L T

/

D\

CrossMark
& click for updates

Mutation of a major CG methylase in rice causes
genome-wide hypomethylation, dysreqgulated genome
expression, and seedling lethality

Lanjuan Hu®", Ning Li*', Chunming Xu®", Silin Zhong®®", Xiuyun Lin®, Jingjing Yang?, Tiangi Zhou?, Anzhi Yuliang®,
Ying Wu?, Yun-Ru Chen®, Xiaofeng Cao®®, Assaf Zemach®, Sachin Rustgi®", Diter von Wettstein®"2, and Bao Liu®?
2Key Laboratory of Molecular Epigenetics of the Ministry of Education, Northeast Normal University, Changchun 130024, China; ®State Key Laboratory of

Agrobiotechnology, School of Life Sciences, The Chinese University of Hong Kong, Hong Kong, China; “Jilin Academy of Agricultural Sciences, Changchun
130033, China; 9State Key Laboratory of Plant Genomics and ®National Center for Plant Gene Research, Institute of Genetics and Developmental Biology,

Chinese Academy of Sciences, Beijing 100101, China; fDepartment of Plant and Microbial Biology, University of California, Berkeley, CA 94720; and
9Department of Crop and Soil Sciences, "School of Molecular Biosciences, and ‘Center for Reproductive Biology, Washington State University, Pullman,

WA 99164

Contributed by Diter von Wettstein, June 13, 2014 (sent for review March 19, 2014)

Cytosine methylation at CG sites (™CG) plays critical roles in de-
velopment, epigenetic inheritance, and genome stability in mam-
mals and plants. In the dicot model plant Arabidopsis thaliana,
methyltransferase 1 (MET1), a principal CG methylase, functions
to maintain ™CG during DNA replication, with its null mutation
resulting in global hypomethylation and pleiotropic developmen-
tal defects. Null mutation of a critical CG methylase has not been
characterized at a whole-genome level in other higher eukaryotes,
leaving the generality of the Arabidopsis findings largely specula-
tive. Rice is a model plant of monocots, to which many of our
important crops belong. Here we have characterized a null mutant
of OsMet1-2, the major CG methylase in rice. We found that seeds
homozygous for OsMet1-2 gene mutation (OsMET1-2~"7), which
directly segregated from normal heterozygote plants (OsMET1-2+),
were seriously maldeveloped, and all germinated seedlings under-
went swift necrotic death. Compared with wild type, genome-wide
loss of ™CG occurred in the mutant methylome, which was accom-
panied by a plethora of quantitative molecular phenotypes including
dysregulated expression of diverse protein-coding genes, activa-
tion and repression of transposable elements, and altered small
RNA profiles. Our results have revealed conservation but also
distinct functional differences in CG methylases between rice
and Arabidopsis.

Oryza sativa L. | monocotyledons

ytosine methylation is an evolutionarily conserved epigenetic

modification across biological kingdoms (1-3). However,
fundamental differences exist for this epigenetic mark between
animals and plants in many aspects (1-3). For example, in
mammalian somatic cells, methylated cytosines (™Cs) occur al-
most exclusively in a CG sequence context, and CG methylation
(MCG) is maintained during DNA replication by a single CG
methylase, DNA methyltransferase 1 (DNMTI). Cytosine meth-
ylation in plants is more complex, occurs in all sequence contexts
(CG, CHG, and CHH; where H is A, T, or C), and is established
and maintained by multiple enzymes that have distinct but also
overlapping functions (2, 4-6). Nevertheless, "CG stands out as
the most pervasive type (2). In the dicot model plant Arabidopsis
thaliana, ™CG is maintained by a major CG methylase, namely
DNA methyltransferase 1 (METI), the homolog of mammalian
DNMT]1 (2, 7-11). Null mutation of METI (the homozygous metl
mutant) virtually eliminates genome-wide "CG to 1.7% that of
wild type (WT), that is, from 24.6% in WT to 0.42% in mutant
(12, 13). Homozygous null met/ mutant can be obtained from
selfed progenies of heterozygotes (METI™™) but was often at
much lower frequencies than expected by Mendelian segregation
(11). Homozygous Arabidopsis metl plants show pleiotropic de-
velopmental abnormalities of variable penetrance, which aggravate
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in frequency and severity with inbreeding (11). Although con-
ditional knockout DNMTI mutants were established in human
colorectal carcinoma cell lines (14) and loss-of-function DNA
methyltransferase mutant (defective in DNA methylation 2) was
generated in Neurospora (15), hitherto Arabidopsis metl is the
only null mutant of a major CG methylase that has been char-
acterized at the genome-wide scale in higher eukaryotes.

Rice (Oryza sativa L.) is a staple grain for nearly one-half of
the world’s population and a model plant for monocotyledons.
Previous studies have identified two closely related putative
MET1 genes in rice, OSMETI-1 and OsMETI-2 (16). Although
the two genes are highly similar in sequence and structure and
composed of all binding and catalytic domains required for
a functional CG methylase, the transcripts of OsMET1-2 accu-
mulated more abundantly than those of OsMETI-I in all ex-
amined WT rice tissues, suggesting a major role of OsMETI-2
in maintaining "CG (17, 18). Moreover, a knockin mutant of
OsMETI-1 failed to produce discernible developmental pheno-
types (17), implicating a minimal and/or redundant function for
it in maintaining ™CG. In contrast, both knockin and retro-
transposon (7TosI7) insertion mutants of rice OSMETI-2 gene
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showed severe developmental defects in kernels, and exhibited
no germination to only viviparous sprouting (18). In an in-
dependent effort, we were able to obtain and germinate seeds of
the homozygous insertion mutant of OsMETI-2 into seedlings.
Taking advantage of the situation, we studied the methylome,
transcriptome, and small RNAome of the mutant and its WT.
Major observations of this analysis include: (i) Homozygous
mutant (OsMETI-27") seeds could be produced by selfing het-
erozygotes (OsMET1-2"'") at a frequency expected by Mende-
lian segregation; (if) the homozygous mutant seedlings exhibited
growth retardation that culminated in necrotic death; and (i)
genome-wide loss of ™CG occurred in the mutant seedlings,
which was accompanied by dysregulated expression of both
protein-coding genes and transposable elements (TEs) as well as
altered profiles of 21-nt and 24-nt small (sm)RNAs. Our results
highlight the functional similarities and differences between the
CG methylases from Arabidopsis and rice, which have implica-
tions for our further understanding of evolution and the function
of cytosine DNA methylation (3) as well as manipulation of
cereal epigenomes for crop improvement (19-21).

Results and Discussion

Null Function of MET1-2 Impairs Seed Development and Vegetative
Growth and Causes Swift Seedling Lethality in Rice. We isolated
homozygous OsMETI-27"~, a loss-of-function mutant of the
standard laboratory cultivar Nipponbare of rice due to insertion
of a copy of retrotransposon Tos17. We verified that Tos17 was
inserted into the sixth exon (at position Chr07:4422236 nt) of
OsMETI-2 (LOC_0Os07g08500) (Fig. 14) by both locus-specific
PCR amplification, Sanger sequencing and Illumina whole-genome
resequencing. Because the sixth exon of OsMETI-2 encodes motif
IV, which contains the invariant prolylcysteinyl doublet that
constitutes the functional active site of all known C5-MTases
(16), this insertion of Tos17 (4.3 kb) was expected to fully knock
out its function. Furthermore, the steady-state transcripts of
OsMETI-2 were undetectable in both shoot and callus of the
homozygous mutant (the only obtainable tissues) but were readily
detected in the callus of its immediately segregated WT and
heterozygote (OsMETI-2*'") siblings (Fig. 1B). Together, these
analyses confirmed the complete null nature of OsMETI-2 mu-
tation (rather than hypomorphic) in OsMET1-27"~. The hetero-
zygote had no discernibly altered phenotypes relative to WT
based on our examination of a large number of individual plants
under both controlled conditions and field trials, suggesting
gametophytes with an OsMETI-27/~ genotype had no strong
phenotypic effect. This differed from findings in Arabidopsis, in
which heterozygotes of METI"~ resulted in immense epigenetic
diversification of gametes, and produced phenotypic segregation
among plants derived from the same heterozygotic plants (10).
We suspect the lack of transgenerational phenotypic effects in
the OsMETI-2*~ heterozygote plants is due to functional com-
plementation by the other OSMET]I gene (i.e., OsMETI-1) during
gametogenesis. The self-pollinated heterozygotes reproducibly
produced abnormally developed seeds with severe shrinking in
both embryo and endosperm (Fig. 1C), indicating the seed mu-
tant genotype had immediate phenotypic effects. The abnormal
seeds were produced from selfed heterozygotes at a frequency of
ca. 22% based on 10,155 seeds of >300 panicles scored, sug-
gesting a single loss-of-function mutation was responsible for this
phenotype, which segregated close to Mendelian expectation.
The OsMETI-2"'~ seeds could not germinate under conven-
tional conditions, but germinated well on half-strength, hor-
mone-free Murashige & Skoog medium. Nevertheless, growth of
the seedlings was significantly retarded, and they could only grow
to ca. 3 cm in height with sporadic, deformed tiny roots, and then
growth of the seedlings was totally halted and underwent ne-
crotic death within 2 wk (Fig. 1C), consistent with their extremely
abnormal microscopic structures (SI Appendix, Fig. S1). In-
terestingly, the callus could be induced from the abnormal seeds,
suggesting mitosis in the mutant was not severely affected. This is
different from observations in human colorectal cancer cells, in
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Fig. 1. Characterization of a rice MET1-2 mutant (OsMET1-27"-). (A) Position
of retrotransposon Tos77 insertion into the sixth exon of MET7-2 (not drawn
to scale). P1L and P1R are primers used for identification of the three MET1-2
genotypes, WT (**), heterozygote (*7), and homozygote (77), by pyrose-
quencing (S/ Appendix, Fig. S2), and P2L and P2R are primers used for qRT-
PCR. (B) qRT-PCR analysis of the expression of OSMET1-2 (OsMET1-2 is known
as unexpressed) (19, 20) in the 11-d-old shoot and calli tissue of the three
genotypes of OsMET1-2: WT, heterozygote, and homozygote. (C) Seedling
(11-d-old) and kernel/seed phenotypes of the three MET7-2 genotypes im-
mediately segregated from the same heterozygote plants.

which complete inactivation of the CG methylase (DNMT1) led
to mitotic catastrophe and growth arrest (14). However, we could
not rule out the possibility that backup methylation was rapidly
gained in the callus, for example via similar mechanisms as in
Arabidopsis metl (11), which warrants further investigation. Locus-
specific pyrosequencing confirmed that all seedlings germi-
nated from the abnormal seeds were homozygous for the TosI7
insertion at the OsMETI-2 gene, that is, of genotype OsMETI-27/~
(SI Appendix, Fig. S2). This seedling-terminal phenotype of a loss
of function of OsMETI-2 contrasted starkly with Arabidopsis
metl, which, although produced from segregated heterozygotes
at significantly lower than expected frequencies and the surviving
plants have severe pleiotropic developmental defects, is are ca-
pable of completing the whole cycle of ontogenesis including
reproduction (9-11).

Global Cytosine Hypomethylation in OsMET1-2~~. To test whether
cytosine methylation was impacted in OsMETI-27, we com-
pared sensitivity of its genomic DNA vs. that of WT/heterozy-
gote to methylation-sensitive endonuclease digestions, followed
by locus-specific assay of methylation status by bisulfite sequenc-
ing. We found that compared with WT and heterozygote (between
which no difference was seen), OsMETI-2""~ was hypersensitive
to digestion by Hapll (ST Appendix, Fig. S34), implicating global
loss of CG methylation at the 5" CCGG sites in the mutant. This
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was confirmed by bisulfite sequencing of a body region of Tos17
(81 Appendix, Fig. S3B), an established locus in the rice genome
for assaying cytosine methylation liability (22). These results
prompted us to conduct a genome-wide investigation of cytosine
methylation of the mutant. We generated single-nucleotide—
resolution maps of cytosine methylation (methylome) for the
shoot tissue of 11-d-old seedlings for the null mutant of MET1-2
(OsMETI-27"7), its immediately segregated sibling heterozygote
(OsMET1-2"7), and WT (OsMETI-2""*) by whole-genome bi-
sulfite sequencing (SI Appendix, Materials and Methods).

We found that the global ™CG level in WT and heterozygote
was similar (Fig. 24), and both are in good agreement with
previously published rice methylome data in the same genotype
(cv. Nipponbare) of similar tissues (1, 19). In contrast, the genome-
wide ™CG level in OsMETI-27~ was reduced by 76% compared
with WT (Fig. 24). We noted, however, that this reduction of
"™CG in the rice mutant was of a lesser magnitude than that of
Arabidopsis met1 vs. its WT, in which ™CG was reduced by 98.3%
(SI Appendix, Table S1) (5, 12, 13). An intuitive reason for this
difference between OsMETI-2"'~ and Arabidopsis metI and their
respective WTs might be that, as mentioned above, Arabidopsis
expresses mainly a single CG methylase (METI) whereas rice
expresses two, OsMETI-1 and OsMETI-2 (19). Although
OsMETI-2 has been suggested to be the major CG methylase in
rice (17, 18), it is unclear whether and to what extent OsMET1-1
is functionally redundant with OsMET1-2, especially when the
latter is null-mutated. To test this possibility, we quantified expres-
sion of OSMETI-1 in the seedling shoot tissue in OsMETI-27/~
and WT by quantitative (qQ)RT-PCR. Indeed, we found a mod-
erate but significant up-regulation of OsMETI-1 by ca. 2.5-fold
in the mutant relative to WT; in addition, significant up-regulation
(by ca. 4.5-fold) of one of the variation in DNA methylation
(VIM) genes, LOC_0s05g01230, was also observed in the mutant
(8I Appendix, Fig. S4). VIMs are known to function coopera-
tively with CG methylase to maintain CG methylation in mam-
mals and likely have a conserved function in plants (2). Notably,
the concomitant up-regulation of both OsMETI-1 and the VIM
genes was also found in our RNA sequencing (RNA-seq) profiling
data (described in subsequent sections). Thus, one explanation
for the loss of ™CG to a markedly less magnitude in OsMETI-27/~
than in Arabidopsis met1 relative to their respective WTs was likely
the enhanced expression of the alternative CG methylase together
with the VIM gene(s) in the rice mutant, which maintained the rest
of the ™CGs.

A

Given that ™Cs of both CHG and CHH were also affected in
Arabidopsis metl (1, 13, 23), we compared ™Cs of these two se-
quence contexts in OsMETI-27'~ and WT. We found that, rel-
ative to WT, ™Cs of CHH were reduced by 43% whereas those of
CHG were reduced by only 6.6% in OsMETI-27'~ (Fig. 2A4).
Although the extent of loss of "CHH was broadly similar to
Arabidopsis metl, in which "CHH was decreased by 34.7%, "CHG
was reduced to a much lesser extent in OsMETI-2~~ than in
Arabidopsis metl, in which 37.97% was lost (13).

The genome- and chromosome-scale distributions of ™Cs are
depicted by kernel density plots showing genome-wide pairwise
comparison of ™Cs of all three sequence contexts (CG, CHG,
and CHH) of the three genotypes (WT, heterozygote, and mu-
tant) and by the chromosomal distribution of ™Cs of all three
contexts in the mutant and WT, respectively. Compared with
WT, conspicuously reduced ™CG level was evident both at the
whole-genome scale and across the entire length of each of the
12 rice chromosomes, whereas the heterozygote and WT were
similar at both scales of comparison (Fig. 2 B and C and SI
Appendix, Fig. S5). The general distribution trend of ™Cs in
mutant vs. WT at both genome and chromosomal scales was in
broad agreement with those between metl and WT in Arabi-
dopsis (1, 13, 23), although with less magnitude of ™C loss in the
rice mutant vs. WT.

Next, we separately examined ™C levels of protein-coding
genes and TEs in the three genotypes. We found that ™CG of
gene bodies was most severely affected and reduced by 86% in
OsMETI-27~ (from 27.35% in WT to 3.95% in OsMETI-27""),
whereas ™CG of TEs was reduced by 77% in OsMET1-27"~ (Fig.
2D and SI Appendix, Fig. S6 and Table S3). This is different from
the findings in Arabidopsis, in which ™CG of both genes and TEs
is equally eliminated (5). One explanation for this phenomenon
could be functional redundancy between the two OsMET]I
genes in rice, with OsMETI-1 being capable of maintaining
some “regained” "CG (see below) by other pathways (e.g., RNA-
directed DNA methylation; RADM) in OsMETI-2""~, which
preferentially targeted to heterochromatic regions mainly
composed of TEs and other repeats (24).

It was found in Arabidopsis met] that massive loss of "CG was
accompanied by ectopic gain of "CHG in gene bodies (13), and
one mechanism leading to this outcome is due to transcriptional
repression of the H3K9 demethylase IBM1 (Increase in BONSAI
Methylation 1), which resulted in accumulation of H3K9me?2 and
hence recruitment of "CHG (25). To investigate whether regain
of ™C also occurred in OsMETI-2"~, we compared genome-
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Fig. 2. Genome-wide hypomethylation in OsMET1-27-.(A) Percentages (levels) of ™Cs of total Cs, CGs, CHGs, and CHHs in the three OSMET1-2 genotypes (-,
and ") immediately segregated from the same heterozygote (*) plants. (B) Pairwise comparisons among the three OsMET1-2 genotypes, depicted as kernel
density plots with trace colors deep pink (7~ vs. */*), dark blue (7~ vs. *7), and light blue (**~ vs. **). Only ™C differences for 1-kb windows containing at least five
informative sequenced cytosines were considered. (C) Distribution of ™Cs in WT and OsMET1-2~~ in chromosome 1 (for the rest of the chromosomes, refer to S/
Appendlix, Fig. S5). (D) Genome-wide average levels of ™C in each sequence context (CG, CHG, and CHH) of genes and TEs, each with their contiguous upstream

and downstream 2-kb flanks in the three MET1-2 genotypes.
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wide differentially methylated cytosines (DMCGs) and differentially
methylated regions (DMRs) between OsMETI-2""~ and WT. We
found that compared with WT, a larger number of hypo-DMCs
could be identified, 89% of which were of the CG context, as
expected (Fig. 34 and SI Appendix, Table S4). Notably, hyper-
DMCs were also found in each sequence context (but pre-
dominantly CHH) in the mutant (Fig. 34 and SI Appendix, Table
S4). Nevertheless, because hyper-DMCs occurred sporadically
and mainly landed in intrinsically ™C-poor genomic regions, they
did not alter the overall lower ™C level of most regions in the
mutant relative to WT. Observationally, this explains why the
vast majority of DMRs are hypo-DMRs, with hyper-DMRs being
rare in all sequence contexts in both genes and TEs along their
entire length (Fig. 3 B-H and SI Appendix, Table S4). An in-
teresting observation is that although discernibly more CHG
hyper-DMRs mapped to genes and their flanks than to TEs, no
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Fig. 3. Statistics of differentially methylated cytosines and differentially

methylated regions between OsMET1-27'~ and WT (**). (A and B) Hyper- or
hypomethylation DMCs and DMRs that occurred in all three cytosine con-
texts (for DMRs, a window size of 1 kb was adopted). (C and D) Enrichment
of hyper- or hypomethylation DMRs in genes and TEs, respectively. The
numbers above the columns represent the value of hypo-DMRs vs. hyper-
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body region, and their up- or downstream 2-kb flanks in protein-coding
genes and TEs.
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enrichment to gene bodies was found (Figs. 2D and 3 E and
G and SI Appendix, Fig. S7). In light of this, we analyzed the
methylation status and expression of five JmjC domain-containing
genes in OsMETI-27~ and WT, which bear high homology to
Arabidopsis IBM1 (26). We found that despite heavy loss of "CG
along the entire length of these genes, their expression was not
repressed like IBM1 in Arabidopsis metl, consistent with lack of
aggregated CHG hyper-DMRs to gene bodies in the rice mutant
(SI Appendix, Flg S8) (25). Alternatively, the still-remaining ™Cs
in OsSMET1-27" (in contrast to Arabidopsis metI) may have been
sufficient to tether heterochromatic binding proteins such that
little ™C regain is entailed.

Transcriptional Dysregulation of Diverse Protein-Coding Genes in
OsMET1-27/~. To investigate impacts of genome-wide loss of
MCs on global expression of protein-coding genes (henceforth
referring to ;enes) we conducted deep RNA-seq analysis on
OsMETI-2""" relative to its sibling WT and heterozygote
(OsMETI-2"'"), each with two biological replicates, in the same
tissue as used for the methylome. There were 1.98% (553 out of
27,993) of genes (based on rice gene annotation MSU7.0) that
showed differential expression by Cuffdiff version 2.0.2 (27)
between the heterozygote and WT (SI Appendix, Table S5). In
contrast, expression of 13.37% (3,744 of 27,993) of genes was
altered in OSMETI-27"~ compared with WT (SI Appendix, Table S5
and Datasets S1 and S2). This proportlon (13.37%) of expression-
altered genes in OsMETI-27'~ vs. WT far exceeded that in
Arabidopsis metl vs. WT, which was 2.05% (13). Together with
the smaller reduction of methylation in OsMETI-27'~ vs. WT
compared with Arabidopsis metl vs. WT, it suggested that a
higher proportion of genes is directly or indirectly associated
with cytosine methylation for regulation in rice than in Ara-
bidopsis, con51stent with the more severe phenotypic effect in
OsMETI1-27'~ (Fig. 1C) than in Arabidopsis metl (7, 9, 11).

Of the 3,744 affected genes, 47.5% (1,780) and 52.5% (1 964)

showed significant up- and down-regulation in OsMETI-2~"
WT, respectively (SI Appendix, Table S5 and Datasets S1 and
S2). Gene ontology (GO) analysis showed that 1,247 up-regu-
lated genes and 1,625 down-regulated genes could be assigned
to GO categories. We found that the up-regulated genes were
enriched for diverse GO terms in biological process (SI Appen-
dix, Fig. S9). In contrast, the down-regulated genes showed fewer
enriched GO terms (S Appendix, Fig. S9). Notably, significant
up-regulation of several DNA methylation/chromatin-related genes
including METI1-1, VIM, CMT3, two DDM1I genes (OsDDM1a
and OsDDM1b), and four DNA glycosylase genes was detected,
which accorded well with the qRT-PCR analysis of these genes
(SI Appendix, Fig. S4). These observations, together with the
findings in Arabidopsis (11), suggested that rewired expression of
multiple genes directly or indirectly related to cytosine methyl-
ation maintenance might reflect a conserved adaptive cellular
response to massive loss of MCGs; expectedly, given sufficient
time, this may result in tinkering of impaired intrinsic chromatin
states, although the process may be stochastic and hence im-
precise, as documented in Arabidopsis (11).

We next tested possible relationships between distribution of
DMRs and expression alteration of the methylation-affected
genes in OsMETI-27'~. We categorized the affected genes into
two groups, namely differentially methylated genes (DMGs) and
non-DMGs (SI Appendix). We found that (i) with respect to 5’ or
3’ flanks, DMGs and non-DMGs were more or less equally rep-
resented in the expression-altered genes and (i) with respect to
body regions, non-DMGs were overrepresented in the expression-
altered genes (Fig. 4). Together, these results suggest that the role
of cytosine methylation in gene expression was primarily indirect
in rice, conceivably through orchestrating activity of frans-acting
transcription factors and chromatin modifiers whereby expression
of their downstream genes can be altered irrespective of the
methylation states of the target genes per se.
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Fig. 4. Proportion of differentially expressed protein-coding genes and
transcribed TEs between WT (**) and OsMET1-2 (7-) mutant that were
DMGs or non-DMGs. For protein-coding genes, the body regions and their
contiguous upstream and downstream 1-kb flanks were analyzed.

Both Activation and Repression of TEs in OsMET1-2~/~. In total, 594
of the 2,716 (21.9%) transcribed TEs (henceforth called TEs)
showed statistically significant differential expression between
OsMETI-27"~ and WT based on the same RNA-seq data and
statistical cutoff criterion as for protein-coding genes. Of these
expression-altered TEs, 489 (82.3%) showed up-regulation and
the remaining 105 (17.7%) were down-regulated (SI Appendix,
Table S5). It should be noted that we may have detected many
more TEs that showed expression changes in OsMETI-27'~ rel-
ative to WT based on our RNA-seq data; however, the changes
were of low magnitude and did not reach the defined statistical
threshold (SI Appendix, Fig. S10), and therefore were not taken
into account further. In general, the collective expression level of
all annotated TEs together is higher in the mutant than in the
WT (SI Appendix, Fig. S10), clearly indicating a pivotal role of
OsMET]I-2 in repressing genome-wide transcriptional activity of
TEs in WT rice. Next, we analyzed the correlation between TE
expression and the methylation states for those TEs that showed
significant up- or down-regulation in the mutant (SI Appendix,
Fig. S10 and Table S5). We found that the mutant vs. WT dif-
ferentially methylated TEs (DMTEs) were significantly greater
in number than the non-DMTEs (Fig. 4). We should caution,
however, that more complex relationships between ™C and TE
expression activity may exist in rice than in Arabidopsis due to
differences in proportion and/or structural complexity of TEs in
their respective genomes (28, 29).

Altered Small RNA Profiles in OsMET1-2+/~ and Their Correlation with
DMRs. Given the intrinsic relationships between ™C and smRNAs
via the plant-specific RdADM pathway (30-33), we conducted
small RNA-seq (smRNAome) of OsMETI-27'" and its sibling
WT/heterozygote using the same tissue as for the methylome and

>

CG B

RNA-seq. We observed highly similar smRNA profiles of all size
groups between heterozygote and WT. In contrast, the steady-
state abundance of several smRNA size groups (e.g., 21-, 22-, 24-,
and 25-nt) showed marked differences between OsMETI-27"~ and
WT (SI Appendix, Fig. S114). In particular, the 21- and 24-nt size
groups showed overall over- and underrepresentation in the mu-
tant vs. WT, respectively, which mirrored Arabidopsis met1 (13).
We further compared abundance of the 21- and 24-nt smRNA
groups in each of the 12 chromosomes of OsMETI-27'~ and WT.
We found that abundance for both size groups of smRNAs was
significantly altered in OSMETI-27~ vs. WT for each of the 12
chromosomes (proportion test, P < 0.05), albeit to highly variable
extents (SI Appendix, Fig. S11B). In particular, 21-nt smRNAs
were significantly underrepresented in chromosome 4 but over-
represented in chromosome 9 in the mutant vs. WT, respectively
(81 Appendix, Fig. S11B). In addition, although the 24-nt smRNAs
showed overall down-regulation in the mutant (SI Appendix, Fig.
S11A4), they showed significant up-regulation in four chromosomes
(8, 9, 11, and 12) (SI Appendix, Fig. S11B).

To explore possible relationships between regional abundance
of 21- or 24-nt smRNAs and DMRs in each sequence context
(CG, CHG, or CHH), we binned the abundance of 21- and 24-nt
smRNAs into 1-kb sliding windows across the genome (as for
DMRs) and compared for differences between OsMETI-27/~
and WT, which we defined as differential smRNA regions
(DSRs). In total, 2,385 21-nt DSRs and 12,589 24-nt DSRs were
identified between OsMET1-2""~ and WT, respectively. Next, we
plotted both 21- and 24-nt DSRs, which at the same time were
also CG DMRs in terms of relative SmRNA abundance (x axis)
and DNA methylation level (y axis), between mutant and WT
(Fig. 54). We found that virtually all DSRs (both 21- and 24-nt)
were CG hypo-DMRs (Fig. 54), consistent with genome-wide
loss of ™C in the mutant (Fig. 3B). Then, we plotted these DSRs
that at the same time were either CHG DMRs or CHH DMRs in
terms of relative smRNA abundance (x axis) and DNA methyl-
ation level (y axis) between mutant and WT (Fig. 5 B and C). We
found that in either the CHG or CHH context the 21- and 24-nt
DSRs contained both hypo- and hyper-DMRs but more hypo-
DMRs (Fig. 5 B and C). We noted, however, that in CHH con-
texts, a significant shift from hypo- to hyper-DMRs occurred for
both 21- and 24-nt DSRs but especially for 24-nt DSRs (Fig. 5C).
In Fig. 5, those 21- and 24-nt DSRs and DMRs mapped to the I
and III quadrants representing concomitant increase or decrease
of smRNA abundance and changes in ™C levels, respectively,
which were termed concordant changing regions (CCRs); ac-
cordingly, those mapped to the II and IV quadrants were termed
opposite changing regions (OCRs). We examined the relative
proportions of CCRs vs. OCRs for 21- and 24-nt smRNAs in each
context, CG, CHG, or CHH. For 21-nt smRNAs, we found that
the ratios of CCRs vs. OCRs were <1 in all three sequence
contexts (Fig. 5), suggesting a negative correlation between
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Fig. 5. Regional colocalization of differentially expressed 21- and 24-nt smRNAs with DMRs of each of the three cytosine sequence contexts, CG, CHG, and
CHH. (A) Colocalization of differential smRNA regions that at the same time were also CG DMRs in terms of relative smRNA abundance (x axis; presented as
log,FC of DSRs) and DNA methylation level (y axis; presented as log,FC of CG DMRs) between mutant and WT. (B and C) Colocalization of DSRs that at the
same time were either CHG or CHH DMRs in terms of relative smRNA abundance (x axis; presented as log,FC of DSRs) and DNA methylation level (y axis;
log,FC of CG DMRs) between mutant and WT. Yellow and blue dots denote 21- and 24-nt DSRs, respectively.
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abundance of 21-nt smRNAs and ™C level of all three contexts.
For 24-nt smRNAs, we found that in the CG and CHG contexts,
the ratios of 24-nt CCR vs. 24-nt OCR numbers were close to 1:1
(CG: 6,976 vs. 5,063; CHG: 4,821 vs. 3,631), whereas those in the
CHH contexts were >5:1 (9,076:1,962) (Fig. 5 A and B). This
suggests that the dynamics of 24-nt smRNA abundance and
changes in CHH methylation were positively correlated.
When the CCRs (CHH and smRNA) and OCRs (CHH and
smRNA) were mapped back to the genome, they were found
to reside in repeat-related regions (2,029; 80.74%) (SI Appen-
dix, Fig. S12). Moreover, the level of ™CG was higher in CCRs
than in OCRs (SI Appendix, Fig. S13). This, together with the
observation that the remaining ™CG was more in TEs than in
genes (Fig. 2D), suggests that the relatively higher ™CG level in
TEs than in genes in OsMETI-2"~ was maintained by both MET1-
1 and the RADM pathway. This is consistent with findings in
Arabidopsis that both CHH methylation and 24-nt smRNAs are
integral components of the RADM pathway (11, 30, 34, 35). Given
the interlaced nature of DNA methylation, histone modification,
and chromatin remodeling (5, 36, 37), it will be of apparent in-
terest to investigate these properties in the rice OsMET!-2 mutant.

Materials and Methods

Plant Materials. Heterozygous seeds (FT928341) of the Tos77 insertion mu-
tant for the rice MET1-2 gene (OsMET1-2*"") were obtained from the Na-
tional Institute of Agrobiological Sciences (Tsukuba, Japan) and then selfed
for five additional generations. The WT (OsMET1-2*"*), heterozygote (*7),
and homozygous mutant (~'~) plants were produced by immediate segre-
gation of the OSMET1-2*"~ plants. Shoots of 11-d-old seedlings were accu-
mulated from all three genotypes for DNA and RNA isolation (S/ Appendix,
Materials and Methods).
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Identification of Heterozygote and Homozygote MET1-2 Mutants. Heterozy-
gote (OsMET1-2*~) and homozygote (7-) plants were distinguished by locus-
specific pyrosequencing (S/ Appendix, Materials and Methods).

Whole-Genome Bisulfite Sequencing and Analysis. Genomic DNA extracted
from the 11-d-old shoots of the three OsMET1-2 genotypes (**, *~, and ~7)
was used for whole-genome bisulfite sequencing by the HiSeq 2000 (lllu-
mina). For each genotype, >10 Gb of raw data were generated (S/ Appendix,
Materials and Methods).

RNA Sequencing and Analysis. Total RNA from the 11-d-old shoots of the three
OsMET1-2 genotypes was isolated for RNA-seq. For each genotype, two in-
dependent libraries were constructed and sequenced following the standard
Illumina sequencing procedure on the HiSeq 2000. For each library more
than 4 Gb of clean data (quality score 20 >90%) were produced and used for
further expression analysis (S/ Appendix, Materials and Methods).

Designation of DMCs, DMRs, and DMGs. The differentially methylated cytosines,
regions, and genes between any two genotypes were defined (S/ Appendix,
Materials and Methods).

Small RNA Sequencing, Analysis, and Designation of DSRs. smRNA libraries for
the 11-d-old shoots of the three OSMET7-2 genotypes were constructed. At
least 15 million clean reads were generated for each genotype (S/ Appendix,
Materials and Methods).
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