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ABSTRACT

DNA methylation in the non-CG context is widespread in the plant kingdom and
abundant in mammalian tissues such as the brain and pluripotent cells. Non-CG
methylation in Arabidopsis thaliana is coordinately regulated by DOMAINS
REARRANGED METHYLTRANSFERASE (DRM) and CHROMOMETHYLASE
(CMT) proteins but has yet to be systematically studied in major crops due to difficulties
in obtaining genetic materials. Here, utilizing the highly efficient multiplex CRISPR-
Cas9 genome-editing system, we created single- and multiple-knockout mutants for all

nine DNA methyltransferases in rice (Oryza sativa) and profiled their whole-genome
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methylation status at single-nucleotide resolution. Surprisingly, the simultaneous loss of
DRM2, CMT2, and CMT3 functions, which completely erases all non-CG methylation in
Arabidopsis, only partially reduced it in rice. The regions that remained heavily
methylated in non-CG contexts in the rice Os-dcc (Osdrm2/cmt2/cmt3a) triple mutant had
high GC contents. Furthermore, the residual non-CG methylation in the Os-dcc mutant
was eliminated in the Os-ddccc (Osdrm2/drm3/cmt2/cmt3a/cmt3b) quintuple mutant but
retained in the Os-ddcc (Osdrm2/drm3/cmt2/cmt3a) quadruple mutant, demonstrating that
OsCMT3b maintains non-CG methylation in the absence of other major
methyltransferases. Our results showed that OsCMT3b is subfunctionalized to
accommodate a distinct cluster of non-CG methylated sites at highly GC-rich regions in

the rice genome.

Key words: non-CG methylation; DNA methyltransferase; OsCMT3b; Oryza sativa

INTRODUCTION

In plants, DNA methylation occurs in three sequence contexts, namely, CG, CHG, and
CHH (where H denotes A, T, or C), and each context is established and maintained by
distinct DNA methyltransferase families (Law and Jacobsen, 2010; He et al., 2011,
Matzke and Mosher, 2014; Du et al., 2015; Zhang et al., 2018). In mammals, DNA
methylation occurs predominantly in the CG context, and the non-CG methylation is only
abundant in specific tissues such as the brain and pluripotent cells (He and Ecker, 2015).
Recently, non-CG methylation has been found in specific cell-types in humans and mice
(Lister et al., 2009; Xie et al., 2012), and may play important roles during differentiation
(Schultz et al., 2015). In Arabidopsis thaliana, CG methylation is maintained by DNA
METHYLTRANSFERASE 1 (MET1) (Ronemus et al., 1996); CHG methylation is
maintained by CHROMOMETHYLASE3 (CMT3) with the help of the H3K9 histone

methyltransferase KRYPTONITE/SUVH4 (KYP) (Cao and Jacobsen, 2002; Du et al.,
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2012); and CHH methylation is established and maintained by DOMAINS
REARRANGED METHYLTRANSFERASE2 (DRM2) through RNA-directed DNA
methylation, as well as by CMT2 and DECREASE IN DNA METHYLATION1 (DDM1)
in a small interfering RNA-independent manner (Cao et al., 2003; Lister et al., 2008;
Stroud et al., 2013a; Zemach et al., 2013; Stroud et al., 2014).

The rice (Oryza sativa) genome encodes nine putative DNA methyltransferases, with
two copies of MET, three CMTs, and four DRMs (Sharma et al., 2009). Previous studies
have shown that OSMET1b is the major CG methylase and that the Osmetlb homozygous
mutant has severe developmental defects that lead to seedling lethality (Hu et al., 2014;
Yamauchi et al., 2014), whereas the Osmetla mutant did not show an obvious
developmental defect (Yamauchi et al., 2009). OsCMT3a was shown to mediate CHG
methylation, and Oscmt3a mutants exhibited pleiotropic developmental abnormalities as
well as activation of a wide spectrum of transposons (Cheng et al., 2015). OSDRM2 is
required for de novo DNA methylation and is critical for both vegetative and reproductive
growth (Moritoh et al., 2012), and the Osdrm2 mutant exhibits drastically reduced CHH
methylation.

Due to the difficulties in obtaining higher-order mutants, cooperation between
different DNA methyltransferases has yet to be explored in rice. However, in the last few
years, exciting developments in CRISPR-Cas-based genome-editing technology have
fundamentally reshaped functional genomics in all organisms, including plants (Li et al.,
2017b; Knott and Doudna, 2018; Chen et al., 2019). The technology is particularly
groundbreaking in rice due to the high efficiency of the CRISPR-Cas9 system in rice calli

during transformation (Wang et al., 2015), with many homozygous and heterozygous
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single- and multiple-knockout mutants readily obtained in the TO generation. Here, taking
advantage of this highly efficient system, we extensively investigated the non-CG DNA

methylation landscape in rice.

RESULTS
Multiplexed knockouts of DNA methyltransferases via CRISPR-Cas9 in rice
To systemically examine all nine DNA methyltransferases and investigate the
coordination among non-CG methyltransferases, we took advantage of the multiplex
CRISPR-Cas9 genome-editing tool to target each of the nine DNA methyltransferase
genes individually as well as using single-guide RNA (sgRNA) combinations to
simultaneously target multiple non-CG methyltransferases (Figure 1A; Supplemental
Table S1). In total, nine single-knockout constructs, five double-knockout constructs, one
triple-knockout construct, and one quintuple-knockout construct were used for rice
transformation (Supplemental Table S2). Subsequently, we screened a large number of
Cas9-positive T1 plants using a high-throughput, next-generation sequencing-based
method (Liu et al., 2019) and obtained homozygous mutants carrying frameshifting
insertions or deletions for all sixteen of the desired genotypes except Osmetlb, which was
previously reported to be seedling lethal (Hu et al., 2014) (Figure 1B; Supplemental
Figures S1 and S2).

Phenotypes of the CRISPR-Cas9-derived single mutants were consistent with those
previously described for single mutants generated using T-DNA or Tos17 transposition
(Moritoh et al., 2012; Cheng et al., 2015; Tan et al., 2016), with Osdrm2 displaying

severe developmental defects and Oscmt3a being sterile. Simultaneous loss of multiple

120z BUNf €| Uo Jasn AysieAlun [einynouby eulyd Uinos Aq 86€/629/2919e0M/I1991d/€60 10 1/10p/a[olIe-80UBAPE/||89]d/W 00 dno"olWapEeo.)/:SAjY Wolj PaPEojUMOQ



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

non-CG DNA methyltransferases further enhances the developmental defects observed in
Osdrm2, suggesting non-CG methylation plays a major role in regulating vegetative and
reproductive development (Figure 1C; Supplemental Figure S3). It is worth noting that,
although the highly efficient CRISPR system in rice enables us to obtain a large number
of single, double, and higher-order mutants in a relatively short period of time compared
to the traditional T-DNA-based method combined with crossing, the downside is that
each individual mutant line is derived from independent transformation events and
therefore may carry different mutant alleles for the same gene, and the frameshifting

mutants, despite typically being null alleles, might still be partially functional.

Osdrm2/cmt2/cmt3a triple mutant reveals the cooperative regulation of CHH
methylation in rice

Next, we characterized the impacts of these mutants on DNA methylation at single-base
pair resolution using whole-genome bisulfite sequencing (WGBS; Figure 1B;
Supplemental Data Set S1). To track possible epigenetic changes caused by tissue culture
(Stroud et al., 2013b), both nontransformed Nipponbare and segregated wild-type T1
plants that underwent the transformation process were examined as controls. By
comparing genome-wide methylation statuses from different libraries to identify
differentially methylated regions (DMRs, see the “Methods” and “Accession Numbers”
sections for more details), we found that CHG methylation was largely lost in Oscmt3a,
with a small subset of loci specifically demethylated in Osdrm2 (Figure 2A, C-D).
Meanwhile, the majority of CHH methylation was eliminated in Osdrm2 mutants, with

OsCMT2 and OsCMT3a playing minor roles in a small percentage of the genome (Figure
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2B, F-H). The single mutants of OsDRMla, OsDRM1b, OsDRM3, and OsCMT3b
globally did not show visible losses of CHG or CHH methylation (Figure 2A-B), but each
has a small number of non-CG hypo-DMRs (Supplemental Data Set S1), enriched over
subgroups of transposable elements (TEs; Supplemental Figure S4). Hence, OsCMT2,
OsCMT3a, and OsDRM2 are the three major players in the maintenance of non-CG
methylation in rice.

To further explore the coordination among the three major non-CG DNA
methyltransferases in rice, we investigated the impacts of their combinatorial mutants,
including all the double (Osdrm2/cmt2, Osdrm2/cmt3a, and Oscmt2/cmt3a) and triple
(Os-dcc) mutants. We found that Osdrm2/cmt3a double mutants had a greater loss of
CHG methylation than either the Oscmt3a or Osdrm2 single mutant (Figure 2A, E),
suggesting that OsCMT3a and OsDRM2 cooperate in methylating CHG contexts in
specific genomic regions. Unexpectedly, few CHG DMRs were found in the Oscmt2
single mutant, and almost all the Os-dcc CHG DMRs overlapped with Osdrm2/cmt3a
CHG DMRs (Figure 2A, C-E). Hence, in contrast to the case in Arabidopsis, in which
CMT2 contributes to CHG methylation (Stroud et al., 2014), OsCMT3a and OsDRM2
(but not OsCMT?2) are responsible for most of the CHG methylation in rice.

In Arabidopsis, cmt3 CHH DMRs are a small subset of cmt2 CHH DMRs, and
drm2/cmt2 erases all CHH methylation (Stroud et al., 2014). By comparing Osdrm2/cmt2
and Os-dcc mutants, we found that a large number of CHH DMRs were controlled by
OsCMT3a alone (Figure 2B). Furthermore, the CHH DMRs found in either the Oscmt2
or Oscmt3a single mutant exhibited additional loss of methylation in the Oscmt2/cmt3a

double mutant (Figures 2I; Supplemental Figure S5A-B), suggesting functional
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redundancy between these two enzymes. However, Osdrm2 CHH DMRs showed no loss
of methylation in the Oscmt2, Oscmt3a, and Oscmt2/cmt3a mutants (Figure 2F;
Supplemental Figure S5C), suggesting that targets of OsDRM2 were insulated from the
activity of OsCMT2/CMT3a. A previous study on the subtype of CHG and CHH sites in
Arabidopsis, maize (Zea mays), and tomato (Solanum lycopersicum) revealed that the
differential methylation in the CHG and CHH subcontexts is affected by properties of the
DNA methylation machinery (Gouil and Baulcombe, 2016). From these results, we
conclude that CMT2 plays a much weaker role in rice than in Arabidopsis and that

OsCMT3a is capable of methylating the CHH context in the rice genome.

Non-CG methyltransferases coordinately regulate the transcriptome

Next, we examined the impacts of these mutants on the transcriptome using RNA-seq
(Figure 1B) to look for TEs with significantly altered expression levels (at least four-fold
change and an adjusted p-value < 0.01) (Stroud et al., 2013b). We found that in general,
the double mutants had a larger number of upregulated TEs than the single mutants, with
the largest number observed in the Os-dcc triple mutant (Figure 2J; Supplemental Data
Set S3). A similar trend was observed for genic regions, with the largest number of
differentially expressed genes also reported in Os-dcc (Supplemental Figure S6A;
Supplemental Data Set S3). In addition to the number of loci affected, the change in
expression level for the same set of upregulated TEs/genes was also the most prevalent in
the Os-dcc triple mutant (Figure 2K; Supplemental Figure S6B). Oscmt3a had a larger
number of upregulated TEs than Osdrm2 and Oscmt2, suggesting that CHG methylation

plays a greater role in silencing TEs than CHH methylation does (Figure 2J). These data
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suggest that OsDRM2, OsCMT2, and OsCMT3a coordinately regulate the transcription
of TEs and genes.

Furthermore, we analyzed the methylation levels of upregulated and downregulated
TEs identified from a series of mutants, and found that upregulated TEs in general are
with significantly higher levels of CHG methylation compared to downregulated ones
(Supplemental Figure S6D). The regions of methylation cover the entire body of TEs
including upstream and downstream (Supplemental Figure S6E). The higher CHG level
of upregulated TEs might be related to the greater drop in CHG methylation of these
regions in the mutants, as most TEs lost all CHG methylation in the mutants
(Supplemental Figure S6F).

Small RNAs are important regulatory molecules in plant development,
environmental response, and genome defense (Borges and Martienssen, 2015; Song et al.,
2019). Some 24-nt small interfering RNAs (siRNAs) are trigger molecules for RNA-
directed DNA methylation (RdDM), and their precursors are produced by plant-specific
RNA polymerase 1V (Pol 1V), which can transcribe silent TE regions (Matzke and
Mosher, 2014). Pol IV targeting requires DNA methylation, and the production of 24-nt
SIRNAs is drastically reduced in Arabidopsis drm2 hypo-CHH DMRs (Stroud et al.,
2014). We checked the relationship between non-CG methylation and 24-nt siRNA
accumulation in the rice mutants (Figure 2L). We analyzed the 24-nt sSiRNAs mapped to
the Os-dcc CHG and CHH DMRs and found that most of the siRNAs were lost in the
Osdrm2 single mutant (Figure 2L), suggesting that OsDRM2-dependent CHH and CHG
methylation are required for Pol IV siRNA biogenesis. In contrast to the case in

Arabidopsis, in which 24-nt siRNAs in cmt2 CHH DMRs are mostly independent of
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DRM2 activity (Stroud et al., 2014), the 24nt-siRNAs at Oscmt2 CHH hypo-DMRs are
only lost in the Osdrm2 mutant but not Oscmt2 or Oscmt3a (Supplemental Figure S6C),

consistent with a stronger role of DRM2 in methylating CHH context in this species.

The residual non-CG methylation in Os-dcc features a high GC content and is lost in
Os-ddccc quintuple mutants
The most striking observation in the Os-dcc triple mutant was the high level of residual
non-CG methylation (Figures 2A-B, and 3A-B). The Arabidopsis ddcc
(drml/drm2/cmt2/cmt3) mutant is essentially equivalent to the drm2/cmt2/cmt3 triple
mutant because DRML1 is transcribed only in the mature egg cell of Arabidopsis (Jullien
et al., 2012). Our WGBS data on Osdrmla, Osdrmlb, and the Osdrmla/drmlb double
mutants also revealed no change in their DNA methylation patterns (Figure 2A-B),
consistent with the limited role of DRM1 in somatic tissues. However, in contrast to the
complete loss of all non-CG methylation in the Arabidopsis ddcc mutant (Stroud et al.,
2014), 5% of all mCHG sites and 23% of the mCHH sites remain methylated in the Os-
dcc mutant (Figure 3A). These regions with residual methylation in Os-dcc mostly
retained both CHG and CHH methylation (Figure 3B; Supplemental Figure S7A-B), and
the expression level of genes and TEs in these regions are generally lower than the
whole-genome average (Figure 4A-B). They also produce less 24-nt siRNAs (Figure 4C).
Compared to the average level across the genome, regions that remain methylated in
Os-dcc are depleted of SINE, LINE, and MITE TEs, but have a much higher portion of
the CACTA transposons and LTR-Retrotransposons (Figure 4D), and these regions are

enriched in TEs and lack genes (Figure 4E). This could be due to the fact that CACTA
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transposons and LTR-Retrotransposons are largely located in heterochromatic regions,
where small RNAs are largely depleted compared to RdDM sites (Stroud et al., 2014).
Publicly available ChlP-seq data showed that these regions have the typical modifications
at TE-rich heterochromatic chromatin, being enriched with H3K9me2, low in active
genic marks such as H3K27ac, H3K4me3, H3K36me3, and having relatively low levels
of H3K27me3 (Figure 4F, G). GO enrichment analysis on genes located at the regions
did not find GO terms that are significantly enriched (Supplemental Tables S3 and S4).

Despite having no obvious correlation with common histone modifications or small
RNA accumulation (Figure 4C, F-G), a detailed examination of several loci suggested a
possible connection to GC content, as these regions are often highly GC-rich (Figure 3B).
Next, we examined the level of non-CG methylation against GC content using wild-type
data from rice and Arabidopsis, and all the bins are a fixed length of 200 bp. It was
immediately clear that the rice methylome features two distinct branches of methylated
regions in both CHG and CHH contexts, one with medium GC content (~0.4) and the
other with high GC content (0.6 ~ 0.8) (Figure 3C-D), whereas Arabidopsis has only a
medium GC content branch (Figure 3E-F), probably due to the fact that fewer TEs exist
in the Arabidopsis genome compared to rice (Yu et al., 2002), and TEs are the major
targets of DNA methylation.

The two branches of mMCHH and mCHG sites in rice behave drastically differently in
various mutants. The medium GC content branch lost almost all of the CHG methylation
in Oscmt3a and Os-dcc and showed severe loss of CHH methylation in the Osdrm2 and
Os-dcc triple mutant (Figure 3C-D), patterns resembling the medium GC content branch

in the Arabidopsis WT and ddcc mutant (Figure 3E-F). In contrast, the high GC content
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branch retained a majority of the CHG and CHH methylation in all the single, double, or
even Os-dcc triple mutants but lost most non-CG methylation in the Os-ddccc quintuple
mutant (Figure 3C-D). Consistent with these results, the remaining mCHG and mCHH
sites in Os-dcc were also exclusively found in the highly GC-rich regions (Supplemental
Figure SBA-B). Thus we have identified two distinct classes of regions in rice based on
GC content: medium GC content regions that are dependent on the function of the three
major methylases CMT2/CMT3/DRM2 and also found in Arabidopsis, as well as a group
of highly GC-rich regions that are subject to methylation by minor DNA
methyltransferases in the Os-dcc triple mutant and lost methylation in the Os-ddccc

quintuple mutant.

The GC-rich cluster of non-CG methylated sites is distinct in rice and methylated by
OsCMT3b
Widespread variation of DNA methylation patterns has been reported in angiosperms
(Niederhuth et al., 2016). GC content is predicted to have major impacts on genome
functioning and ecological adaptation, and GC-rich DNA could potentially facilitate more
complex gene regulation (Smarda et al., 2014). Moreover, rice and maize genomes
contain a separate group of extremely GC-rich genes that are absent in Arabidopsis,
whose genes are mostly AT-rich (Tatarinova et al., 2010). Given that the highly GC-rich
branch of mMCHG and mCHH sites was found in the rice genome but not in the
Arabidopsis genome, we next examined if this branch exists in other plant species.
Recent developments in genome sequencing and assembly have led to the

accumulation of many high-quality plant genomes with WGBS data, and we analyzed the
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correlation between DNA methylation and GC content in five additional plant species
(see the “Methods” section for more details). We found that the Brachypodium
distachyon and maize (B73 and Mo017) genomes contain a relatively GC-rich branch of
mMCHG sites, consistent with the well-known observation of bimodal GC content in
monocots (Tatarinova et al., 2010), but no clear GC-rich branch was observed for mCHH
sites (Figure 5A-B). For Sorghum bicolor, soybean (Glycine max), and tomato, we did
not observe the GC-rich branch for either mCHG or mCHH sites, resembling patterns
observed in Arabidopsis (Figures 5A-B, and 3E-F). Hence, the highly GC-rich cluster of
non-CG methylated sites seems to be unique for the rice genome.

To further investigate whether OsCMT3b or OsDRM3 maintains the non-CG
methylation at GC-rich regions of Os-dcc triple mutant, we performed an analysis of non-
CG methylation level of DMRs between the Os-dcc triple mutant and Os-ddccc quintuple
mutant (Supplemental Data Set S2), and examined the methylation status of these DMRs
in Os-dcc, Os-ddcc (Osdrm2/drm3/cmt2/cmt3a), and Os-ddccc. We found the non-CG
methylation level of DMRs between the Os-dcc triple mutant and Os-ddccc quintuple
mutant are similar between Os-ddcc quadruple mutant and Os-dcc triple mutant (Figure
5C-D). This suggests that OsCMT3b can maintain the non-CG methylation at GC-rich
regions of Os-dcc triple mutant.

OsCMT3b was categorized as a member of the ZMET group, which is a monocot-
specific group (Bewick et al., 2017). In Z. mays, ZMET2 contributes to the maintenance
of most mCHG and a part of mMCHH within some loci, whereas, ZmMMET5, a paralog of
ZMET?2, catalyzes the maintenance of mCHG to a lesser degree (Li et al., 2014).

OsCMT3a and OsCMT3b, the orthologs of ZMET2 and ZMET5, were identified as dual-
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functional DNA methyltransferases that can maintain both mCHG and mCHH (Figure
2A-B; Supplemental Figure S9A-B). Compared with the more similar ZMET2 and
ZMETS5 pair, OsCMT3b shows much more divergence with its paralogous OsCMT3a
(Supplemental Figure S10), suggesting possible subfunctionalization. OsSCMT3b can
maintain the non-CG methylation at GC-rich regions of Os-dcc triple mutant, whereas the
Oscmt3b mutant does not show DNA methylation defect (Figure 2A-B; Figure 5C-D).
Comparisons of non-CG DMRs from Oscmt3a vs Oscmt3b, as well as those from Os-
ddcc vs Os-ddccc also illustrated that loss of OsCMT3b function has a much greater
impact on non-CG methylation in the Os-ddcc background than in the WT background
(Supplemental Figure S9). This suggests that an alternative mechanism to maintain the
non-CG methylation at GC-rich regions exists in rice when the major non-CG
methyltransferases are defective, and these non-CG methylations are catalyzed by
OsCMT3b. The residual non-CG methylation in Os-dcc, which was targeted by

OsCMT3b, can alleviate part of the growth defects of Os-ddccc (Figure 1C).

DISCUSSION

A recent study showed that specific variant forms of the CHG and CHH contexts could
be preferentially targeted by different DNA methylation pathways in Arabidopsis, maize,
and tomato (Gouil and Baulcombe, 2016). Our collection of mutants in rice provides an
opportunity to compare the impacts of mutating OsDRM2, OsCMT2, and OsCMT3a on
the different mCHG or mCHH contexts by looking at their representation at Os-dcc
DMRs. Consistent with a previous study (Gouil and Baulcombe, 2016), we found that

mMCCG has the lowest level of methylation at Os-dcc CHG hypo-DMRs; meanwhile, at
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CHH hypo-DMRs, Osdrm2 have the strongest impacts on the CAA, CAT, CTA sites
(Supplemental Figure S11A-B), possibly reflecting its role on the relatively low GC
content regions in rice. The wide range of CMT2 functionality among different plants is
fascinating, while a majority of CHH methylation sites in Arabidopsis are mediated by
AtCMT2 (Zemach et al., 2013; Stroud et al., 2014), OsSCMT2 has a much more limited
role in rice, and the maize genome is lacking a CMT?2 ortholog (Zemach et al., 2013; Li
et al., 2014; Gouil and Baulcombe, 2016). Despite having no CMT2, CAA and CTA are
still the preferential CHH in maize genome as in Arabidopsis, and the two CMT3
orthologs in maize, Zmet2 and Zmet5, can catalyze both CHG and CHH methylation (Li
et al., 2014; Gouil and Baulcombe, 2016). Future biochemical and structural
characterization would be informative to further review the diverse substrate preference
for plant DNA methyltransferases.

In Arabidopsis, the DRM3 lacks a conserved proline-cysteine in motif 1V, which is
essential for catalytic activity (Bestor and Verdine, 1994; Henderson et al., 2010; Zhong
et al., 2015). Although OsDRM3 possesses a catalytic cysteine in motif 1V, it lacks a
preceding proline that promotes specific recognition and stabilizes the interaction
between the base and catalytic site, and therefore is predicted to be catalytically inactive
(Bestor and Verdine, 1994; Henderson et al., 2010). The catalytically inactive AtDRM3
acts to stimulate the activity of catalytic partner AtDRM2 at the step of catalysis, and is a
general factor that has moderate effects on DNA methylation at RdDM targets
(Henderson et al., 2010; Zhong et al., 2015). Similar to Arabidopsis, most CHH DRMs of
Osdrm3 have overlapped with Osdrm2 CHH DMRs and the effect of the Osdrm2

mutation was much stronger than Osdrm3 mutation even at Osdrm3 CHH DMRs

14

120z BUNf €| Uo Jasn AysieAlun [einynouby eulyd Uinos Aq 86€/629/2919e0M/I1991d/€60 10 1/10p/a[olIe-80UBAPE/||89]d/W 00 dno"olWapEeo.)/:SAjY Wolj PaPEojUMOQ



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

(Supplemental Figure S12A-C) (Zhong et al., 2015), suggesting that OsSDRM3 shares
similar mechanism with AtDRM3.

We also found that Os-dcc and Os-ddcc mutant share similar residual non-CG
methylation at GC-rich branch; this suggests that OsDRM3 alone cannot maintain the
residual non-CG methylation in Os-dcc mutant. Furthermore, the Osdrm3 CHH DMRs
are much less than Atdrm3 CHH DMRs, suggesting OsDRM3 plays a much weak role in
rice than AtDRM3 in Arabidopsis (Supplemental Figure S12A) (Zhong et al., 2015).
Taking these results together, we speculate OsSDRM3 may not be directly responsible for
the residual non-CG methylation in Os-dcc mutants, and the other candidate OsCMT3b
may maintain the residual non-CG methylation in Os-dcc mutant.

To directly investigate sites that are the putative targets of OsCMT3b and/or
OsDRM3, we analyzed the DMRs between the Os-dcc triple mutant and Os-ddccc
quintuple mutant (Supplemental Data Set S2), and found these DMRs largely overlap and
therefore have similar features with those sites that remain methylated in the Os-dcc
mutant in terms of Gene/TE expression pattern, chromosomal context, TE composition,
distribution of 24-nt sSiRNAs (Supplemental Figure S13A-E); and these DMRs are also
featured with high GC content (Supplemental Figure S13F, G).

While plants generally have low CHH methylation levels across the genome,
methylation can reach high levels regionally, particularly for regions targeted by RdDM.
Previous studies have discovered short regions of very high CHH methylation in maize,
such as the mCHH islands located predominantly in more euchromatic regions and often
near genes (Li et al., 2015), whose methylation requires ZmAGO4 and ZmDDML1 (Long

et al., 2021). It is still unclear how the highly GC-rich regions are selectively targeted for
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methylation in Os-dcc, we speculate that various locus-specific and context-sensitive
methyl-CpG-binding domain proteins (Lang et al., 2015; Li et al., 2017a) and chromatin
remodeling factors (Zhou et al., 2018) might be involved in facilitating the recruitment of
DNA methylation machinery to the GC-rich regions in rice. For example, MBD7 was
shown to prefer genomic regions with a high density of CG methylation (Lang et al.,
2015).

In  summary, we performed a comprehensive investigation of DNA
methyltransferases in rice and discovered that there is a distinct cluster of non-CG
methylated sites with high GC-content that remain methylated in the Osdrm2/cmt2/cmt3a
triple mutant. These sites are targeted by OsCMT3b as their methylation is maintained in
Osdrm2/drm3/cmt2/cmt3a  quadruple mutants but IS lost in the
Osdrm2/drm3/cmt2/cmt3a/cmt3b quintuple mutants. Our results showed that the
OsCMT3Db in rice has evolved to accommodate the high GC content and maintain non-

CG methylation in high-C density regions.

MATERIALS AND METHODS

Vector construction

The genome-editing vectors containing the CRISPR-Cas9 system were constructed via
the isocaudomer ligation method as described previously (Wang et al., 2015). The
modified single-guide RNA (sgRNA) scaffold and ACTIN1 promoter-driven Cas9 were
used to increase the efficiency of genome editing in this research (Hu et al., 2018). First,
each of the double-stranded target oligonucleotides (Supplemental Table S1) was ligated

into the SK-sgRNA vector digested with Aarl. Then, based on anticipated mutant types,
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some of these sgRNAs were assembled into one pC1300-ACT:Cas9 binary vector, using
T4 ligase, to obtain the CRISPR-Cas9 vectors (Supplemental Table S2) for the generation

of various DNA methyltransferase mutants.

Plant materials and transformation

Rice (Oryza sativa L. ssp. japonica ‘Nipponbare’) plants were used as the host in this
study. The generation of transgenic rice by Agrobacterium-mediated transformation with
strain EHA105 was performed by Hangzhou Biogle Co., Ltd. (Hangzhou, China). The
seeds of TO mutants and the callus culture-regenerated wild type were germinated and

grown in hormone-free Y2-strength Murashige and Skoog medium under 14/10 h of light

(PHILIPS SON-T Argo (10,000 Lux)/dark at 28°C/25°C in a growth chamber for 21 days.

Then, the seedlings of homozygous T1 mutants were transplanted in the greenhouse and
grown in the mud under 14/10 h of light (PHILIPS SON-T Argo 20,000 Lux)/dark at
34°C/25°C. Mature leaves of 70-day-old plants of each genotype were harvested for

genomic DNA and total RNA extraction.

Genotyping of DNA methyltransferase mutations

Hi-TOM (high-throughput tracking of mutations), which is particularly suitable for high-
throughput identification of all types of mutations induced by CRISPR-Cas systems(Liu
et al., 2019), was used to genotype the TO plants and the progenies of TO mutants. The
homozygous mutants of TO and T1 plants identified by Hi-TOM were verified by Sanger

sequencing. The primers used for genotyping are listed in Supplemental Table S5.
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WGBS library construction, sequencing, and analysis

Genomic DNA was extracted from the mature leaves of 70-day-old wild-type and mutant
plants using a DNeasy Plant Mini Kit (Qiagen). The libraries were prepared and
sequenced at the GENEWIZ Bioinformatics Institute on the Illumina HiSeq X Ten
platform. In brief, for library construction, 1 pg genomic DNA was fragmented to ~500
bp by sonication (Covaris S220), then treated with End Prep Enzyme Mix for end
repairing, 5’ Phosphorylation and dA-tailing in one reaction (Vazyme dA-Tailing
Enzyme Mix, NR602-02-Al), followed by a T-A ligation to add Methylated adaptors to
both ends (Vazyme VAHTS Universal Adapter Ligation Module for Illumina, N204-02).
Size selection of Adaptor-ligated DNA was then performed using VAHTS DNA Clean
Beads (Vazyme), and fragments of ~410 bp (with the approximate insert size of 350 bp)
were recovered and followed by bisulfite conversion using EZ DNA Methylation-
Lightning Kit (ZYMO).

We used public WGBS data for the Arabidopsis thaliana wild type (GSM1242401)
and ddcc mutant (GSM1242404) (Stroud et al., 2014), Brachypodium distachyon
(GSM2096945) (Niederhuth et al., 2016), Zea mays (SRP022569) (Eichten et al., 2013),
Sorghum bicolor (GSM1821507) (Turco et al., 2017), Glycine max (GSM1008196) (Lin
et al., 2017) and Solanum lycopersicum (SRX2008738) (Gouil and Baulcombe, 2016).
High-quality reference genomes of rice (MSU7.0) (Kawahara et al., 2013), Arabidopsis
(TAIR10) (Huala et al., 2001), Brachypodium (Brachypodium distachyon v3.0) (Vogel
et al., 2010), maize (B73 RefGen_v4) (Jiao et al., 2017), sorghum (Sorghum bicolor_v3)
(McCormick et al., 2018), soybean (Wm82.a2.v1) (Song et al., 2016) and tomato (SL3.0)

(Shearer et al., 2014) were used.
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For each library, > 10 Gb of raw data was generated (Supplemental Data Set S1).
Adapters were removed from reads using Cutadapt (Martin, 2011) v1.18, and the reads
were then mapped to the reference genome using BSMAP (Xi and Li, 2009) v2.90,
allowing 8% mismatches. DMRs were defined by comparing the DNA methylation levels
between the wild type and each mutant in 200 bp bins, and were analyzed as previously
described (Stroud et al., 2013b). The DNA methylation level in each 200bp bin was
calculated based on read count by comparing the number of methylated cytosines with
the total number of cytosines in all reads, calculated as #C/(#C+#T) (weighted
methylation) (Schultz et al., 2012). In brief, DMRs were identified by Fisher's exact test
with default parameters in the R package methylKit (Akalin et al., 2012) v1.9.3 with the
criteria of an adjusted P < 0.01 and an absolute methylation difference of 0.7, 0.5, and 0.1
for the CG, CHG and CHH contexts, respectively (0.4, 0.2, and 0.1 for the CG, CHG and
CHH contexts for Arabidopsis), between all wild types and mutants. Only bins that
contained at least 4 informative cytosines (covered by at least 4 reads) in all wide types
and mutants were retained as true DMRs. In Figure 2, the heatmap shows the methylation
status of all 200 bp bins that have passed the DMR filter. All bins analyzed are of equal
size, and we only merged adjacent bins for clustering DMRs to organize rows in the
heatmap figures (Figure 2A-B), so that those 200bp bins that are derived from the same
“merged DMR” stay together in the heatmap demonstration (for example, a single 1kb
merged DMR would be displayed as five continuous 200bp bins). To define methylated
CHG (mCHG) and methylated CHH (mCHH) sites, we used the same 200bp bins with
DMR analysis, and filtered first in the WT/Control library for bins that have a

methylation level no less than 0.7 for CG context, no less than 0.5 for CHG, and no less
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than 0.1 for CHH, except for Arabidopsis with methylation level no less than 0.4 for CG,
no less than 0.2 for CHG, and no less than 0.1 for CHH, respectively. The mCHG and
mCHH sites were identified by the same way in OS-dcc/ddccc mutants of rice or ddcc
mutants of Arabidopsis. So, the minimum methylation level of mCHG sites in the Control
sample would be 0.5, and the minimum methylation level of mCHH sites would be 0.1

for the density plots, respectively (Figure 3C-D).

MRNA library construction, sequencing, and analysis

The mRNA libraries were prepared and sequenced at the GENEWIZ Bioinformatics
Institute. Total RNA of each genotype was extracted from the mature leaves of 70-day-
old wild-type and mutant plants using TRIzol reagent (Invitrogen). The total RNA of
each sample was quantified and qualified by an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) and NanoDrop spectrophotometer (Thermo Fisher
Scientific Inc.). One microgram of total RNA with a RIN above 7 was used to purify poly
(A) mRNA, and this mRNA was used for the synthesis and amplification of
complementary DNA. The mRNA-seq libraries were prepared using the VAHTSTM
mMRNA-seq V2 Library Prep Kit for Illumina (Vazyme). Then, the libraries were
sequenced on the Illumina HiSeq X Ten platform. For each library, > 6 Gb of raw data
was generated (Supplemental Data Set S1). Adapters were removed from reads using
Cutadapt (Martin, 2011) v1.18, and the reads were then mapped to the MSU7.0 reference
genome using HISAT2 (Kim et al., 2015) v2.1.0 and quantified using StringTie (Pertea et

al., 2016) v1.3.3b. Differentially expressed genes and TEs were identified in each mutant
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with the criteria of a four-fold difference and an adjusted P < 0.01 (Stroud et al., 2013b)

using HTSeq (Anders et al., 2015) v0.11.0 and DESeq2 (Love et al., 2014) v1.19.31.

Small RNA library construction, sequencing, and analysis

Small RNA libraries were prepared and sequenced at the GENEWIZ Bioinformatics
Institute. In brief, small RNA-seq libraries were constructed from total RNAs extracted
from the same tissues used for the mRNA libraries. RNA was purified as previously
described (Thomas and Ansel, 2010) then followed by library construction with the
NEXTflex Small RNA-Seq Kit (PerkinElmer). The libraries were sequenced on the same
[llumina HiSeq X Ten platform as the mRNA-seq libraries. For each library, > 4 Gb of
raw data was generated (Supplemental Data Set S1). Raw data were cleaned by removing
adapters by Cutadapt (Martin, 2011) v1.18, and reads with lengths of 18-28 nt were
retained. Then, the clean reads were uniquely mapped to the MSU7.0 reference genome
using Bowtie (Langmead et al., 2009) v1.2.2, allowing no mismatches. The sSmRNA
counts were normalized to the size of each library by dividing the number of reads by the

number of unique reads with a length of 21 nt.

Chromatin-immunoprecipitation (ChIP) sequencing and analysis

We used public ChIP-seq data for the seedlings of rice (H3K9mel, GSM2084216 (Fang
et al., 2016); H3K9me2, GSM2152477 (Tan et al., 2016); H3K9me3, GSM2084221
(Fang et al., 2016); H3K4me3, GSM2947265 (Zheng et al., 2019); H3K9ac,
GSM2947268 (Zheng et al., 2019); H3K27ac, GSM2947267 (Zheng et al., 2019);

H3K27me3, GSM2947270 (Zheng et al., 2019); H3K36me3, GSM2947266 (Zheng et al.,
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2019); H4K12ac, GSM2947269 (Zheng et al., 2019)). Reads were mapped to MSU7.0
reference genome using Bowtie2 (Langmead and Salzberg, 2012) v2.3.4.3. The
visualization program ngs.plot (Shen et al., 2014) (v2.47.1) is used on the sorted BAM

file to create the average signal profiles.

Gene Ontology (GO) analysis
The R-Bioconductor package topGO v2.31.0 was used to perform the GO enrichment

analysis involved in the biological processes (Alexa et al., 2006).

Accession numbers

The sequencing data generated in this study, including WGBS, mRNA-seq, and sSRNA-
seq data, have been deposited in GEO (GSE138705). The datasets of CHG-hypo and
CHH-hypo DMRsanalyzed in the study can be downloaded from Zenodo
(https://doi.org/10.5281/zen0do.4851677) or GitHub repository

(https://github.com/yimingfish/TPC_Supplemental-Data/tree/1.0).

SUPPLEMENTAL DATA

Supplemental Figure S1. Genotypic analysis of DNA methyltransferase mutations.
Supplemental Figure S2. CRISPR-Cas9-induced mutations in DNA methyltransferase
genes.

Supplemental Figure S3. Effects of the non-CG methyltransferase mutations on plant

growth.
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Supplemental Figure S4. The different distribution proportions of different TE families
in minor DNA methyltransferase mutant.

Supplemental Figure S5. OsDRM2, OsCMT2, and OsCMT3a cooperatively regulate
CHH methylation.

Supplemental Figure S6. The relationship between non-CG methylation and
transcriptome.

Supplemental Figure S7. The remaining mCHG and mCHH regions are completely
overlapped with each other in Os-dcc mutants.

Supplemental Figure S8. The relationship between the mCHG/mCHH regions in Os-dcc
mutant and GC content.

Supplemental Figure S9. Functional diversities of OsCMT3a and OsCMT3b.
Supplemental Figure S10. Phylogenetic relationships of CMTs across angiosperm.
Supplemental Figure S11. DNA methylation of Os-dcc hypo DMRs in CMT and RdDM
mutants.

Supplemental Figure S12. The features of Osdrm3 CHH DMRs.

Supplemental Figure S13. Characteristics of the non-CG DMRs between Os-dcc and
Os-ddccc mutant.

Supplemental Table S1. Description of sgRNA target sites and sequences.
Supplemental Table S2. CRISPR-Cas9 vectors for DNA methyltransferase mutants.
Supplemental Table S3. The Gene Ontology (GO) analysis of genes overlapped with
mMCHG regions.

Supplemental Table S4. The Gene Ontology (GO) analysis of genes overlapped with

mCHH regions.
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Supplemental Table S5. PCR primers used in this study.

Supplemental Data Set S1. Summary of BS-seq, mRNA-seq and sSRNA-seq libraries.
Supplemental Data Set S2. List of CHG-hypo DMRs and CHH-hypo DMRs between
Os-dcc and Os-ddccc mutant.

Supplemental Data Set S3. List of differentially expressed genes (DEGS)/TEs in the

mutants.

Supplemental File 1. Alignment corresponding to the phylogenetic tree in Supplemental

Figure 10.
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Figure Legends

Figure 1. CRISPR-Cas9 knockout of DNA methyltransferase genes and phenotypes
of T1 mutants.

(A) Schematic illustrations of non-CG methyltransferase gene regions targeted by the
guide RNA. Dark blue lines indicate introns, light blue bars indicate exons, and white
bars indicate UTRs (untranslated regions). The guide RNA target sequences are colored
in red. (B) Genotypic analysis of T1 plants, 8 single-KO mutants and 8 multiple-KO
mutants obtained and used for NGS. In the table, “I” stands for insertion, “D” stands for
deletion, and the number before “I”” or “D” stands for the number of base pair insertion or
deletion.(C) Phenotypic analysis of selected single and multiple knockout mutants from
T1 progeny (See Supplemental Figure 3 for additional mutants). DAG: Days After

Germination. Scale bars =5 cm.

Figure 2. Functional identification of non-CG methyltransferases involved in DNA
methylation.

(A) Heatmap of rice mCHG regions. The columns represent the indicated genotypes, and
the rows represent the mCHG sites. The rows were sorted by complete linkage
hierarchical clustering with Euclidean distance as the distance measure. Rows with grey
color indicated the sites with insufficient coverage. (B) Heatmap of rice mCHH regions.
The heatmap shows the methylation status of all 200 bp bins that have passed the DMR
filter. All bins are of equal size, and we merged adjacent bins for clustering DMRs to
organize rows in the heatmap figures. (C to E) Genome browser views of CHG
methylation of rice chromosomes in Oscmt3a CHG DMRs (C), Osdrm2 CHG DMRs
(D), and Osdrm2/cmt3a CHG DMRs (E). Genes (blue bars) and TEs (yellow bars) are
shown below. (F to 1) Genome browser views of CHH methylation of rice chromosomes
in Osdrm2 CHH DMRs (F) Oscmt2 CHH DMRs (G) Oscmt3a CHH DMRs (H) and
Oscmt2/cmt3a CHH DMRs (I). (J) Number of TEs defined as having differential
expression in the indicated genotypes. (K) Boxplots of TE expression change in Os-dcc
mutants relative to the wild type in the indicated genotypes. Boxes with different letters
indicate significant differences at P < 0.01 level based on the two-tailed Wilcoxon rank-
sum test. (L) 24-nt siRNA levels in Os-dcc mutant non-CG DMRs. 24-nt siRNA levels
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were normalized by 21-nt siRNA levels for each genotype. Asterisks indicate significant
differences compared with control based on the two-tailed Wilcoxon rank-sum test (*P <
0.01).

Figure 3. The mCHG and mCHH regions in rice Os-dcc mutants feature a high GC
content.

(A) Percentage of the mCHG and mCHH regions in rice Os-dcc/ddccc mutants and
Arabidopsis ddcc mutants. (B) Genome browser views of CG, CHG, and CHH
methylation of rice chromosomes in the mCHG and mCHH regions in Os-dcc. TEs
(yellow bars) are shown below. (C and D) Average cytosine methylation levels in the
CHG context of mCHG regions (C) and CHH context of mCHH regions (D) plotted
against the GC content (CG, CHG, and CHH contexts) for control, Osdrm2, Oscmt2,
Oscmt3a, Os-dcc mutant and Os-ddccc mutant (from left to right). The data point density
plots were calculated using 200bp fixed bins across the genome. The data point density
bar indicates the values of two-dimensional kernel density estimation. (E and F) Average
cytosine methylation levels in the CHG context of mCHG regions (E) and CHH context
of mCHH regions (F) plotted against GC content for Arabidopsis: WT and ddcc mutants.
The data point density bar indicates the values of two-dimensional kernel density
estimation. N: the number of mMCHG/mCHH regions. The dashed line (C to F) locates at
0.5 of GC content and divides the highly GC-rich regions with GC content 0.5~1. Note:
to define methylated CHG (mCHG) and methylated CHH (mCHH) sites, the control
library for 200bp bins was filtered first to ensure that methylation level no less than 0.5
for CHG context, and no less than 0.1 for CHH context.

Figure 4. Characteristics of the non-CG methylation regions in Os-dcc mutant with
high GC content.

(A) Expression level of genes in mCHG/mCHH sites in Os-dcc and whole genome. (B)
Expression level of TEs in mMCHG/mCHH sites in Os-dcc and whole genome. (C) 24-nt
SIRNA levels in mCHG/mCHH sites in Os-dcc and whole genome. 24-nt siRNA levels
were normalized by 21-nt SiRNA levels for each kind of site. Asterisks indicate

statistically significant differences compared with the expression level of genes (A), TEs
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(B), and siRNA abundance (C) in whole genome (two-tailed Wilcoxon rank-sum test: *P
< 0.01). (D) The different distribution proportions of different TE families between the
MCHG/mCHH sites in Os-dcc and whole genome. (E) The percentage of genomic
contents between mMCHG/mCHH sites in Os-dcc and whole genome. (F) The different
distribution of H3K9 markers the non-CG methylation sites in Os-dcc, TEs, and genes.
(G) The different distribution of other histone modifications between the non-CG

methylation sites in Os-dcc, TEs, and genes.

Figure 5. The GC-rich cluster of mMCHG and mCHH sites are distinct in rice and
catalyzed by OsCMT3b.

(A) Average cytosine methylation levels in the CHG context of mMCHG regions plotted
against GC content for Brachypodium distachyon, Zea mays, Sorghum bicolor, Glycine
max, and Solanum lycopersicum. B73 and Mol7 are different maize cultivars. (B)
Average cytosine methylation levels in the CHH context of mCHH regions plotted
against GC content for Brachypodium distachyon, Zea mays, Sorghum bicolor, Glycine
max, and Solanum lycopersicum. The data point density plots were calculated using
200Dbp fixed bins across the genome. (C) Average cytosine methylation levels in the CHG
context of CHG-DMRs between Os-dcc and Os-ddccc in Os-dcc, Os-ddcc and Os-ddcce
mutants. (D) Average cytosine methylation levels in the CHH context of CHH-DMRs
between Os-dcc and Os-ddccc in Os-dcc, Os-ddcc and Os-ddccc mutants. The data point
density bar indicates the values of two-dimensional kernel density estimation. N: the
number of MCHG/mCHH regions. The dashed line (A - D) locates at 0.5 of GC content
and divides the highly GC-rich regions with GC content 0.5~1.
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Figure 1. CRISPR-Cas9 knockout of DNA methyltransferase genes and phenotypes of T1 mutants.

(A) Schematic illustrations of non-CG methyltransferase gene regions targeted by the guide RNA. Dark blue lines indicate introns, light
blue bars indicate exons, and white bars indicate UTRs (untranslated regions). The guide RNA target sequences are colored in red. (B)
Genotypic analysis of T1 plants, 8 single-KO mutants and 8 multiple-KO mutants obtained and used for NGS. (C) Phenotypic analysis of
selected single and multiple knockout mutants from T1 progeny (See fig. S3 for additional mutants). In the table, “I” stands for insertion,
“D” stands for deletion, and the number before “I”” or “D” stands for the number of base pair insertion or deletion. DAG: Day After Germina-
tion. Scale bars =5 cm.
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Figure 2. Functional identification of non-CG methyltransferases involved in DNA methylation.

(A) Heatmap of rice mCHG regions. The columns represent the indicated genotypes, and the rows represent the mCHG sites. The rows were sorted by
complete linkage hierarchical clustering with Euclidean distance as the distance measure. Rows with grey color indicated the sites with insufficient
coverage. (B) Heatmap of rice mCHH regions. The heatmap shows the methylation status of all 200 bp bins that have passed the DMR filter. All bins
are of equal size, and we merged adjacent bins for clustering DMRs to organize rows in the heatmap figures. (C to E) Genome browser views of CHG
methylation of rice chromosomes in Oscmt3a CHG DMRs (C), Osdrm2 CHG DMRs (D), and Osdrm2/cmt3a CHG DMRs (E). Genes (blue bars) and
TEs (yellow bars) are shown below. (F to I) Genome browser views of CHH methylation of rice chromosomes in Osdrm2 CHH DMRs (F) Oscmt2
CHH DMRs (G) Oscmt3a CHH DMRs (H) and Oscmt2/cmt3a CHH DMRs (I). (J) Number of TEs defined as having differential expression in the
indicated genotypes. (K) Boxplots of TE expression change in Os-dcc mutants relative to the wild type in the indicated genotypes. Boxes with different
letters indicate significant differences at P < 0.01 level based on the two-tailed Wilcoxon rank-sum test. (L) 24-nt siRNA levels in Os-dcc mutant non-
CG DMRs. 24-nt siRNA levels were normalized by 21-nt siRNA levels for each genotype. Asterisks indicate significant differences compared with
control based on the two-tailed Wilcoxon rank-sum test (*P < 0.01).

120z dunp ¢ uo Jasn Ajsieaun [eanynouby eulyd yinos Aq 86€/629/2919e0¥/|1901d/g60 L 0L /10p/a[o1e-8ouBApe/|[@9]d/Wwod dno olwepese//:sdiy woij papeojumoq



Arabidopsis mCHG sites (N=89,990 bins) Arabidopsis mCHH sites (N=76,842 bins)
0/
) . 23.25% WT ddcc mutant WT ddcc mutant
- Aarabidopsis 1.00 | 1 1.00 1 [
X | (ddcc mutant) o | | - | |
S 20{__ Rice 2075 o075 . O
kS | (Os-dcc mutant) < I | 5 | | Data point density 5
£ i g [ | g | | High 3
g m Rice =.0.50 >.0.50 =
£ (Os-ddccc mutant) % | | % | | 8
E] £ £ Low o
310 5025 I I £0.25 I ' o
& 5.19% 5 I N 3} . 1 =
2.53% 1 i 0 1 i, g
0 02 04 06 08 0 02 04 06 0.8 0 02 04 06 08 0 02 04 06 08
0% 0.23%  0.01% >
0 o : GC content GC content GC content GC content _g:
mCHG mCHH ﬂ
=
©
1 8
LHLARAL RLOMURMNE 0000 AR N LU OO R 00 RO | | <0 8_
CALARAL R AT OO AT L O R o Qi } I @
LR WO T (OO0 Xy [y [ I [ |
8 [T 1 ATy TN ] | | 1080 AT ot TN YT HC | 3,
RN 1 WML S0 I 110 I NN ontro o
" 1 1 I | L TN/ ANINEN] LA AL IWEREI TN Wosdm? o
g gt D ool b et SR bR -
[/ (1 L | ] h
2o | L T T Y B B L Woscmt2 3
Wl vl ey N A T I TR T wbib) Ll
£0 Ao ‘ ‘ T, LTI s sk Al WOscmtza 3
g \ L
2 LDl b L L bW i (1T H””MH”\JJHJ% T ok LRI Tl A T 1 W Os-dcc mutant -%
o} [ M " T [T PO T P Y A T A " @
Sz i 4 ’ LI AT ORI T Ll W Os-ddece mutant =
P T T Y T e T Y T T e R T T, )
o uuia wnlll TR a
Ll bl 5
Chr 6: 20,385,540 - 20,386,710 Chr 7: 27,213,710 - 27,215,610 (:7’
i
Rice mCHG sites (N=525,456 bins) =
o
Control Osdrm2 Oscmt2 Oscmt3a Os-dcc mutant Os-ddccc mutant @
100 ! | | | &
2 =
g ’ [ [ [ =
2075 | | | ' P
5 | | Data point density 8
= | High S
£ 050 ! [ [ [ [ [ I =)
2 S
c ' [ [ | [ [ Low 8
0.25 | =
I
5 | | | | : | ,.I 3
0 . F g
0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 %
GC content GC content GC content GC content GC content GC content >
N
Rice mCHH sites (N=206,130 bins) g
Control Osdrm2 Oscmt2 Oscmt3a Os-dcc mutant Os-ddccc mutant 8
1.00 | | | I I I g
2 | | | | | = | g’
> 0.75
% | I I I | | Data point density %
S | | | | | | High o
8 0.50 =
z | | | | | | I 5
g | | | | | Low QO
0.25 >
O I9)
0 =2
0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 <
GC content GC content GC content GC content GC content GC content L
c
3.
<
@
=
@,
<
Figure 3. The nCHG and mCHH regions in rice Os-dcc mutants feature a high GC content. b
(A) Percentage of the mCHG and mCHH regions in rice Os-dcc/ddccc mutants and Arabidopsis ddcc mutants. (B) Genome browser views of CG, <
CHG, and CHH methylation of rice chromosomes in the mCHG and mCHH regions in Os-dcc. TEs (yellow bars) are shown below. (C and D) S
Average cytosine methylation levels in the CHG context of mCHG regions (C) and CHH context of mCHH regions (D) plotted against the GC »
content (CG, CHG, and CHH contexts) for control, Osdrm2, Oscmt2, Oscmt3a, Os-dcc mutant and Os-ddccc mutant (from left to right). The data <
point density plots were calculated using 200bp fixed bins across the genome. The data point density bar indicates the values of two-dimensional S
kernel density estimation. (E and F) Average cytosine methylation levels in the CHG context of mCHG regions (E) and CHH context of mCHH n
regions (F) plotted against GC content for Arabidopsis: WT and ddcc mutants. The data point density bar indicates the values of two-dimensional N

kernel density estimation. N: the number of mCHG/mCHH regions. The dashed line (C to F) locates at 0.5 of GC content, and divides the highly
GC-rich regions with GC content 0.5~1. Note: to define methylated CHG (mCHG) and methylated CHH (mCHH) sites, control library for 200bp
bins was filtered first to ensure that methylation level no less than 0.5 for CHG context, and no less than 0.1 for CHH context.
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Figure 4. Characteristics of the non-CG methylation regions in Os-dcc mutant with high GC content. @

4

(A) Expression level of genes in mCHG/mCHH sites in Os-dcc and whole genome. (B) Expression level of TEs in mCHG/mCHH sites in Os-dcc and whole genome. (C)S
24-nt siRNA levels in mCHG/mCHH sites in Os-dcc and whole genome. 24-nt siRNA levels were normalized by 21-nt siRNA levels for each kind site. Asterisks indicate =
statistically significant differences compared with the expression level of gene (A), TEs (B), and siRNA abundance (C) in whole genome (two-tailed Wilcoxon rank-
sum test: *P < 0.01). (D) The different distribution proportion of different TE families between the mCHG/mCHH sites in Os-dcc and whole genome. (E) The
percentage of genomic contents between mCHG/mCHH sites in Os-dcc and whole genome. (F) The different distribution of H3K9 markers the non-CG
methylation sites in Os-dcc, TEs, and genes. (G) The different distribution of other histon modifications between the non-CG methylation sites in Os-dcc, TEs,
and genes.
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Figure 5. The GC-rich cluster of mCHG and mCHH sites are distinct in rice and catalyzed by OsCMT3b.

(A) Average cytosine methylation levels in the CHG context of mCHG regions plotted against GC content for Brachypodium distachyon, Zea mays,
Sorghum bicolor, Glycine max, and Solanum lycopersicum. B73 and Mo17 are different maize cultivars. (B) Average cytosine methylation levels in the CHH
context of mMCHH regions plotted against GC content for Brachypodium distachyon, Zea mays, Sorghum bicolor, Glycine max, and Solanum lycopersicum. (C)
Average cytosine methylation levels in the CHG context of CHG-DMRs between Os-dcc and Os-ddccc in Os-dece, Os-ddcc and Os-ddcce mutants. (D) Average
cytosine methylation levels in the CHH context of CHH-DMRs between Os-dcc and Os-ddccc in Os-dcc, Os-ddcc and Os-ddccc mutants. The data point
density plots were calculated using 200bp fixed bins across the genome. The data point density bar indicates the values of two-dimensional kernel density
estimation. N: the number of mCHG/mCHH regions. The dashed line (A - D) locates at 0.5 of GC content, and divides the highly GC-rich regions with GC
content 0.5~1.
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