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Abstract

Epigenetic gene regulation is crucial to plant life and can involve dynamic interactions between vari-

ous histone modifications, DNA methylation, and small RNAs. Detailed analysis of epigenome infor-

mation is anticipated to reveal how the DNA sequence of the genome is translated into the plant’s

phenotype. The aim of this study was to map the DNA methylation state at the whole genome level

and to clarify the relationship between DNA methylation and transcription, small RNA expression,

and histone H3 lysine 9 di-methylation (H3K9me2) in Brassica rapa. We performed whole genome

bisulfite sequencing, small RNA sequencing, and chromatin immunoprecipitation sequencing using

H3K9me2 antibody in a Chinese cabbage inbred line, RJKB-T24, and examined the impact of epige-

netic states on transcription. Cytosine methylation in DNA was analysed in different sequence con-

texts (CG, CHG, and CHH) (where H could be A, C, or T) and position (promoter, exon, intron,

terminator, interspersed repeat regions), and the H3K9me2 and 24 nucleotide small interfering RNAs

(24nt-siRNA) were overlaid onto the B. rapa reference genome. The epigenome was compared with

that of Arabidopsis thaliana and the relationship between the position of DNA methylation and gene

expression, and the involvement of 24 nt siRNAs and H3K9me2 are discussed.
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1. Introduction

Genetic variation can cause phenotypic variation in organisms; due
to the changes in the structure of an encoded protein or gene expres-
sion level by mutations of the DNA sequence. In addition to genetic
variation, gene expression can be controlled by changes in the struc-
ture of chromatin without changing the DNA sequence, and this phe-
nomenon is termed ‘epigenetic’ control. DNA methylation and
histone modification are well-known epigenetic modifications.1,2

Nucleosomes are formed by a histone octamer containing two of
the core histones H2A, H2B, H3, and H4, and 147 bp of DNA is
wrapped around this core. The N-terminal regions of histone pro-
teins are subject to various chemical modifications, such as methyla-
tion or acetylation, and these histone modifications are associated
with gene transcription. Different histone marks can be controlled by
different histone methyltransferase and can lead to different effects
on gene regulation.3,4 In Arabidopsis thaliana, histone H3 lysine 9
di-methylation (H3K9me2) is associated with heterochromatic
regions,5 and histone lysine methyltransferases, KRYPTONITE
(KYP)/SU(VAR)3-9 HOMOLOG 4 (SUVH4), SUVH5, and SUVH6,
catalyze addition of H3K9me2.6

In plants, cytosines in all contexts, CG, CHG, and CHH (H is A, T,
or C), can be methylated. Spontaneous epimutation is defined as herita-
ble stochastic changes in the methylation states at CG, CHG, and
CHH sites, and the rate of epimutation is overwhelmingly higher than
the rate of genetic mutations in A. thaliana.7,8 Sometimes, epimutation
becomes the driving force of phenotypic variation.1,2 DNA methylation
has an important role in the regulation of gene expression, silencing
of repeat sequences and transposons, and genome imprinting.2,9

DNA methylation in CG contexts is largely maintained by
METHYLTRANSFERASE I (MET1), and those in CHG contexts are
largely maintained by CHROMOMETHYLASE 3 (CMT3)-associated
with H3K9me2.2,6,9 CHH site methylation is maintained by CMT2 or
DOMAINS REARRANGED METHYLTRANSFERASE 2
(DRM2).10,11 The de novo methylation in all contexts is catalyzed by
DRM2 and is triggered by 24 nucleotide small-interfering RNAs
(24 nt-siRNAs) produced by the RNA interference (RNAi) pathway,
termed RNA-directed DNA methylation (RdDM). Two plant-specific
RNA polymerases, Polymerase IV (Pol IV) and Pol V, RNA-
DEPENDENT RNA POLYMERASE 2 (RDR2), DICER-LIKE 3
(DCL3), and ARGONAUTE 4 (AGO4) proteins function in this RNAi
pathway.2,12

Genome-wide profiles of epigenetic information (the epigenome)
are available in plants using technologies such as tiling arrays or
high-throughput sequencing. High-resolution maps of epigenetic fea-
tures have been obtained from whole genome bisulfite sequencing
(WGBS) (bisulfite converted DNA is directly sequenced) or a combi-
nation of chromatin immunoprecipitation (ChIP) technology and
high-throughput sequencing (ChIP-seq).4,13 Using these technologies,
variations of DNA methylation states between accessions in a specific
species or between species have been shown at the whole genome
level.14–17 In A. thaliana, DNA methylation is enriched in hetero-
chromatic regions of genomes, which consist of repetitive sequences
and transposable elements (TEs).18,19 DNA methylation is also ob-
served in the euchromatic regions, and genes having DNA methyla-
tion at CG sites in transcribed regions, termed gene-body
methylation (gbM), showed high expression level.18,19

Brassica rapa L. comprises commercially important vegetable
crops consumed worldwide including Chinese cabbage (var. pekinen-
sis), pak choi (var. chinensis), and komatsuna (var. perviridis), root
vegetables including turnip (var. rapa), and oilseed (var. oleifera).

Most cultivars of B. rapa are self-incompatible, preventing self-
fertilization, and are F1 hybrid cultivars, which have increased yields
relative to their parents (heterosis/hybrid vigour).20,21 Chinese cab-
bage forms a head with large pale-green-coloured leaves and wide
white midribs and is an important vegetable in Asia. The draft
genome sequence of Chinese cabbage (Chiifu-401-42) has been re-
leased and 199 accessions in B. rapa representing various morpho-
types have been re-sequenced.22,23 The B. rapa genome has
undergone a whole-genome triplication (WGT), which results in
multiple copies of paralogous genes. Three subgenomes, the least
fractioned (LF) subgenome and two more fractionated subgenomes
(MF1 and MF2), were found in B. rapa genome, and biased gene
fractionation and dominant gene expression pattern among the sub-
genomes were shown.22,24,25

The aim of this study was to identify the DNA methylation states
at the whole genome levels and to clarify the relationship between
DNA methylation and transcription, small RNA expression, and
H3K9me2 modification in B. rapa. B. rapa is related to the model
plant A. thaliana, which enables us to compare the conservation and
diversification of epigenetic states between orthologous genes of
these species. In addition, B. rapa has more repetitive sequences than
A. thaliana and has experienced WGT after speciation, which allows
us to examine the effect of differences in genome composition on epi-
genetic states. Furthermore, the knowledge of the DNA methylation
state, small RNA expression, and H3K9me2 placement at the whole
genome level will be useful for examining natural variation, change
of epigenetic states by abiotic or biotic stress, and understanding epi-
genetic states related to agronomically important traits using segre-
gation of loci.

2. Materials and methods

2.1. Plant materials and growth conditions

A Chinese cabbage inbred line developed in a previous study, RJKB-
T24, was used as plant material.26 Plants were grown on agar-
solidified Murashige and Skoog (MS) plates with 1.0% (w/v) sucrose
under long day condition (16 h light) at 21�C. For WGBS, small
RNA sequencing (small RNA-seq), and ChIP analyses, first and sec-
ond leaves were harvested from plants at 14 days after sowing.

2.2. Whole genome bisulfite sequencing (WGBS)

Genomic DNAs from 14 days first and second leaves were isolated
using DNeasy Plant Mini Kit (Qiagen). Genomic DNAs were frag-
mented to 100–300 bp length by sonication. DNA-end repair, 30-dA
overhang, ligation of methylated sequence adaptors, and bisulfite
treatment by ZYMO EZ DNA Methylation-Gold kit (ZYMO
RESEARCH) were performed for constructing bisulfite sequence
library. The library was sequenced using Illumina Hiseq2000
(100 bp paired end).

The reads of WGBS were mapped to the B. rapa reference genome
v.1.5 (http://brassicadb.org/brad/) or to RJKB-T24 re-sequenced
genome, whose SNPs were replaced in the reference genome, using
Bowtie2 version 2.2.3 and Bismark v0.14.3.27 In order to estimate
methylation levels of CG, CHG, and CHH contexts, the numbers of
methylated and unmethylated reads were extracted on each cytosine
position using bismark_methylation_extractor script with the paired-
end parameter. The methylation level at each cytosine position was
calculated by dividing the number of methylated cytosines (mC)
reads by the total reads.
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2.3. Classification of gene-body methylation (gbM)

We classified cytosine sites into methylated and unmethylated cyto-
sines by employing a binomial test, following Lister et al.18 We esti-
mated the sequence context-specific error rates of bisulfite
conversion (0.0173 for CG, 0.0178 for CHG, and 0.0215 for CHH
sites) from the mapping result of the unmethylated phage genome,
and used these values for the binomial test. We applied the test only
to the cytosine site with >2 WGBS coverage, and used a significant
cut-off of two-tailed P-value < 0.01 to detect mC.

We quantified the level of DNA methylation for each protein-
coding region that was defined as the region from start to stop
codons, which includes both exons and introns. We screened genes
for which �60% of all cytosine residues and �20 cytosines in the
CG context have >2 aligned WGBS reads, and calculated CG, CHG,
and CHH methylation levels for these genes. We further classified
genes into body- and under-methylated genes, following Takuno and
Gaut28 with a slight modification. We calculated the number of cyto-
sine residues with >2 coverage at CG sites (nCG) and the number of
mC residues at CG sites (mCG) for each gene. We calculated P-values
(PCG) for the departure of CG methylation levels from the average
CG methylation level across all genes (pCG):

PCG ¼
XnCG

i¼mCG

nCG
i

� �
pi

CG 1� pCGð ÞnCG�i

The smaller PCG is, the higher CG methylation level is. We defined
body- and under-methylated genes as genes with PCG < 0.05 and
PCG > 0.95, respectively. Using the same rationale, we calculated
PCHG and PCHH for CHG and CHH methylation, respectively.

2.4. Small RNA sequencing (small RNA-seq)

Total RNA was isolated from 14 days first and second leaves of
B. rapa using TRIzol Reagent (Thermo Fisher) with DNase I treat-
ments. Small RNAs of 17–30 nucleotide (nt) were purified. The se-
quence library was prepared using Oligonucleotide sequences for
TruSeqTM Small RNA Sample Prep kits (Illumina), and small RNA-
seq was performed using Illumina Hiseq2000 (36 bp single end).

The reads of small RNA-seq were purged from low quality reads
or adapter sequences using cutadapt version 1.7.1 and Trim Galore!
version 0.3.7. Then the reads were mapped to the B. rapa reference
genome v.1.5 using Bowtie2 version 2.2.3. To examine the size dis-
tribution of mapped small RNAs, we classified the alignment reads
by length. The 24 nt aligned reads were used to identify 24 nt-siRNA
clusters by clustering adjacent reads using bedtools 2.15.0 with the
‘merge –d 200 (reads within 200 nt from each other were merged in
one cluster)’ parameter. Clusters that contain at least five reads were
picked up.

2.5. Chromatin immunoprecipitation sequencing

(ChIP-seq)

ChIP experiments were performed as described by Kawanabe et al.29

One gram of 14 days first and second leaves of B. rapa was used for
ChIP analysis and anti-H3K9me2 (ACTIVE MOTIF, 39753) anti-
body was used. Before the ChIP-seq, we validated the enrichment of
purified immunoprecipitated DNAs by qPCR using the positive and
negative control primer sets of H3K9me2 previously developed.29

Purified immunoprecipitated DNAs and input DNA were sequenced
by Hiseq2000 (36 bp single end). The reads of ChIP-seq were purged
from low quality reads or adapter sequences using cutadapt

version 1.7.1 and Trim Galore! version 0.3.7. Then the reads were
mapped to the B. rapa reference genome v.1.5 using Bowtie2 version
2.2.3. We performed peak calling on alignment results using model-
based analysis for ChIP-seq (MACS) 2 2.1.0 and identified the
regions having H3K9me2 as peaks. Primer sequences used in this
study are shown in Supplementary Table S1.

2.6. Bisulfite sequencing

Genomic DNAs from 14 days first and second leaves was isolated
using DNeasy Plant Mini Kit (Qiagen). A total of 500 ng DNA
was fragmented by sonication and fragments were approximately
300–800 bp in length. MethylCode Bisulfite Conversion Kit (Thermo
Fisher) was used for chemical bisulfite reaction and PCR was per-
formed using bisulfite treated DNAs as templates. PCR conditions
were 95 �C for 2 min followed by 40 cycles of 95 �C for 30 s, 55 �C
for 30 s, and 72 �C for 30 s. Amplified PCR fragments were gel puri-
fied using GENECLEAN III Kit (MP Biomedicals) and cloned into
pGEM-T Easy vector (Promega). Ten independent clones were
sequenced. Primers used for bisulfite sequencing are listed in
Supplementary Table S1.

3. Results

3.1. Whole genome DNA methylation states of

RJKB-T24

We performed WGBS using 14-day old first and second leaves of the
Chinese cabbage (B. rapa) inbred line, RJKB-T24. Approximately
192 M clear reads were obtained and 70 M reads were uniquely
mapped on the B. rapa reference genome (from chromosome 1 to
10) using Bismark, about 27 times the depth of the sequenced ge-
nome. Approximately 86% of cytosine sites in the regions from A01
to A10 were covered (Supplementary Table S2). Most of the methyl-
ated CG sites were heavily methylated, while methylated CHG and
CHH sites had low methylation levels (Fig. 1A). A total of 70% of
methyl-CG sites were fully methylated (Fig. 1A), which is higher
than that in A. thaliana (20–30%).18 The average of methylation lev-
els of the whole genome (total) for CG, CHG, and CHH sites were
36.5%, 13.4%, and 5.3%, respectively, and interspersed repeat
regions (IRRs) were heavily methylated (CG, 73.7%; CHG, 33.8%;
CHH, 13.0%) (Fig. 1B, Supplementary Fig. S1). These methylation
levels were slightly lower but similar to those seen using the reference
genome with scaffold sequences or RJKB-T24 re-sequenced genome
as a template of mapped reads (Supplementary Table S3), indicating
that sequence polymorphisms between RJKB-T24 and the reference
line did not greatly affect the quantification of the DNA methylation
levels. We validated the WGBS results in the five selected regions by
bisulfite sequencing (Supplementary Fig. S2).

Previously, we examined DNA methylation states by methylated
DNA immunoprecipitation sequencing (MeDIP-seq) using the same
plant material and tissues but independently harvested.30 We com-
pared the results from the two methods, WGBS and MeDIP-seq, us-
ing genes having DNA methylation in the genic regions. More genes
were detected by WGBS than by MeDIP-seq, and about 90% of
genes having MeDIP-peaks in the 2-kb upstream, exon, intron, and
2-kb downstream regions overlapped with genes having DNA meth-
ylation detected by WGBS (Supplementary Fig. S3). The correlation
coefficient between the methylation levels of all cytosine sites
detected by WGBS and methylation levels detected by MeDIP-seq
[log 10 score of reads per kilobase of exon per million mapped reads
(RPKM), RPKM > 0.01] in genic regions (200-bp upstream/exon/
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intron/200 bp-downstream regions) was high (r¼0.76, P<10e-6),
indicating that WGBS data is consistent with the MeDIP-seq data.
These results indicate that MeDIP-seq detected highly methylated
regions, while WGBS can examine all DNA methylation contexts in-
cluding the regions detected by MeDIP-seq analysis.

3.2. Genes having DNA methylation and their

expression levels

We examined the impact of DNA methylation on transcription by
comparing the DNA methylation data to previous RNA sequencing
(RNA-seq) data with two replicates generated from samples using the
same tissue and stage, but independently harvested.30,31 The correla-
tion coefficient between the CG, CHG, and CHH methylation levels
at specific genic regions (2-kb, 500-bp, and 200-bp upstream and
downstream regions, first exon, exon, first intron, and intron) and the
expression levels (log 2 score of FPKM, FPKM>0.01) was examined.
There was a negative correlation between methylation levels and

expression levels, except for CG methylation in exon regions, CHG
methylation in the 2-kb upstream region, and CHH methylation in
the 500-bp and 2-kb upstream regions (Table 1). CG and CHG meth-
ylation levels in the 200-bp upstream and 500-bp downstream regions
and CG, CHG, and CHH methylation levels in the 200-bp down-
stream regions correlated with lower expression levels. CG, CHG, and
CHH methylation levels in the first exon and first intron also showed
negative correlation with expression levels. In summary, there were
negative correlations between CHG and CHH methylation levels of
the exon and intron regions and expression levels, whereas no nega-
tive correlation was found between the expression level and CG meth-
ylation levels of the exon and intron region (Table 1).

3.3. Comparison of DNA methylation states of B. rapa

genes with orthologous genes of A. thaliana

We first identified gbM genes (methylated only in the CG context),
under-methylated genes (under-methylated at all three types of sites),
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Figure 1. DNA methylation level detected by WGBS. (A) Distribution of the percentage of methylation site at each context. (B) Average of DNA methylation lev-

els in the 2-kb upstream (2k-up), exon, intron, and 2-kb downstream (2k-down) regions, and interspersed repeats regions (IRRs). ‘Total’ represents the average

of DNA methylation levels in all regions of the genome.

Table 1. Correlation coefficients between DNA methylation levels and expression levels

CG CHG CHH

r P-values r P-values r P-values

2-kb upstream �0.035 <1.0e-5 �0.002 NS 0.016 <0.05
500-bp upstream �0.081 <1.0e-5 �0.043 <1.0e-5 �0.009 NS
200-bp upstream �0.103 <1.0e-5 �0.087 <1.0e-5 �0.057 <1.0e-5
First exon �0.123 <1.0e-5 �0.108 <1.0e-5 �0.078 <1.0e-5
Exon �0.012 NS �0.137 <1.0e-5 �0.129 <1.0e-5
First intron �0.091 <1.0e-5 �0.109 <1.0e-5 �0.081 <1.0e-5
Intron �0.035 <1.0e-5 �0.133 <1.0e-5 �0.103 <1.0e-5
200-bp downstream �0.079 <1.0e-5 �0.103 <1.0e-5 �0.081 <1.0e-5
500-bp downstream �0.100 <1.0e-5 �0.095 <1.0e-5 �0.057 <1.0e-5
2-kb downstream �0.058 <1.0e-5 �0.049 <1.0e-5 �0.034 <1.0e-5

r, correlation coefficient.
Expression levels is log 2 score of FPKM (FPKM> 0.01).
NS, not significantly.
P-values are calculated by permutation test.
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and genes having methylation at all three types of sites, in B. rapa by
a probabilistic approach (see Section 2.3).28 A total of 3,521 of
29,612 genes (11.9%) were classified as gbM genes. The proportion
of gbM genes in B. rapa is lower than that in A. thaliana (23.3%; us-
ing the same calculation methods on the data from Lister et al.18)
(Supplementary Table S4). A total of 3,141 of 29,612 genes (10.6%)
had methylation both in the CG, CHG, and CHH contexts,
which was higher than that in A. thaliana (3.6%), while 14,583 of
29,612 genes (49.2%) were categorized into under-methylated genes
in B. rapa, similar to that in A. thaliana (44.1%) (Supplementary
Table S4).

Next, we compared the DNA methylation states between the
orthologous genes of B. rapa and A. thaliana. Because B. rapa expe-
rienced a WGT event,22,24,25 there are from one to three A. thaliana
orthologous genes in B. rapa. The previous study provided the list of
orthologous genes based on the similarity of protein sequences and
syntenic information.24 The orthologous genes were found in
A. thaliana genes for 3,448 of 3,521 gbM genes in B. rapa, 2,976 of
which were one-to-one orthologous genes between the two species
(Table 2). A total of 1,904 of these 2,976 genes (64.0%) had gbM in
A. thaliana. A total of 14,147 of 14,583 under-methylated genes in
B. rapa had the orthologous genes in A. thaliana, and this was re-
duced to 10,333 one-to-one orthologous genes. Only 1,842 of these
10,333 genes (17.8%) had gbM in the A. thaliana genome (Table 2).
These results suggest gbM tended to be conserved between ortholo-
gous genes in B. rapa and A. thaliana.

We further compared the level of gbM (level of CG methylation)
between orthologous genes in B. rapa and A. thaliana. Again, we
found significant correlations between them in all three subgenome
domains of B. rapa, LF, MF1, and MF2 (r¼0.433 for LF; r¼0.393
for MF1; r¼0.402 for MF2; P<10�5 by a permutation test in
all three cases; Fig. 2).24 We also compared the levels of gbM

between paralogous genes in B. rapa that were derived in WGT
event, and found significant correlations between them (r¼0.467
for LF vs. MF1; r¼0.494 for LF vs. MF2; r¼0.442 for MF1 vs.
MF2; P<10�5 by a permutation test in all three cases;
Supplementary Fig. S4), indicating that gbM was conserved between
paralogous genes in B. rapa.

3.4. Small RNA sequencing

24 nt siRNAs are associated with targeting DNA methylation to
complementary sequences by RdDM.12 To examine the relationship
between the distribution of 24 nt siRNAs and DNA methylation, we
performed small RNA-seq. A total of 47.4 M clean reads were
obtained, and 6.6 M reads (14.0%) were uniquely mapped on the
B. rapa genome. A total of 3.7 of 6.6 M reads (55.3%) were mapped
on the IRRs (Supplementary Table S5). The majority of small RNAs
were 24 nt in length. The second and third most abundant small
RNAs were 23 nt and 21 nt in length, respectively (Supplementary
Fig. S5). We identified 65,142 clusters of 24 nt siRNAs in total, and
11,354, 1,678, 2,057, and 8,795 genes had more than one 24 nt-
siRNA cluster in the 2-kb upstream, exon, intron, and 2-kb down-
stream regions, respectively (Supplementary Table S6).

We compared 24 nt-siRNA level (RPKM) and DNA methylation
level of each sliding window of per 100 kb, and 24 nt-siRNA levels
were most associated with CHH methylation levels (Fig. 3A).
We compared the regions having 24 nt-siRNA clusters and regions
having DNA methylation detected by WGBS. About 70–80% of
genes having 24 nt-siRNA clusters in the 2-kb upstream, exon, in-
tron, and 2-kb downstream regions overlapped with genes having
DNA methylation detected by WGBS (Supplementary Fig. S6).
About 48.0%, 39.0%, and 60.0% of total 24 nt-siRNA clusters
overlapped with CG, CHG, and CHH methylation, respectively, and

Table 2. Comparison of gbM states between orthologous genes in B. rapa and A. thaliana

B. rapa A. thaliana

Number Orthologous genes Percentage (%) Orthlogous genesa gbM genes Percentage (%)

gbM genes 3,521 3,448 97.9 2,976 1,904 64.0
Under-methylated genes 14,583 14,147 97.0 10,333 1,842 17.8
Heavily methylated genes 911 424 46.5 395 91 23.0

gbM, gene-body methylation.
aB. rapa genes having sequence homology to A. thaliana genes with removal where more than two B. rapa genes in A. thaliana.

Figure 2. The scatter plots for the level of CG methylation between A. thaliana and B. rapa orthologous genes in the three subgenomes. Correlation of CG meth-

ylation levels between A. thaliana and B. rapa orthologous genes in LF, MF1, and MF2 were 0.433 (n¼8, 040; P-value < 10�5), 0.393 (n¼ 5, 223; P-value < 10�5),

and 0.402 (n¼4, 580; P-value < 10�5), respectively. P-values were calculated by a permutation test.
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45.2%, 35.9%, and 60.5% of 24 nt-siRNA clusters in IRRs over-
lapped with CG, CHG, and CHH methylation, respectively
(Fig. 3B). This indicates that regions having 24 nt-siRNA clusters
tended to have CHH methylation rather than CG and CHG methyla-
tion. The average methylation levels for CG, CHG, and CHH sites in
the regions overlapping 24 nt-siRNA clusters were 87.7%, 51.4%,
and 21.6%, respectively (Fig. 4, Supplementary Fig. S1). DNA meth-
ylation levels overlapping the 24 nt-siRNA clusters were high regard-
less of where the IRRs were located within the genome
(Supplementary Figs S1 and S7).

We examined the relationship between the presence of 24 nt-
siRNA clusters and expression levels (log 2 score of FPKM,
FPKM>0.01). Genes having 24 nt-siRNAs in exon regions tended
to show a wide range of expression (Fig. 5). Average expression level
of genes having 24 nt-siRNAs in exons was higher than that of total
genes, and it was also significantly higher than that of genes not hav-
ing 24 nt-siRNAs in an exon (permutation test, P<0.001) (Fig. 5).
Of genes having 24 nt-siRNAs in exons, genes that were more lowly

expressed tended to have CG, CHG, and CHH methylation, while
more highly expressed genes tended to be under-methylated
(Supplementary Fig. S8).

3.5. Chromatin immunoprecipitation sequencing using

H3K9me2 antibody

To examine the relationship between DNA methylation and
H3K9me2 in the B. rapa genome, we performed ChIP-seq analysis us-
ing an antibody against H3K9me2. A total of 37.8 M and 40.0 M
clean reads were obtained from input-DNA-seq and ChIP-seq, respec-
tively. A total of 18.2 M (input-DNA-seq, 48.2%) and 11.8 M reads
(ChIP-seq, 29.5%) were uniquely mapped on the B. rapa genome, re-
spectively (Supplementary Table S5). In total, 8.4 M ChIP-seq reads
were mapped on the genic regions including exon, intron, and 2-kb
upstream and downstream regions. The proportion of mapped reads
of ChIP-seq in each of the four regions was similar to those of Input-
DNA-seq (Supplementary Table S7). In the ChIP-seq data, 5.6 M
(47.4%) reads mapped on the IRRs was higher than the percentage of
mapped reads on the IRRs using input-DNA-seq data (39.1%)
(Supplementary Table S5), but lower than using the previous MeDIP-
seq data (63.9%; 36 bp single end).30 A total of 9,920 H3K9me2
peaks were identified in RJKB-T24. A total of 1,293, 1,654, 449, and
895 genes had more than one H3K9me2 peak within 2-kb upstream,
exon, intron, and 2-kb downstream regions, respectively
(Supplementary Table S8). A total of 7,268 of 9,920 H3K9me2 peaks
(73.3%) were found in the IRRs (Supplementary Table S8).

We examined the relationship between having H3K9me2 marks
and expression levels (log 2 score of FPKM, FPKM>0.01). The av-
erage expression level in genes having H3K9me2 peaks in all four
regions, especially in the exon and intron regions, was lower than
that of total genes, and the average expression level of genes having
H3K9me2 in the exon and intron regions was significantly lower
than genes that do not have H3K9me2 peaks (permutation test,
P<0.001) (Fig. 5).

We compared H3K9me2 levels (RPKM) and DNA methylation
level or 24 nt-siRNA levels (RPKM) of each sliding window of per
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100 kb. H3K9me2 levels were associated with DNA methylation lev-
els, but there was no difference among the three contexts. In contrast,
the association between H3K9me2 levels and 24 nt-siRNA levels was
low (Fig. 3A). In genes having H3K9me2 peaks, about 50% of them
overlapped with genes having DNA methylation detected by WGBS
in each of the 2-kb upstream, intron, and 2-kb downstream regions,
while about 20% of genes overlapped with genes having DNA meth-
ylation in exon regions (Supplementary Fig. S9). The regions having
H3K9me2 had CHH methylation, especially in IRRs, rather than
CG or CHG methylation (Fig. 3B). The average of methylation levels
for CG, CHG, and CHH sites in the regions overlapping H3K9me2
peaks were 53.6%, 24.2%, and 8.6%, respectively (Fig. 4,
Supplementary Fig. S1), indicating increased DNA methylation levels
in the region covering the H3K9me2 peaks. In the regions overlap-
ping H3K9me2 peaks, DNA methylation levels were higher in IRRs
(CG; 77.5%, CHG; 31.2%, CHH; 10.4%) in comparison to all
regions (Supplementary Fig. S1). However, 6.2% of H3K9me2 peaks
overlapped with 24 nt-siRNA clusters, and 4.3% of H3K9me2 peaks
overlapped with 24 nt-siRNA clusters in IRRs, indicating that major-
ity of H3K9me2 accumulation was not associated with 24 nt-
siRNAs (Supplementary Table S9).

3.6. Genetic and DNA methylation states variation

between B. rapa and A. thaliana

We compared DNA methylation states at specific B. rapa genes
against the orthologous genes of A. thaliana. A total of 1,514 and
1,472 B. rapa genes of MeDIP-peaks had CG, CHG, and CHH meth-
ylation (heavily methylated genes) in the exon and intron regions, re-
spectively (Supplementary Fig. S10), and 911 genes were in common
between methylated exons and introns and distributed evenly over all
chromosomes (Supplementary Fig. S11). About 90% of these 911
heavily methylated genes had IRRs in exon and/or intron, and 99%
of these IRRs were methylated (Supplementary Table S10), indicating

that heavy methylation in exon and intron regions of these 911 genes
is due to the presence of IRRs targeted for DNA methylation.

A total of 424 of the 911 genes from B. rapa had putative ortholo-
gous genes in A. thaliana including paralogous genes. This was re-
duced to 395 genes in A. thaliana following the removal of genes
where two or three B. rapa genes showed sequence similarity to one
A. thaliana gene (Table 2). Of the 395 genes, 217 (54.9%) were cate-
gorized into under-methylated genes and 91 (23.0%) into gbM genes
(Table 2). The frequency of under-methylated and gbM genes was
similar to that of the total genes (under-methylated genes, 64.7%;
gbM genes, 17.7%), suggesting that heavily methylated states were
not conserved between orthologous genes between B. rapa and
A. thaliana.

Of the 424 genes in B. rapa, 234 genes (55.2%) showed no
expression, categorized into Group-0 (Supplementary Fig. S12).
In A. thaliana, we have divided the level of gene expression into six
categories using microarray data; the first and sixth groups had
the lowest and highest levels of expression, respectively.32 Of
395 A. thaliana genes with sequence homology to heavily methylated
B. rapa, 325 genes were on the microarray, and the proportion clas-
sified from first to sixth groups were 11% (first, lowest), 11% (sec-
ond), 14% (third), 16% (fourth), 23% (fifth), and 25% (sixth,
highest), respectively (Supplementary Fig. S12), indicating that there
was no tendency of transcription suppression. These results indicate
that A. thaliana genes, which showed sequence similarity to heavily
methylated genes in B. rapa, had neither heavy DNA methylation
nor low expression levels.

4. Discussion

We examined the DNA methylation states and distribution of 24 nt-
siRNAs and H3K9me2 of B. rapa at the whole genome level. DNA
methylation and H3K9me2 are classified as repressive epigenetic
marks and 24 nt-siRNAs are involved in RdDM. We showed how
these three factors interact with each other and affect gene expression
levels in B. rapa.

4.1. DNA methylation states at the whole genome

levels in B. rapa

We performed WGBS using an inbred line of Chinese cabbage, RJKB-
T24, and these data were consistent with our previous MeDIP-seq
data.30 The WGBS allowed us to assess different DNA methylation
sequence contexts and was more sensitive. The average methylation
levels for CG, CHG, and CHH sites in chromosome A01–A10 were
36.5%, 13.4%, and 5.3%, respectively, in RJKB-T24. Previously,
WGBS was performed in B. rapa and the average methylation levels
for CG, CHG, and CHH sites were 52.4%, 31.8%, and 8.3%, re-
spectively,33 and 37.2%, 17.3%, and 4.4%, respectively.16 Our
results were similar to the latter report, though DNA methylation lev-
els varied between lines or tissues. Most CG sites were highly methyl-
ated unlike in A. thaliana, but similar to previous reports of B.
rapa.16,33 High levels of DNA methylation in the IRRs including TEs
or repetitive sequences were detected, which is a common observation
not only in B. rapa but also in other plant species.17,33–35

4.2. Heavy methylation in genic regions results in

silencing of transcription

We examined how DNA methylation affects gene expression levels
using WGBS and RNA-seq data of identical tissues and stages.
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Promoter methylated genes tended to have lower expression levels in
A. thaliana.36 Promoter methylation also repressed gene expression
in rice, and gene repression by DNA methylation in the transcrip-
tional termination regions was stronger than the effect of DNA meth-
ylation in the promoter region.37 In our study, DNA methylation in
the upstream and downstream regions of genes was negatively asso-
ciated with expression levels, especially DNA methylation in the
200-bp upstream and downstream regions.

There is a strong negative relationship between DNA methylation
at all sequence contexts in the first exon/intron and expression in
A. thaliana.38 DNA methylation in the region of the first exon is
much more tightly linked to transcriptional silencing than is methyla-
tion in the upstream promoter region in humans.39 Our results also
showed methylation at CG, CHG, or CHH in the first exon or first
intron associated with gene silencing. In soybean, there is positive
correlation between CG gbM and expression levels, while CHG or
CHH methylation in gene bodies was negatively associated with ex-
pression levels.40 In our study, CHG and CHH methylation in exon
or intron regions results in lower expression levels, while there was
no negative association between CG methylation in exons (except
for in the first exon) and expression levels. This indicates that CHG
and CHH methylation in exon or intron regions are associated with
gene silencing. In contrast, the frequency of moderately expressed
genes (Group-4) having only CG methylation or gbM was higher
than in the total genes (Supplementary Fig. S13), indicating that
genes having gbM showed higher expression levels, which is consis-
tent with gbM genes in other plant species.17

4.3. Conservation and diversification of DNA

methylation states of genic regions between B. rapa

and A. thaliana

We categorized genes into three groups by DNA methylation types,
gbM, heavily methylated, and under-methylated genes (Table 2).
Of 911 heavily methylated genes, 424 (46.5%) had sequence homol-
ogy to genes in A. thaliana, while more than 97% of gbM genes and
under-methylated genes had sequence homology to genes in A. thali-
ana (Table 2), indicating that heavily methylated genes tend to lose
orthologous genes in B. rapa. A. thaliana genes, which showed se-
quence similarity to heavily methylated genes in B. rapa, did not tend
to have DNA methylation. In B. rapa, most heavily methylated genes
contained IRRs in the exon/intron regions that were heavily methyl-
ated. These results suggest heavy methylation in genes is not con-
served between species and heavy methylation occurs after
speciation and is caused by transposon insertion that can drive varia-
tion of DNA methylation between species.41,42

Conservation of gbM in orthologous genes between species, espe-
cially in closely related species, has been found.16,41,43,44 In our
study, there was a significant correlation in gbM between ortholo-
gous genes in B. rapa and A. thaliana. Significant correlation in gbM
between paralogous genes was also found in B. rapa. These results
suggest that gbM is conserved not only after speciation but also after
WGT. Although gbM is conserved between A. thaliana and B. rapa,
about 14% of genes had gbM in A. thaliana, while only 0.5% of
genes had gbM in B. rapa.16 In this study, about 23% of genes had
gbM in A. thaliana, and 12% of genes had gbM in B. rapa.
Although the percentages are different because of the different analy-
sis methods, the lower frequency of gbM genes in B. rapa than in
A. thaliana is consistent. In Eutrema salsugineum and Conringia pla-
nisiliqua, loss of CMT3 function resulted in loss of gbM,16,45

suggesting that the lower numbers of gbM genes in B. rapa than in
A. thaliana may be difference of CMT3 function.

4.4. siRNAs are associated with DNA methylation

24 nt-siRNAs guide methylation of cytosine in all classes of sequence
contexts, termed RdDM, and the most abundant targets of RdDM
are repetitive sequences or transposons, especially smaller and youn-
ger ones in euchromatic regions in A. thaliana.10,12 We identified
65,142 clusters of 24 nt-siRNAs using uniquely mapped reads and
56% of the clusters were detected in IRRs. This frequency of the
24 nt-siRNA clusters in IRRs is lower than that of H3K9me2 peaks
(73.3%) and MeDIP-peaks (86.5%) in IRRs.30 The 24 nt-siRNA lev-
els or the 24 nt-siRNA clusters were more associated with CHH
methylation than CG and CHG methylation in B. rapa, suggesting
that this CHH methylation was via RdDM. Surprisingly, the average
of methylation levels for CG, CHG, and CHH sites in the regions
overlapping 24 nt-siRNA clusters was quite high even in the non-
IRRs, indicating that 24 nt-siRNA clusters are strongly associated
with DNA methylation.

We examined whether 24 nt-siRNA clusters nearby or within
genes affect their expression. Genes having 24 nt-siRNA clusters in
the 2-kb upstream or 2-kb downstream did not affect gene expres-
sion levels. In contrast, genes having 24 nt-siRNA clusters in exons
showed a broad range of expression levels and genes having 24 nt-
siRNA clusters in the exon regions tended to show higher expression
levels. There is a tendency for negative correlation between the DNA
methylation and expression level in genes having 24 nt-siRNA clus-
ters in the exon regions, however, 24 nt-siRNA clusters in exons
were not associated with DNA methylation in some genes, especially
genes showing higher expression.

4.5. Moderate association between H3K9me2 and DNA

methylation

The level of H3K9me2 associated with DNA methylation levels and
methylation levels at CG, CHG, and CHH sites in the H3K9me2
regions was higher than the genome average levels, similar to the
results in A. thaliana.5 The greatest fraction of CHG methylation over-
lapped with H3K9me2 positive regions in A. thaliana,5 while there
was no tendency for H3K9me2 to be associated with CHG methyla-
tion in B. rapa. A greater fraction of CHH methylation overlapped
with H3K9me2 in the IRRs. In A. thaliana, self-reinforcing mecha-
nisms between CMT2/3 and KYP (SUVH4)/SUVH5/SUVH6 have
been proposed, and CMT2 and CMT3 add CHH and CHG methyla-
tion, respectively.11,46,47 The genome sequences of most euchromatic
regions were determined in B. rapa, which is approximately half of
the total genome size, but the sequences of the heterochromatic
regions including centromere or pericentromere covering TEs and re-
petitive sequences were not determined.22 This may result in the weak
correlation in B. rapa because association between H3K9me2 and
CHG methylation levels are mostly high in TEs.5 In maize there is no
orthologous gene of AtCMT2, and there is no strong correlation be-
tween CHG methylation and H3K9me2.48 Although the putative
orthologous genes of AtCMT2, AtCMT3, AtKYP/AtSUVH4,
AtSUVH5, AtSUVH6 were confirmed in the B. rapa genome,22,49,50

the basis of no strong association between CHG and H3K9me2 is that
the interaction between cytosine methyltransferase and H3K9 methyl-
transferase in B. rapa may be different from that in A. thaliana, which
may explain the smaller number of gbM genes in B. rapa.

In A. thaliana, H3K9me2 methylation is associated with gene si-
lencing, especially in pericentromeric regions.5 Although the number
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of genes having H3K9me2 peaks in exon and intron regions was
small, the average expression levels in genes having H3K9me2 in the
exon and intron regions were lower than the total genes. However,
the proportion of non-expressed genes having H3K9me2 was lower
than genes having CG, CHG, and CHH methylation or MeDIP-
peaks,30 suggesting that in B. rapa some genes that were expressed at
a lower level but not completely silenced, had H3K9me2.

In A. thaliana, TEs located in pericentromeric regions are associated
more with high levels of H3K9me2 than in euchromatic arms. In this
study, reads mapped to IRRs from ChIP-seq using H3K9me2 antibody
(47%) was higher than that of Input-DNA-seq (39%), but this percent-
age is lower than that of MeDIP-seq (64%),30 suggesting that
H3K9me2 shows moderate association with IRRs in B. rapa. In A.

thaliana, siRNA clusters were associated with H3K9me2 in pericentro-
meric regions, but generally not in euchromatic arms.5 In maize,
H3K9me2 levels at RdDM loci were similar to genic loci and 2-fold
lower than non-RdDM loci.48 In B. rapa, an association between
H3K9me2 and 24 nt-siRNA clusters was not detected. We could not
examine the relationship between H3K9me2 and 24 nt-siRNA clusters
or IRRs in pericentromere or centromere regions due to the limitation
of available reference genome sequence information. At least in the eu-
chromatic regions of B. rapa, H3K9me2 is moderately associated with
IRRs, but the 24 nt-siRNA clusters did not associate with H3K9me2.
However, immunostaining using H3K9me2 antibody in interphase nu-
clei revealed H3K9me2 was present in heterochromatin of chromocen-
ters in B. rapa, similar to the results in A. thaliana,51,52 suggesting that
H3K9me2 might be associated with IRRs or 24 nt-siRNA clusters in
pericentromere or centromere regions in B. rapa.
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