) between samples. Windows with corrected P = 0.01 were
defined as differential small RNA regions.

Chromatin Immunoprecipitation Sequencing and Analysis

DNA from chromatin immunoprecipitation was used to construct se-
quencing libraries following the protocol provided by the Illumina TruSeq ChIP
Sample Prep Set A and sequenced by HiSeq 2000.

Trimmomatic (version 0.32) was used to filter out low-quality reads and crop
all reads to a uniform length (45 bp). Clean reads were mapped to the rice genome
(Rice Genome Annotation Project version 7) by default, allowing up to two
mismatches using Bowtie2 (version 2.1.0).

The sequence data and analyses generated in this work have been submitted
to the National Center for Biotechnology Information databases under the ac-

cession number GSE81436.
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Characterization of expression and T-DNA in-
sertion mutants of OsDDM1a, OsDDM1b, and OsDRM?2.

Supplemental Figure S2. Cytosine methylation average levels in all se-
quence contexts in TEGs.

Supplemental Figure S3. Genome browser and validation of DNA meth-
ylation loss in the mutants.

Supplemental Figure S4. Patterns of cytosine methylation (CG, CHG, and
CHH) of additional TEs and repeats in the wild type and osddm1la,
0sddm1b, osddmla/1b, and osdrm2 mutants.

Supplemental Figure S5. Heterochromatin localization of hyper-CHH
methylated TEs in osddm1a/1b plants.

Supplemental Figure S6. Transcriptomic analysis.

Supplemental Figure S7. Transcript levels (relative to Actinl) tested by
qRT-PCR.

Supplemental Table S1. Cytosine methylation levels in wild-type and mu-
tant rice leaves measured by mass spectrometry.

Supplemental Table S2. BS-seq data of the wild type and mutants (two
repeats per sample).

Supplemental Table S3. H3K27me3 and H3K9me2 chromatin immuno-
precipitation sequencing data.

Supplemental Table S4. RNA-seq data.

Supplemental Table S5. Numbers of hypo- or hyper-DMCs, DMRs, and
DMGs in CG, CHG, and CHH contexts in the mutants.

Supplemental Data Set S1. Differentially methylated and differentially
expressed genes in osddm1 and ordrm2 mutants.

Supplemental Data Set S2. Sequences of primers used in this study.
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