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Asymmetric variation in DNA methylation during
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Abstract

Hundreds of plant species have been domesticated to feed human civilization, while some crops have undergone de-domes-
tication into agricultural weeds, threatening global food security. To understand the genetic and epigenetic basis of crop do-
mestication and de-domestication, we generated DNA methylomes from 95 accessions of wild rice (Oryza rufipogon L.),
cultivated rice (Oryza sativa L.) and weedy rice (O. sativa f. spontanea). We detected a significant decrease in DNA methylation
over the course of rice domestication but observed an unexpected increase in DNA methylation through de-domestication.
Notably, DNA methylation changes occurred in distinct genomic regions for these 2 opposite stages. Variation in DNA methy-
lation altered the expression of nearby and distal genes through affecting chromatin accessibility, histone modifications, tran-
scription factor binding, and the formation of chromatin loops, which may contribute to morphological changes during
domestication and de-domestication of rice. These insights into population epigenomics underlying rice domestication and
de-domestication provide resources and tools for epigenetic breeding and sustainable agriculture.

Introduction from its wild progenitor Oryza rufipogon ~9,000 yr ago (Xu

Cultivated rice (Oryza sativa L.) is 1 of most important staple
crops worldwide, feeding more than a third of the global hu-
man population. It has broad geographical distribution with
adaptability to diverse agroecological niches. There are sev-
eral genetically distinct rice populations, including the major
cultivated japonica (CJ ) and cultivated indica (Cl) groups, as
well as the more geographically restricted Aus and aromatic
(Aro) rice (Molina et al. 2011; Huang et al. 2012; Choi et al.
2017). Cultivated rice is believed to have been domesticated

et al. 2011; Huang et al. 2012; Meyer et al. 2016; Win et al.
2017). Although the domestication history of rice remains
controversial, there is a popular belief that ancient japonica
rice was first domesticated from O. rufipogon in southern
China and then crossed to local wild rice in South East and
South Asia to generate indica rice (Huang et al. 2012).
Dramatic changes in morphological and physiological traits
have occurred during rice domestication, including loss of
seed shattering and increased grain size (Huang et al. 2012;
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IN A NUTSHELL

Background: Humans have domesticated hundreds of plant and animal species as sources of food and materials. For
example, rice (Oryza sativa) feeds more than a third of the global population. Cultivated rice was domesticated from a
wild progenitor ~9,000 yr ago, which was accompanied by dramatic changes in morphological and physiological traits.
Importantly, cultivated rice can turn back into “wild-like” plants under natural selection, by de-domestication. DNA
methylation is a conserved epigenetic mark in most eukaryotes that plays important roles in plant development and
environmental responses. However, whether epigenetics contributes to domestication and de-domestication of rice is
largely unknown.

Question: We wished to know whether and how variation in DNA methylation affected gene expression during rice
domestication (cultivars vs wild rice) and de-domestication (weedy rice vs cultivars).

Findings: We generated single-base resolution DNA methylomes from 95 accessions of wild, cultivated, and weedy
rice. We detected a significant decrease in DNA methylation during rice domestication. By contrast, DNA methylation
dramatically increased following rice de-domestication. Notably, hypomethylated sites from wild to cultivated rice
and hypermethylated sites from cultivated to weedy rice were largely not shared. We determined that variation in
DNA methylation affected the binding of transcription factors and chromatin accessibility to regulate expression
of nearby and distal genes, which would be expected to cause morphological changes during domestication and de-
domestication of rice.

Next steps: Future efforts will focus on identification of DNA methylation variants associated with changes for agro-
nomic traits during rice domestication, which could help breeders facilitate rice improvement through epigenetic en-
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gineering and breeding.

Wang et al. 2018). These domestication traits involve a num-
ber of genes such as PROSTRATE GROWTH1 (PROG1) for
erect plant architecture (Wu et al. 2018), shattering4 (sh4)
for reduced seed shattering (Li et al. 2006) and LONG AND
BARBED AWNT1 (LABA1) for barbless awns (Hua et al.
2015). Artificial selection tends to elevate crop fitness under
human-manipulated environments. However, cultivated
crops can revert back into self-sustainable “wild-like” plants
under natural selection, which is called de-domestication
(Li et al. 2017; Qiu et al. 2017). Weedy rice (O. sativa
f. spontanea) is a pernicious weed in rice fields that resembles
cultivated rice morphologically but exhibits weedy charac-
teristics, including heavy seed shattering and strong seed
dormancy (Guo et al. 2018; Wu et al. 2021). Weedy rice is
a conspecific relative of cultivated rice and was proposed
to have partially evolved from cultivated rice via de-
domestication (Guo et al. 2018; Wu et al. 2021). Although
weedy rice and wild rice share several morphological charac-
teristics, accumulating evidence suggests that de-
domestication is not a mere reversal of domestication
(Kaut et al. 2017; Qiu et al. 2020). Indeed, large-scale whole-
genome sequencing of wild, cultivated, and weedy rice has re-
vealed many genomic regions underlying morphological
changes and environmental adaptation during rice domesti-
cation and de-domestication (Huang et al. 2012; Li et al. 2017;
Wang et al. 2018). However, epigenetic contributions to do-
mestication and de-domestication of rice are largely
unknown.

DNA methylation is a conserved epigenetic mark in most
eukaryotes. In plants, DNA methylation occurs in CG, CHG,
and CHH (H=A, T, or C) contexts (Zhang et al. 2018).

Symmetric CG and CHG methylation can be maintained
through cell division by the DNA methyltransferases DNA
METHYLTRANSFERASE 1 (MET1) (Hu et al. 2014) and
CHROMOMETHYLASE 3 (CMT3) (Cheng et al. 2015), re-
spectively. CHH methylation is mainly established de novo
through the CHROMOMETHYLASE 2 (CMT2) and
RNA-directed DNA methylation (RADM) pathways
(Chinnusamy and Zhu 2009). While CHH methylation shows
obvious distribution variation throughout plant develop-
ment (Song et al. 2015), CG and CHG methylation, especially
CG methylation, is generally stable across plant vegetative
tissues (Song et al. 2015; Crisp et al. 2020). DNA methylation
participates in transposon silencing to maintain genome sta-
bility and transcription regulation to orchestrate morpho-
logical development (Lim et al. 2007; Lisch 2009; Cui and
Cao 2014). Methylation defects induce developmental ab-
normalities in Arabidopsis (Arabidopsis thaliana) and lead
to death in rice (Ono et al. 2012; Hu et al. 2014; Cheng
et al. 2015; Zhang et al. 2020). During evolution, the rate of
changes in DNA methylation is faster than that of sequence
substitution (Becker et al. 2011; Song et al. 2017). For ex-
ample, the epi-mutation rate in the CG context (2.56 X
10~*) was 5 orders of magnitude higher than the correspond-
ing genetic mutation rate (7 X 107°) in Arabidopsis (Becker
et al. 2011). DNA methylation changes can produce meiotic-
ally stable epialleles, which are inherited by the offspring
through natural evolution and artificial selection (Richards
2006). Stable changes in DNA methylation at promoters con-
fer symmetric flower development in yellow toadflax (Linaria
vulgaris) (Cubas et al. 1999). Genome-wide methylation
changes during the evolution and domestication of polyploid
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cotton (Gossypium hirsutum L.) uncovered several hundreds
of epialleles including at CONSTANS-LIKE 2D, which contrib-
uted to the loss of photoperiod sensitivity during cotton do-
mestication (Song et al. 2017).

Here we generated single-base resolution DNA methylomes
of 95 wild, cultivated, and weedy rice accessions and report nu-
merous examples of variation in DNA methylation among
these species. By integrating MethylC-seq, transcriptome
deep sequencing (RNA-seq), assay for transposase-accessible
chromatin with sequencing (ATAC-seq) and DNA affinity
purification and sequencing (DAP-seq) data, we examined
the effects of variation in DNA methylation on chromatin ac-
cessibility, transcription factor binding, and gene expression
during domestication and de-domestication of rice. This re-
search will provide epigenomic resources for rice breeders to
facilitate improvement of crop production through epigenetic
engineering and breeding.

Results

Variation in DNA methylation among wild,
cultivated, and weedy rice

To uncover the role of DNA methylation during domestica-
tion and de-domestication of rice, we generated single-base
resolution DNA methylomes of 95 wild, cultivated, and wee-
dy rice accessions using third leaves of rice seedling at 30 d
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after planting (DAP). We collected leaves from 20 wild rice
(O. rufipogon), 18 CJ (0. sativa), 20 Cl (O. sativa), 9 aromatic
Aro (O. sativa), 10 Aus (O. sativa), 10 weedy japonica-type
(WJ) (O. sativa f. spontanea) and 8 weedy indica-type rice
(WI) (O. sativa f. spontanea) (Fig. 1A and Supplemental
Data Sets 1 and 2). We mapped reads produced by whole-
genome bisulfite sequencing (WGBS) to the reference gen-
ome of the rice cultivar Nipponbare (Nip). On average, we
obtained 26 million WGBS paired-end reads (>7 Gb) per ac-
cession, resulting in >78% of the genome being covered by
WGBS reads. We removed cytosines at single nucleotide
polymorphisms (SNPs) between accessions to exclude the ef-
fect of nucleotide variation on DNA methylation analysis. We
mainly focused on variation and evolution of CG methylation
during rice domestication and de-domestication, as the ma-
jority (>52.9% for CHG and >89.3% for CHH) of non-CG sites
were unmethylated (Supplemental Fig. STA) and non-CG
methylation was much less stable across vegetative tissues
than CG methylation (Supplemental Fig. S1, B and C)
(Song et al. 2015; Crisp et al. 2020). Pairwise kinship calcu-
lated using SNPs was highly correlated with that based on
CG methylation levels (Fig. 1B), suggesting that variation in
DNA methylation can recapitulate genetic relationships
among different rice accessions. Moreover, principal compo-
nent analysis (PCA) using the variation in CG methylation
successfully divided rice accessions into different subgroups
(Fig. 1C), consistent with classifications based on SNPs
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Figure 1. Correlation between variation in DNA methylation and nucleotide diversity during domestication and de-domestication. A) Seed morph-
ology of wild rice, CJ, Cl, Aro, Aus, WJ-type and WI-type rice. B) Correlation of kinships between any 2 rice accessions, calculated by SNPs or mCG
levels. Cor = Pearson'’s correlation coefficient. C) PCA of all rice accessions based on CG methylation levels. D) Numbers of 100-bp windows contain-

ing SNPs and CG methylation variation.
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(Supplemental Fig. S1D). Wild rice was separated from culti-
vated and weedy rice, to which CJ and Cl rice respectively
clustered together with the corresponding weedy rice W)
and WI (Fig. 1C), which was also similar to the phylogenetic
tree of these rice accessions (Supplemental Fig. S2). These re-
sults indicate fewer genetic and epigenetic changes during
de-domestication compared to domestication. In addition,
we identified 118,282 and 136,495 regions containing vari-
ation in CG methylation in CJ and ClI, respectively, relative
to wild rice using 100-bp windows, of which about 7% to
12% contained SNPs (Fig. 1D). To explore whether genomic
variation in core DNA methylation plays important roles in
variation in DNA methylation among rice accessions, we per-
formed genome-wide association studies (GWAS) using
genome-wide average CG methylation levels as a phenotype
but failed to detect significant peaks (Supplemental Fig. S3).

Global decrease of DNA methylation during rice
domestication

Compared to wild rice, global CG methylation levels were sig-
nificantly lower in all cultivated rice (CJ, Cl, Aro, and Aus; P <
0.01, Wilcoxon signed-rank test) (Fig. 2A), although we can-
not totally exclude potential bias resulting from the reference
genome on our analysis of DNA methylation levels. To test
the role of DNA methylation during rice domestication, we
dissected differentially methylated regions (DMRs) between
wild rice (20 accessions) and cultivated rice (C/ and Cl acces-
sions). We identified 48,244 hypo- and 30,084 hyper-DMRs in
the CJ group (covering a total of 6.6 Mb, or 1.96% of the gen-
ome) and 41,368 hypo- and 32,157 hyper-DMRs in the CI
group (for a total of 6.4 Mb, or 1.9% of genome), relative
to wild rice (Fig. 2B; Supplemental Data Set 3). It is worth not-
ing that 19,134 (39.7% to 46.1%) of all hypo-DMRs and 12,526
(39.0% to 40.8%) of all hyper-DMRs are shared by the CJ and
Cl groups (Fig. 2B), which accounted for 4.3% (15 Mb) of rice
genomes and was significantly more than expected by
chance (P =0, hypergeometric test). These results are not
surprising, as some domestication genes have been demon-
strated to be shared by the CJ and CI groups (Huang et al.
2012). For example, the rice homolog OsORM1
(LOC_0s04g47970) of the Arabidopsis gene OROSOMUCOID
PROTEINT (ORM1) showed a decrease in DNA methylation
along its promoter and 3’ downstream sequences in culti-
vated rice compared to wild rice (Fig. 2C). Accordingly, we
detected higher expression levels for OsORM1 in cultivated
rice relative to wild rice (Fig. 2C).

As most accessible chromatin regions are located in un-
methylated regions in plants (Crisp et al. 2020), we hypothe-
sized that changes in DNA methylation might have affected
chromatin accessibility during rice domestication. To test
this idea, we performed ATAC-seq to examine chromatin ac-
cessibility of wild (GW5 and GW7), CJ (DongJin [DJ] and Nip)
and CI (R284 and R61) rice using third leaves at the same de-
velopmental stage as used for MethylC-seq (Supplemental
Data Set 4). Interestingly, we determined that chromatin
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accessibility significantly increased at shared hypo-DMRs
but significantly decreased at shared hyper-DMRs in the CJ
and Cl groups (P < 0.01, Wilcoxon signed-rank test) (Figs.
2D; Supplemental Fig. S4A). Moreover, these hypo-DMRs,
but not hyper-DMRs, were associated with active histone
modifications H3K4me3 (trimethylation of lysine 4 on his-
tone H3) and H3K27ac (acetylation of lysine 27 on histone
H3) (Supplemental Fig. S4B). To examine if changes in
DNA methylation affected gene expression, we identified
10,647 proximal genes with shared DMRs located in 1-kb
flanking sequences and 1,820 Ds interacting with shared
DMRs via long-range chromatin loops through reanalysis of
published Hi-C data sets (Liu et al. 2017) (Supplemental
Data Set 5) (Fig. 2E). Indeed, changes in DNA methylation sig-
nificantly induced changes in the expression of
DMR-associated proximal genes (DPGs) and distal genes
(DDGs) in the CJ and CI groups relative to wild rice (Figs.
2E and Supplemental Fig. S4, C and D). For example, 1 shared
hypo-DMR on chromosome 5 (Chr 05) may be involved in
elevated expression of the neighboring gene OsNDPK1
(NUCLEOSIDE DIPHOSPHATE KINASE 1, LOC_Os05g51700)
(Cho et al. 2004) and the distal gene OsCAX1b (Cation/proton
exchanger 1a, LOC_Os05g51610), located ~70 kb down-
stream of the DMR (g < 1.8 X 10~ for interaction loops) in
the J and CI groups (Fig. 2F). These results suggest that
changes in DNA methylation may have affected chromatin
accessibility and histone modifications and hence alter ex-
pression levels of proximal and distal genes during rice
domestication.

In addition to shared DMRs, the CJ and Cl groups pos-
sessed 46,474 and 41,671 group-specific DMRs relative to
wild rice, respectively (Figs. 2B and 3A), supporting the hy-
pothesis that the CJ and CI groups evolved independently
after a shared domestication event (Molina et al. 20171;
Wang et al. 2018). Shared DMRs, but not group-specific
DMRs, tended to occur in the sequences flanking genes
and intergenic regions (Supplemental Fig. S5). As with shared
DMRs, group-specific DMRs, with the exception of Cl-specific
hypo-DMRs, were associated with significant changes in
chromatin accessibility (P <0.01, Wilcoxon signed-rank
test) (Fig. 3A) and the histone modifications H3K4me3 and
H3K27ac (Supplemental Fig. S4B). CJ- and Cl-specific changes
in DNA methylation also significantly induced changes in the
expression of genes overlapping with DMRs in flanking se-
quences (Supplemental Data Set 5) (Supplemental Fig. S4,
E and F), which may contribute to the morphological diver-
sification of the CJ and Cl groups. The genes associated with
DMRs induced by domestication were significantly enriched
in several important processes, including stress response and
cell growth (Supplemental Data Set 6). In general, CJ rice has
wider leaves and shorter grains than Cl rice. Many genes have
been reported to participate in regulating organ develop-
ment in rice, including SHORT GRAINT (SGT) (Nakagawa
et al. 2012). Elevated expression of SG1 leads to wider leaves
and shorter grains (Nakagawa et al. 2012). Notably, we de-
tected a massive decrease in DNA methylation in a region
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Figure 2. Domestication-induced demethylation of proximal and distal regulatory elements. A) Decreased CG methylation levels in cultivated rice com-
pared to wild rice. Significant differences are indicated by ** (P < 0.01; see Supplemental Data Set 12), according to a Wilcoxon signed-rank test. B) Shared
DMRs in the ¢J and CI groups, relative to wild rice. C) The example of OsORM1 (LOC_Os04g47970) showing lower CG methylation levels in its promoter
and downstream sequences but higher expression levels in cultivated rice compared to wild rice. Significant differences are indicated by ** (P < 0.01; see
Supplemental Data Set 12), according to a 2-tailed Student'’s t-test. Scale: 0 to 1 for methylation level. D) Methylation changes (left panel) and chromatin
accessibility variation (right panel) in shared DMRs between the CJ and CI groups relative to wild rice. The chromatin accessibility in DMRs and random
genomic regions from CJ (D)), CI (R284), and wild (GW?7) rice was normalized to RPM and scaled from 2 to 10 for each 50-bp bin. Green and gray lines
indicate DMRs and random genomic regions, respectively. E) Elevated expression between CJ (Nip) and wild rice for DPGs and DDGs compared to all genes.
Significant differences are indicated by ** (P < 0.01; see Supplemental Data Set 12), according to a Wilcoxon signed-rank test. F) An example of shared
hypo-DMR raising expression of the neighboring gene (OsNDPK1) and distal gene (LOC_Os05g51610) in the CJ and CI groups relative to wild rice.
Significant differences are indicated by ** (P < 0.01; see Supplemental Data Set 12), according to a 2-tailed Student’s t-test.

~1.4-kb upstream of SG1 in the CJ and Aro groups, which These results indicate a correlation between variation in
have shorter grains and wider leaves (Fig. 3, B and C). By con- DNA methylation and morphological changes among rice
trast, common Cl and Aus groups with longer grains and  varieties.

thinner leaves had much higher DNA methylation levels

across the same region (Fig. 3, B and C). Consequently, SG1 ~ DNA methylation valleys in the rice genome

was silenced in most examined Cl and Aus accessions but ex- ~ There are many large regions that are devoid of DNA methy-
pressed in most examined CJ and Aro accessions (Fig. 3C).  lation in animal and plant genomes; these regions are called
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DNA methylation valleys (DMVs) (Xie et al. 2013). DMVs
were reported to be involved in cell differentiation and can-
cer pathways in animals (Xie et al. 2013) and associated with
transcriptional regulation during soybean (Glycine max L.)
seed development (Chen et al. 2018). We identified 29,585
CG DMVs of at least 1 kb in length in wild and cultivated
rice, spanning over 13% of the rice genome. About 80%
(23,673/29,585) of these DMVs were conserved among the
5 rice groups (Fig. 4A). We also observed low non-CG
(mCHG and mCHH) methylation levels in these CG DMVs
(Supplemental Fig. S6A). These conserved DMVs were en-
riched near TSSs (Fig. 4B, left) with higher levels of DNA ac-
cessibility (Fig. 4B, right). Genes overlapping with DMVs
(DMV-genes) showed significantly higher expression than
genes without DMVs (non-DMV-genes) (P < 0.01,
Wilcoxon signed-rank test) (Fig. 4C). These DMV-genes ex-
hibited a lower tissue specificity for their expression than
non-DMV-genes (Fig. 4D). In addition, we detected signifi-
cantly higher levels of H3K4me3 and H3K27ac in DMVs com-
pared to their flanking regions (Supplemental Fig. S6B). Using
a published data set of T-DNA insertions in rice (Sallaud et al.
2004), we identified fewer T-DNA insertions mapping to
proximal DMVs (pDMVs) overlapping with genes and to dis-
tal DMVs (dDMVs) away from genes (Fig. 4E), suggesting a
potential role for intact DMVs in plant survival.
Interestingly, 171 (or 0.6%) of conserved DMVs in culti-
vated rice showed extensive DNA CG methylation (mCG
> 0.4) in wild rice, which may have contributed to domesti-
cation traits. For example, a selfish genetic element consisting
of OPEN READING FRAME2 (ORF2) and ORF3 was shown to

facilitate reproductive isolation in domesticated rice (Yu
et al. 2018). ORF2 encodes a toxin affecting pollen develop-
ment, while ORF3 encodes the antidote for pollen viability.
The protein encoded by ORF2 is thought to represent
gain-of-function, probably by artificial selection of a non-
functional allele from wild rice (Yu et al. 2018). We identified
a DMV spanning the promoter of ORF2 and the neighboring
gene ORF1 in all cultivated rice (Fig. 4F), while this DMV was
highly methylated in wild rice (Fig. 4F). As a result, ORF1 and
ORF2 were expressed at high levels in cultivated and weedy
rice accessions but at low levels in wild rice accessions
(Fig. 4G). These results reveal a potential role for epigenetic
regulation in functionalization of plant development during
rice domestication.

Global increase of DNA methylation during rice
de-domestication

Plant de-domestication is often accompanied with loss of
agronomic traits that had been acquired under domestication
(Qiu et al. 2017), which may involve genomic and epigenomic
changes. We determined that the allele frequencies at 8.1%
and 10% of SNPs turned back to allele frequencies similar to
those of wild rice in WJ and WI rice, respectively. In addition
to genomic changes, a significant increase in DNA methylation
occurred in weedy rice relative to the corresponding cultivated
rice (Fig. 5A and Supplemental Fig. S7), which was opposite
that of demethylation observed during domestication. We ob-
served higher DNA methylation throughout chromosomes, af-
fecting euchromatin and heterochromatin alike in weedy rice
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Figure 4. Variation of DMVs in wild and cultivated rice. A) Heatmap showing the mean methylation levels of DMVs. B) Difference in chromatin
accessibility (left panel) and distribution (right panel) in conserved DMVs compared to flanking regions. Significant differences are indicated by ** (P
< 0.01; see Supplemental Data Set 12), according to a Wilcoxon signed-rank test. C) Expression levels of genes with DMVs (DMV-gene) and genes
without DMVs (nonDMV-gene). Significant differences are indicated by **(P < 0.01, see Supplemental Data Set 12), according to a Wilcoxon
signed-rank test. D) Tissue specificity of genes associated with DMVs or lacking DMVs. Significant differences are indicated by ** (P < 0.01; see
Supplemental Data Set 12), according to a Wilcoxon signed-rank test. E) Density of T-DNA insertions throughout pDMVs overlapping with genes
and dDMVs away from genes compared to flanking regions. Significant differences are indicated by ** (P < 0.01; see Supplemental Data Set 12),
according to a Wilcoxon signed-rank test. F) An example of domestication-induced DMV which is indicated by a red box. G) Association between
DNA methylation levels in the DMV shown in F and expression levels of neighboring genes (ORF1, left; ORF2, right) in rice.

(Fig. 5B). Notably, the correlation between domestication-
induced and de-domestication-induced DNA methylation
changes was very low (Cor=-008 P=49x10"")
(Fig. 5C), indicating that most DNA methylation changes oc-
curred independently during rice domestication and de-
domestication. We identified 7,271 hypo- and 9,946
hyper-DMRs in the W/ group relative to the CJ group and
2,199 hypo- and 2,347 hyper-DMRs in the W/ group relative
to the Cl group (Supplemental Data Set 7). The hyper-DMRs
were slightly overrepresented in the gene body, but the
hypo-DMRs were slightly enriched over intergenic regions
(Supplemental Fig. S8). Only 15% to 24% of all DMRs over-
lapped between domestication and de-domestication events

(Supplemental Fig. S9A). Interestingly, 12 hypo-DMRs in the
CJ group and 2 hypo-DMRs in the ClI group showed further
DNA methylation decrease during de-domestication. As ob-
served during domestication, these DMRs were negatively as-
sociated with changes in chromatin accessibility during rice
de-domestication (Fig. 5, D and F). Genes associated with
de-domestication-induced DMRs were enriched for several
important biological processes, including photosynthesis and
defense response (Supplemental Data Sets 8 and 9) (Fig. 5, E
and G).

Ethylene response factors (ERFs) are responsible for stress
responses by binding to their cognate promoter motifs in
plants (Muller and Munne-Bosch 2015). Remarkably, the
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Figure 5. Reverse changes of DNA methylation induced by de-domestication relative to domestication. A) Kernel density distribution of methy-
lation changes in CJ vs wild, CI vs wild, WI vs CI, and W/ vs CJ. Significant differences are indicated by ** (P < 0.01; see Supplemental Data Set 12),
according to a Wilcoxon signed-rank test. Methylation changes were calculated for each 50-kb window. B) Heatmap representation of methylation
changes along chromosome 1 (Chr 1) during rice domestication and de-domestication. Methylation changes were calculated for each 50-kb win-
dow. C) Weak correlation between domestication-induced methylation changes (CJ vs wild) and de-domestication-induced methylation changes
(WJ vs ). Cor = Pearson’s correlation coefficient. Methylation changes were calculated for each 50-kb window. D and F) Methylation state (left
panel) and chromatin accessibility variation (right panel) in de-domestication-induced DMRs for the Wi group (D) and the W/ group (F). Chromatin
accessibility in DMRs and random genomic regions were normalized to RPM and scaled from 0 to 8 for each 50-bp bin for WI (ZJ2), CI (R284), W/
(H6), and J (Nip). Green and gray lines indicate DMRs and random genomic regions, respectively. E and G) Gene ontology enrichment of DPGs and
DDGs associated with de-domestication-induced DMRs for the WI group (E) and the W/ group (G). DR, defense response; CD, cell death; PS, photo-

synthesis; PP, phosphorylation; IT, ion transport.

short palindromic (GCC)s; motif was enriched in
de-domestication-induced DMRs (Fig. 6A), which is similar
to the binding motif of ERFs in Arabidopsis (Fig. 6A)
(O’'Malley et al. 2016), including AtERF115 and AtERF2 pro-
tein whose homologs in rice are encoded by OsRAP2.6
(RELATED TO AP2 6, LOC_0s04g32620) and OsERF3
(LOC_0s02g43790), respectively (Supplemental Fig. S9B,
Supplemental Data Set 10, and Supplemental File 1). To
examine if changes in DNA methylation affected the binding
ability of ERFs during rice de-domestication, we profiled the
DNA binding sites of OsRAP2.6 and OsERF3 through
DAP-seq and amplified DNA affinity purification sequencing
(ampDAP-seq) using third leaves at the same developmental
stage as that used for MethylC-seq (Supplemental Data Set 4)
(see Methods). The (GCC)5 motifs or (NCC)s motifs were en-
riched among the identified binding sites for OsRAP2.6 and
OsERF3, respectively (Fig. 6B and Supplemental Fig. S9C). In
addition, OsRAP2.6 and OsERF3 were sensitive to changes
in DNA methylation in their binding motifs (Supplemental
Fig. S9, D and E). Consistent with this notion,
de-domestication-induced changes in DNA methylation

were negatively correlated with the binding activities of
OsRAP2.6 and OsERF3 (Fig. 6C and Supplemental Fig. S9F).
As the expression of OsRAP2.6 and OsERF3 is induced by
stress (Cao et al. 2005, 2006; Wamaitha et al. 2012), we pro-
pose that changes in DNA methylation may contribute to
stress resistance changes through affecting binding activities
of related transcription factors such as ERFs during de-
domestication. We determined that the target genes of
OsRAP2.6 and OsERF3 with hypo-DMRs are significantly
more highly expressed following de-domestication, while tar-
get genes with hyper-DMRs showed no significant changes in
their expression (Supplemental Fig. S9G). For example,
PATHOGENESIS-RELATEDS (PRS) is associated with disease
resistance in Arabidopsis (Bozkurt et al. 2007; Wichmann
et al. 2011). The rice homolog OsPR5 (LOC_0Os08g04590) ex-
hibited decreased DNA methylation, increased chromatin ac-
cessibility, and higher binding activities of OsRAP2.6 and
OsERF3 around its transcription start site (TSS) in W/ rice
compared to CJ rice (Fig. 6D). Consequently, OsPR5 was ex-
pressed in most W/ accessions and completely repressed in
the CJ accessions studied (Fig. 6E).
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Figure 6. Altered DNA methylation contributed to gene expression changes by affecting the binding ability of ERFs during de-domestication. A)
DNA motifs enriched in the de-domestication-induced DMRs (upper panel) is similar to the motifs of binding sites for Arabidopsis ERF115 and ERF2
in published data sets. The E-value (e) indicates an estimate of the expected number of motifs by MEME. The g-value (gq) indicates the probability
that a random motif has an optimal alignment to the target motifs. B) DNA motifs enriched in peaks called by DAP-seq for OsRap2.6. C) Negative
correlation between methylation changes and DAP-seq binding changes (RPM) for each peak region called by DAP-seq of OsRap2.6 during de-
domestication (CJ [Nip] vs W/ [H1]). Cor = Pearson’s correlation coefficient. DAP-seq binding changes were normalized to RPM. D and E) An ex-
ample of de-domestication-induced hypo-DMR associated with increased DAP-seq binding of Rap2.6 and OsERF3 (D) on the promoter of
LOC_Os08g04590 (OsPR5) regulating its expression (E) in W) compared to CJ. Scale: 0 to 1 for methylation level; 0 to 4 (RPM) for DAP-seq and

ATAC-seq data.

Discussion

DNA methylation is essential for genome integrity and affects
many biological programs including cancer incidence in hu-
mans and organ development in plants (Rakyan et al. 20171;
Zhang et al. 2018). The 1,001 epigenomes project for
Arabidopsis opened the door to understanding population
epigenetics during plant evolution (Kawakatsu et al. 2016).
However, genome-wide identification of epigenetic variation
in natural populations is still limited in crops. In this study,
we generated single-base resolution DNA methylomes of 95
wild, cultivated, and weedy rice accessions and uncovered ex-
tensive DNA methylation variation among these species.
Genomic variation induced DNA methylation changes dur-
ing plant evolution (Zhang et al. 2018). In maize, 25.1% to
38.7% of DMRs were associated with SNPs, and an additional
0.3% to 1% of DMRs were associated with structural variants
(Xuetal.2019). In soybean, 22.5% of all DMRs can be explained
by local genetic variation (Shen et al. 2018). Although we de-
tected a limited overlap between SNPs and DNA methylation
variation in comparisons between cultivated rice and wild rice
(Fig. 1D), we cannot exclude cis and trans effects of structural
variation on changes in DNA methylation during rice domes-
tication. The cis-regulatory elements in accessible chromatin
regions play important roles in regulating gene expression in
plant development and environmental responses (Lu et al.
2018). A recent report revealed that most accessible

chromatin regions are located in unmethylated genomic re-
gions in plants (Crisp et al. 2020). Although extensive DNA
methylation variation occurred in different rice populations,
most (80%) DMVs were conserved among the 5 rice groups
investigated here (Fig. 4A). Similar to this observation, methy-
lated genes showed a high rate of changes in DNA methylation
during long-term evolution of cotton, whereas unmethylated
genes stayed unmethylated with little or no change in their
DNA methylation (Song et al. 2017). Fewer DNA methylation
changes occurred in DMVs during rice domestication, prob-
ably because changes in DNA methylation in these DMVs
may affect chromatin accessibility and induce significant
changes in expression and influence plant development.
Indeed, changes in DNA methylation did affect the expression
of nearby and distal genes through altering chromatin accessi-
bility and histone modifications during rice domestication and
de-domestication (Figs. 2 to 6), although we cannot exclude
the potential effects of genome variants in DMRs on gene ex-
pression. DNA methylation modifies chromatin accessibility
probably through affecting the binding of transcription factors
such as ERFs (Fig. 6C). Cytosine methylation in transcription
factors binding sites will inhibit their binding (Fig. 6C), as
also observed in Arabidopsis (O’Malley et al. 2016). These re-
sults indicate that variation in DNA methylation may contrib-
ute to changes of chromatin accessibility throughout the
genome during plant evolution.
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De-domestication has led to “wild-like” weedy rice, which
is opposite to domestication from wild rice, correlating with
extensive changes in DNA methylation among wild, culti-
vated, and weedy rice. However, hypomethylation sites
from wild to cultivated rice and hypermethylation sites
from cultivated to weedy rice were largely not shared
(Fig. 5C). This observation is consistent with changes in gen-
omic sequences, which differ during rice domestication and
de-domestication (Li et al. 2017, Qiu et al. 2020).
Interestingly, methylation changes during domestication
and de-domestication are both associated with stress-
responsive genes, such as ERF genes (Fig. 5, E and G). Stress
treatment has been shown to induce DNA methylation in
plants (Secco et al. 2015; Zheng et al. 2017, Wang et al.
2021). Cultivated crops grow under human-manipulated en-
vironments, which will be accompanied by stress resistance
trade-offs to favor growth and yield (Li et al. 2017; Wang
et al. 2020). DNA methylation related to stress tolerance
may passively decrease during rice domestication. By con-
trast, weedy rice has to survive under adverse stress condi-
tions in natural environment, which may be accompanied
by increased DNA methylation related to stress tolerance.

Collectively, our study reveals epigenomic variation among
wild, cultivated, and weedy rice and provides insights into
epigenetic regulation of gene expression during rice domes-
tication and de-domestication. The identified epialleles
underlying agronomic traits are valuable resource for epigen-
etic breeding to improve rice yield and quality, as well as to
prevent and control weedy rice for sustainable agriculture.

Materials and methods

Plant materials and growth conditions

All rice seeds were disinfected by incubation in 10% (v/v) so-
dium hypochlorite for 10 min before being germinated in a
dark chamber at 30 °C for 2 d. Seedlings were transferred
to a hydroponics system using 0.5X Kimura B nutrient solu-
tion which was changed every 2 d in a growth chamber with
28 °C/24 °C (day/night) and 16-h light/8-h dark (LED light
[Guixiang, T20V2]; 400 pymol m~2 s~ light intensity) cycles.
The third leaf at 30 DAP was collected at ZT4 (Zeitgeber
time 4, namely, 4 h after dawn) for isolating DNA and RNA
for library construction.

Library construction for MethylC-seq and DNA-seq

Genomic DNA was extracted using the cetyltrimethylammo-
nium bromide (CTAB) method (Allen et al. 2006). About 2 g
genomic DNA was fragmented (300 to 500 bp) with 8 cycles
of 30-s on/30-s off using Bioruptor (Diagenode, Denville, NJ,
USA), end-repaired and 3’-end adenylated to ligate methy-
lated adapter (GenScript, NJ, China) according to the proto-
col of the NEBNext Ultra Il DNA Library Prep Kit for Illumina
(NEB, Ipswich, MA, USA). For MethylC-seq, half (~0.5 pg) of
adapter-ligated DNA fragments was treated with bisulfite
using a Zymo EZ DNA Methylation-Gold kit (ZYMO

Cao et al.

RESEARCH, Irvine, CA, USA), followed by 10 cycles of PCR
amplification using KAPA HiFi HotStart ReadyMix (Roche,
Basel, Swiss). After purification with VAHTSTM DNA Clean
Beads (Vazyme, NJ, China), MethylC-seq libraries were se-
quenced on a NovaSeq platform (lllumina, San Diego, CA,
USA) as 150-bp paired-end reads.

For DNA-seq library, the reminder (~0.5 ug) of the above
adapter-ligated DNA fragments was amplified by 6 cycles
of PCR using Q5 HiFi HotStart DNA Polymerase (NEB,
Ipswich, MA, USA). After purification with VAHTSTM DNA
Clean Beads (Vazyme, NJ, China), DNA-seq libraries were se-
quenced on a NovaSeq platform (lllumina, San Diego, CA,
USA) as 150-bp paired-end reads.

SNP calling

After filtering raw sequencing reads by NGSQCtookit v2.3
with default parameters (Patel and Jain 2012), clean reads
were mapped against the rice Nip reference genome
(MSU7.0) using BWA (v0.7.15) with default parameters (Li
and Durbin 2009). Uniquely mapped reads were extracted
and potential PCR duplicates were removed using
Picard-tools (version 2.0.1). The remaining reads were used
for variant detection using the Genome Analysis Toolkit
(GATK, version 3.5.0) (McKenna et al. 2010). The SNPs and
InDels were separated using “SelectVariants” in GATK. To de-
crease the variant discovery rate, the SNP calls were filtered
according to the following threshold: quality by depth
(QD) < 10.0 || mapping quality (MQ) < 20.0 || fisher strand
(FS) > 30.0 || symmetric odds ratio (SOR) > 3.0 || rank sum
test for MQ (MQRankSum) < —2.5 || rank sum test for
read position bias (ReadPosRankSum) < —3.5 || read depth
(RD) <5 || DP > 100.0. The remaining SNPs were combined
with published SNPs from the 3 K rice (https://snp-seek.irri.
org/_download.zul) for analyses. These SNPs were used to
build neighbor-joining trees using MEGAX with 1,000 repli-
cates for bootstrap confidence analysis (Kumar et al. 2018).

Single cytosine methylation calling and population
parameter (Pi, 1)

After filtering by NGSQCtookit v2.3 default parameters
(Patel and Jain 2012), clean MethylC-seq reads were mapped
to the Nip genome (MSU7.0) using Bismark (v0.15.0)
(Krueger and Andrews 2011; Krueger et al. 2012) with op-
tions (—score_min L,0,-0.2 -X 1000). The reads mapped to
the same sites were collapsed into a single consensus read
to reduce clonal bias. Then, each cytosine site covered by
at least 3 uniquely mapped reads was retained. The genomic
variants like C->T could be mistakenly interpreted as the
conversion of a methylated cytosine to an unmethylated thy-
mine. To reduce confounding effects of genomic variants on
DNA methylation analysis, the cytosines affecting SNPs were
excluded in the analysis. The mixtools (Benaglia et al. 2009)
was used under “normalmixEM” to evaluate thresholds of
methylation level for distinguishing unmethylated cytosines
in the CG context. The significance thresholds were selected

€20z AInr 20 uo Jasn Aleiqi] ABojouyoa ] % sousiog [euoneN Aq £0Z061 2/09 1 Peoy/|1991d/S601 0 | /10p/a|o1le-soueApe/|jeo|d/woo dno-olwepese//:sdiy wo.l papeojumod


https://snp-seek.irri.org/_download.zul
https://snp-seek.irri.org/_download.zul

Epigenomic diversity in rice

as follows: unmethylation (<0.1), heterozygous methylation
(>0.1 and <0.8), and methylation (>0.8). The methylation
haplotype (meplotype) was used to calculate the diversity
of DNA methylation in the rice population (Xu et al. 2018).
In the meplotype analysis, the methylation status of each
cytosine was converted to nucleobase based on the thresh-
old of methylation level: <0.1 marked as “TT,” homozygous
TT representing unmethylated cytosine; 0.1 to 0.8 marked
as “CT,” heterozygous CT representing partially methylated
cytosine; and >0.8 marked as “CC,” homozygous CC repre-
senting methylated cytosine. The meplotype and above
SNPs were used to calculate the population parameter «
using VCFtools (0.1.13) (Danecek et al. 2011) in 100-kb win-
dows with a 10-kb step across the genome.

Identification of DMRs and DMVs

To identify DMRs among the 5 rice groups of wild rice (20
accessions), cultivated rice (18 CJ accessions and 20 Cl acces-
sions), and weedy rice (8 W/ accession and 10 W/ accessions),
the accessions from each population were considered as re-
peats, and each CG site detected in more than 3 accessions
from each population was considered as effective cytosine
sites as previously described (Shen et al. 2018). In brief, the
genomic window containing 8 successive effective cytosine
sites (<500 bp) were used to identify DMRs. Each CG DMR
between 2 populations being compared was determined
using the cut-off values of average methylation level differ-
ences (>0.4) and the corrected false discovery rate (FDR <
0.05) that were calculated by adjusting P-values (from
ANOVA test) of the pairwise comparisons using the
Benjamini-Hochberg method (Higo et al. 2020).

The identification of each DMV was performed as previ-
ously described (Xie et al. 2013). In brief, the genome was di-
vided into 100-bp bins, and the bins with at least 4 CG sites
were retained. The remaining bins showing an average
methylation level < 0.1 were considered as unmethylated
bins. Each window containing at least 10 consecutive un-
methylated bins was considered as a DMV.

ATAC-seq library construction and data processing

Construction of ATAC-seq libraries was performed as previ-
ous described (Bajic et al. 2018) (Supplemental Data Set 4).
Approximately 0.5 g leaves per replicate were cross-linked
in 35 mL cross-linking buffer (0.4 m sucrose, 10 mm Tris-HCl
[pH =8.0], 1 mm PMSF, 1 mm EDTA and 1% [w/v] formalde-
hyde) for 20 min, before stopping the reaction by adding
2.2 mL of 2 m glycine. After wash in sterile water by 3 times,
The cross-linked leaves were washed 3 times in sterile water
immediately frozen in liquid nitrogen and ground into a fine
powder. Nuclei were isolated by mixing the powder to 10 mL
nuclei extraction buffer 1 (20 mm MOPS [pH = 8.0], 40 mm
NaCl, 90 mm KCl, 2 mm EDTA, 0.5 mm EGTA, 0.5 mm spermi-
dine, 0.2 mm spermine, and 1X Protease Inhibitor Cocktail).
The mixture was filtered on a 70-pm strainer and washed
with 1 mL nuclei extraction buffer 2 (0.25 m sucrose, 10 mm
Tris-HCl [pH =8.0], 10 mm MgCl,, 1% [v/v] Triton X-100
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and 1X Protease Inhibitor Cocktail) and then centrifuged
at 12,000 X g at 4 °C for 10 min. Following resuspension in
300 yL nuclei extraction buffer 3 (1.7 m sucrose, 10 mm
Tris-HCI [pH =8.0], 2 mm MgCl,, and 0.15% [v/v] Triton
X-100 and 1X Protease Inhibitor Cocktail), the nuclei suspen-
sion was loaded on the surface of 600 yL nuclei extraction
buffer 3 and centrifuged at 16,000 X g at 4 °C for 10 min.
The purified nuclei were resuspended in 1 mL nuclei extrac-
tion buffer 1, stained with 4,6-diamidino-2-phenylindole and
loaded into a hemocytometer to count nuclei. About 50,000
nuclei were incubated with Tn5 transposase (Vazyme, NJ,
China) at 55 °C for 10 min. Next, cross-linking was reversed
by incubation at 65 °C overnight in 50 mm Tris-HCI (pH =
8.0), 1 mm EDTA, 1% (w/v) SDS, 0.2 m NaCl, and 5 ng/mL pro-
teinase K. DNA was recovered with a MinElute PCR
Purification Kit (Qiagen) and amplified for 6 cycles.
Libraries were sequenced on a NovaSeq platform (lllumina,
San Diego, CA, USA) as 150-bp paired-end reads.

After filtering by NGSQCtookit v2.3 with default para-
meters (Patel and Jain 2012), clean reads were mapped to
the Nip reference genome (MSU7.0) using BWA (v0.7.15)
(Li and Durbin 2009). Uniquely mapped reads were ex-
tracted, and potential PCR duplicates were removed using
Picard-tools (version 2.0.1). Read coverage in 50-bp bins
across the entire genome was normalized as reads per million
mapped reads (RPM) using the remaining paired reads. To
show chromatin accessibility changes between DMRs and
random genomic regions, the genome was divided into win-
dows with the same average length as the DMRs, and then
the same numbers of windows were randomly selected to
compare to DMRs.

Library construction and analysis of DAP-seq and
ampDAP-seq
DAP-seq libraries were constructed as previously reported
(Bartlett et al. 2017) (Supplemental Data Set 4). In brief,
about 2 pyg genomic DNA was fragmented (300 to 500 bp),
end-repaired, and 3’-end adenylated to ligate adapters
(NEB, Ipswich, MA, USA). After purification using VAHTS
DNA Clean Beads (Vazyme, NJ, China), about 95% of adapter-
ligated DNA fragments was used for DAP-seq. The rest
(~0.05 ug) of adapter-ligated DNA fragments was amplified
to remove DNA methylation information by 12 cycles of
PCR using Q5 HiFi HotStart DNA Polymerase (NEB,
Ipswich, MA, USA). The DNA was purified with VAHTS
DNA Clean Beads (Vazyme, NJ, China) and used for
ampDAP-seq as the control of DAP-seq (Bartlett et al. 2017).
The coding sequences of Rap2.2 and OSERF3 were individu-
ally amplified by PCR using specific primers (Supplemental
Data Set 11) and cloned into the pUC18-Halo-ORF vector
to generate pUC18-Halo-Rap2.2 and pUC18-Halo-OSERF3.
Each recombinant protein was translated from the 2 vectors
using TNT SP6 Coupled Wheat Germ Extract System
(Promega, Madison, WI, USA). The resulting proteins were
immobilized onto Magne HaloTag Beads and incubated
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with 100 ng of adapter-ligated DNA fragments for DAP-seq
or 100 ng of amplified adapter-ligated DNA fragments for
ampDNA-seq. After bead washing with 1X phosphate-
buffered saline (pH = 7.4, 137 mm NaCl, 2.7 mm KCl, 10 mm
Na,HPO,, and 1.8 mm KH,PO,) containing 0.005% (vol/vol)
NP40 solution, DNA binding by proteins immobilized into
beads was directly amplified by 20 cycles of PCR using Q5
HiFi HotStart DNA Polymerase (NEB, Ipswich, MA, USA)
(Bartlett et al. 2017). After purification, the DAP-seq and
ampDAP-seq libraries were sequenced on a NovaSeq plat-
form (lllumina, San Diego, CA, USA) as 150-bp paired-end
reads.

After filtering by NGSQCtookit v2.3 with default para-
meters (Patel and Jain 2012), clean reads were mapped to
the Nip reference genome (MSU7.0) using BWA (v0.7.15)
(Li and Durbin 2009). Uniquely mapped reads were ex-
tracted, and potential PCR duplicates were removed using
Picard-tools (version 2.0.1). Read coverage in 50-bp bins
along the entire genome was normalized as RPM using the
remaining paired reads before being used for peak calling
using MACS2 (2.2.6) (Liu 2014). Total peaks were used to
analyze DNA motifs using MEME (5.1.0), in which DNA mo-
tifs were annotated (Gupta et al. 2007).

Construction and analysis of 3’ RNA-seq libraries
Total RNA was extracted from the third leaf of rice seedling
at 30 DAP using TRIzol reagent (Invitrogen, Carlsbad,
California, USA), which was collected at ZT4. After DNase |
(EN401, Vazyme, China) treatment, aliquots of total RNA
from all samples were individually fragmented (100 to
1000 bp) and reverse-transcribed into first-strand cDNA
using oligo(dT)-index primers (Supplemental Data Set 11).
The first-strand cDNA from each 10 samples were pooled to-
gether and subjected to second strand cDNA synthesis, end-
repair and adapter ligation. Finally, DNA was amplified by 15
cycles of PCR using Q5 HiFi HotStart DNA Polymerase (NEB,
Ipswich, MA, USA). After purification, the 3’ RNA-seq librar-
ies were sequenced on a NovaSeq platform (lllumina, San
Diego, CA, USA) as 150-bp paired-end reads.

According to the index of Read 2 from the pair-end reads,
Read 1 in each library was divided into corresponding sam-
ples and mapped to the Nip reference genome (MSU7.0)
using BWA (v0.7.15) (Li and Durbin 2009). After removing
potential PCR duplicates, uniquely mapped reads were
used to calculate expression levels (in transcripts per million
reads [TPM]) for each gene.

Analysis of published MethylC-seq and ChIP-seq data
sets

Published epigenetic data sets were downloaded from NCBI
under accession numbers PRJNA597475 (Zhao et al. 2020),
PRJNA542905 (Zhao et al. 2019), PRINA597065 (Zhao et al.
2020), and PRJNA122435 (He et al. 2010), covering
MethylC-seq of panicles, roots, young leaves and mature
leaves (ZS97 and MH63 accessions), and ChIP-seq of histone
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modification (H3K27ac and H3K4me3) of young leaves
(ZS97, MH63, 9311, and Nip accessions) to investigate chro-
matin state. After filtering by NGSQCtookit v2.3 with default
parameters (Patel and Jain 2012), clean MethylC-seq reads
were mapped to the Nip reference genome (MSU7.0) using
Bismark (v0.15.0) (Krueger and Andrews 2011; Krueger
et al. 2012) with options (—score_min L,0,-0.2 -X 1000). The
reads mapping to the same sites were collapsed into a single
consensus read to reduce clonal bias. Then, each cytosine site
covered by at least 3 uniquely mapped reads was retained for
analysis.

All raw ChIP-seq reads were parsed using NGSQC
Toolkit_v2.3 (Patel and Jain 2012), and then clean reads
were mapped to the Nip reference genome (MSU7.0) using
BWA (v0.7.15) with default parameters (Li and Durbin
2009). Uniquely mapped reads were extracted to remove po-
tential PCR duplicates using Picard-tools (version 2.0.1). The
read coverage was normalized as RPM for each 50-bp bin
using the remaining reads.

GWAS for CG methylation variation

A total of 477,318 high-quality SNPs was used after removing
variants with >40% missing calls and a minor allele frequency
(MAF) <0.05. To control for spurious associations, genetic re-
latedness was estimated using “GCTA-GRM” (Yang et al.
2011). GWAS was performed using the genome-wide average
CG methylation levels as dependent variable-like phenotypes
following a mixed linear model-based association analysis
(MLMA) in the genome-wide complex trait analysis
(GCTA) program (Yang et al. 2011). The significant P-value
was specified as 1.05 X 107°7 (0.05/SNP number).

Analysis of T-DNA insertions

The flanking sequences of Genoplante (Sallaud et al. 2004) were
downloaded from the URL: (http://www.ncbinlm.nih.gov/
entrez/query.fcgi?7db=nucleotide&cmd=search&term=Rice%
5BORGN%5D+Genoplante). All flanking sequences were
aligned to the Nip reference genome (MSU7.0) using BLASTN
(v2.5.0). Mapped sequences with E < 107> were extracted to
identify breakpoints of insertions. These breakpoints were nor-
malized as breakpoints per million for each 50-bp bin.

Identification of intra-chromosomal interactions
Two biological replicates of Hi-C data were combined from
Nip seedlings grown at 30 °C (Liu et al. 2017). High-quality
reads were mapped to the Nip reference genome (MSU7.0)
using HiC-Pro (2.11.1) (Servant et al. 2015). The mapped
Hi-C matrices were used to identify intra-chromosomal
interaction loops with the “FitHiC” package (2.0.7) (g <
0.05) (Ay et al. 2014).
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