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Investigations of genomic DNA methylation in seeds have been restricted to a few model plants. The endosperm genomic DNA
hypomethylation has been identified in angiosperm, but it is difficult to dissect the mechanism of how this hypomethylation is
established and maintained because endosperm is ephemeral and disappears with seed development in most dicots. Castor bean
(Ricinus communis), unlike Arabidopsis (Arabidopsis thaliana), endosperm is persistent throughout seed development, providing
an excellent model in which to dissect the mechanism of endosperm genomic hypomethylation in dicots. We characterized the
DNA methylation-related genes encoding DNA methyltransferases and demethylases and analyzed their expression profiles in
different tissues. We examined genomic methylation including CG, CHG, and CHH contexts in endosperm and embryo tissues
using bisulfite sequencing and revealed that the CHH methylation extent in endosperm and embryo was, unexpectedly,
substantially higher than in previously studied plants, irrespective of the CHH percentage in their genomes. In particular, we
found that the endosperm exhibited a global reduction in CG and CHG methylation extents relative to the embryo, markedly
switching global gene expression. However, CHH methylation occurring in endosperm did not exhibit a significant reduction.
Combining with the expression of 24-nucleotide small interfering RNAs (siRNAs) mapped within transposable element (TE)
regions and genes involved in the RNA-directed DNA methylation pathway, we demonstrate that the 24-nucleotide siRNAs
played a critical role in maintaining CHH methylation and repressing the activation of TEs in persistent endosperm
development. This study discovered a novel genomic DNA methylation pattern and proposes the potential mechanism
occurring in dicot seeds with persistent endosperm.

Methylated cytosine residue, also called the fifth
nucleotide, is one of the most well-studied epigenetic
marks found extensively in eukaryotes (Feng et al.,
2010; Zemach et al., 2010b), in spite of the fact that the
levels and patterns of cytosine DNA methylation appear
to exhibit drastic changes among different eukaryotic
organisms (Zhu, 2009; Zemach et al., 2010b). DNA
methylation has shown broad-ranging functions, includ-
ing the regulation of gene expression, involvement in
chromatin organization, and protection of the genome

from invading and mobile DNA elements (Heard and
Disteche, 2006; Klose and Bird, 2006; Feinberg, 2007).
Usually, DNA methylation can be maintained through
mitotic cell division; thus, it is a relatively stable and
heritable epigenetic marker (Henderson and Jacobsen,
2007). In plants, DNA methylation generally refers to
three different nucleotide sequence contexts: symmetric
CG and CHG methylation and asymmetric CHH meth-
ylation (where H = C, T, or A), which seems to be distinct
from that in mammals, where they are mostly limited to
the CG context.

Studies have been made to elucidate the mechanisms
that result in DNA methylation levels and patterns at
the genome level in plants. Generally, CG methylation
is generated by the conserved DNA methyltransferase
METHYLTRANSFERASE1 (MET1; Vongs et al., 1993;
Genger et al., 1999; Kankel et al., 2003; Law and
Jacobsen, 2010) and CHG methylation is produced by
the plant-specific DNA methyltransferase CHROMO-
METHYLASE3 (CMT3; Cao and Jacobsen, 2002a; Law
and Jacobsen, 2010; Zemach et al., 2010b), whereas CHH
de novo methylation is established by a 24-nucleotide
small interfering RNA (siRNA) directedDNAmethylation
(RdDM) pathway to guide the DNA methyltransferases
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DOMAINS REARRANGED METHYLTRANSFERASE1
(DRM1) and DRM2 in plants (Cao and Jacobsen, 2002b;
Law and Jacobsen, 2010; Mosher andMelnyk, 2010). Also,
several studies have demonstrated that de novo CHH
methylation could be established by the plant-specific
DNA methyltransferase CMT2 in an independent RdDM
pathway (Zemach et al., 2013; Stroud et al., 2014). In ad-
dition, the DNA methyltransferase-like Dnmt2, first iden-
tified from bacteria, also was detected in plants, although
its function in regulating DNA methylation remained
largely unknown (Hermann et al., 2003; Mund et al., 2004;
Ponger and Li, 2005). According to observations of ge-
nomic DNA methylation, there is generally a substantial
amount of CGmethylation and a small amount of non-CG
methylation, although thegenomicDNAmethylation level
varies broadly in the plants tested (Zemach et al., 2010b).
Additionally, it is known that active DNA demethylation
in Arabidopsis (Arabidopsis thaliana) depends mainly upon
the activity of the DNA glycosylase DEMETER (DME;
Kinoshita et al., 2004; Gehring et al., 2006), which is able to
recognize and remove methylated cytosines by a base
excision-repair pathway (Law and Jacobsen, 2010). In
particular, studies have revealed that DME is expressed
specifically in the central cell of the female gametophyte
(Choi et al., 2002), leading to a tissue-specific removal of
DNAmethylation marks on the maternal genome and the
establishment of genomic imprinting in Arabidopsis
(Gehring et al., 2009). DNA glycosylases such as RE-
PRESSOR OF SILENCING1 (ROS1), DEMETER-LIKE2
(DML2), and DML3 also are involved in the removal of
5-methylated cytosines in Arabidopsis (Gong et al., 2002),
preventing the hypermethylation of specific genome re-
gions (Penterman et al., 2007). Loss-of-function mutants of
ROS1, DML2, and DML3 would result in significant
changes of DNA methylation levels in all sequence con-
texts, particularly the CG dinucleotide in Arabidopsis
(Penterman et al., 2007). These studies clearly suggest that
the extents and patterns of genomic DNAmethylation are
maintained by the interaction of DNA methyltransferases
and demethylases.
Increasing evidence demonstrates that DNA meth-

ylation plays crucial roles in the control of seed devel-
opment and seed size (Xiao et al., 2006a, 2006b; Hu et al.,
2014; Xing et al., 2015). In particular, DNA methylation
was considered as a major regulator of gene imprinting
that mainly manifests itself in the endosperm of angio-
sperm plants, closely associated with endosperm and
seed development, such as the imprinted genes MEA
(Grossniklaus et al., 1998; Köhler et al., 2003), FWA
(Kinoshita et al., 2004), and FIS2 (Jullien et al., 2006). In-
vestigations of genomic DNAmethylation in the seeds of
Arabidopsis (Gehring et al., 2009; Hsieh et al., 2009), rice
(Oryza sativa; Zemach et al., 2010a), and maize (Zea mays;
Zhang et al., 2014; Lu et al., 2015) revealed extensive
hypomethylation in the endosperm genome. However,
the mechanism of how the extent and pattern of DNA
methylation are established and whether the extent and
pattern of DNAmethylation are conserved in plant seeds
is largely unclear. Specifically, in most dicots, including
Arabidopsis, their endosperms are ephemeral and gradually

consumed by the embryo tissue during seed develop-
ment (Sreenivasulu and Wobus, 2013). For this reason,
it appears difficult to dissect the potential mechanism
of genomic DNA methylation occurring in a dicot’s
seeds. In contrast to Arabidopsis, castor bean (Ricinus
communis), a member of Euphorbiaceae family, has
relatively large and persistent endosperm throughout
seed development (Greenwood and Bewley, 1982). It
has been considered as a model plant for studies on
endosperm and seed development among dicots
(Houston et al., 2009; Nogueira et al., 2012). Also, castor
bean is one of the most important nonedible oilseed
crops, and its seed oil stored in endosperm is used
broadly in industry (Ogunniyi, 2006). Importantly, the
castor bean genome data have been completed (Chan
et al., 2010), which facilitates the genome-wide inves-
tigation of DNAmethylation in castor bean seed. In this
study, we investigated the genomic DNA methylome
occurring in endosperm and embryo of castor bean by
deep bisulfite sequencing and revealed a conserved
and distinct profile. Specifically, the extensive hypo-
methylation of CG and CHG in the endosperm genome
could significantly influence the expression of flanking
genes. However, the methylation of CHH did not ex-
hibit a significant reduction in endosperm relative to
the embryo. With the integration of the expression of
the small RNAs (mediating DNA methylation) and
DNA methylation-related genes, we propose a poten-
tial model to dissect how DNA methylation (particu-
larly for the rich CHH methylation identified) was
established and maintained in embryo and endosperm
of castor bean.

RESULTS

Identification and Characterization of DNA
Methylation-Related Genes

Genomic DNA methylation may be maintained by
the interaction of DNA methylation and DNA de-
methylation processes in a given tissue. The main
components involved in DNA methylation and de-
methylation processes are well studied in Arabidopsis.
To dissect themechanism of DNAmethylation in castor
bean, we globally inspected the methylation-related
genes encoding DNA methyltransferase and demeth-
ylases at the genome scale. In total, we identified and
characterized the sequence structures of eight genes
encoding DNA methyltransferase and three genes en-
coding demethylase (Table I). Similar to the amino acid
sequences in Arabidopsis, identified DNA methyl-
transferases (includingMET1, DRM, CMT, and Dnmt2)
and demethylases (including DME, ROS1, DML2, and
DML3) from castor bean shared the conserved domains
(Supplemental Figs. S1–S5), as reported previously in
other plants (Finnegan and Dennis, 1993; Mok et al.,
2010; Qian et al., 2014). Based on the structural features
of these genes, in particular the presence and distribu-
tion of domains and motifs (Supplemental Fig. S6, A
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and B), the DNA methyltransferase genes could be
identified easily as RcMET1-1 and RcMET1-2 in the
MET group, RcCMT1 and RcCMT2 in the CMT group,
RcDRM1, RcDRM2, and RcDRM3 in the DRM group,
and RcDnmt2 in the Dnmt2 group (Supplemental Fig.
S6C). By analogy, three DNA demethylase genes
were identified as RcDME, RcROS1, and RcDML3
(Supplemental Fig. S6D).

As shown in Supplemental Figure S6C, the phylo-
genetic analysis of DNA methyltransferase genes gen-
erated four distinct clades corresponding to the MET,
CMT, DRM, and Dnmt2 groups with well-supported
bootstrap values. It seemed that each group displayed
a monophyly with an evolutionary lineage from dicots
to monocots consistent with previous studies (Zemach
et al., 2010b; Jurkowski and Jeltsch, 2011). Within the
DNA demethylase genes, phylogenetic analysis gen-
erated six clades (I–VI). The DME homologs were re-
stricted to dicots and absent in monocots, confirming
previous observations (Zemach et al., 2010a; Zhang
et al., 2011). The ROS1 genes were clustered into clades
II (nested by the homologs from dicots), III, and IV
(both nested by the homologs from monocots). How-
ever, both clade I and clade II were rooted by monkey
flower (Mimulus guttatus), a basal dicotyledonous plant
(Zemach et al., 2010a), suggesting that the DMEmay be
phylogenetically monophyletic in dicots after gene
duplication arising in the early angiosperm. In addi-
tion, the DML3 genes were clustered into clades V and
VI nested by the homologs from dicots and monocots,
respectively.

Expression Profiles of DNA Methylation-Related Genes

To understand how DNA methylation is established
and maintained, we assayed the expression profiles
of DNA methylation-related genes (including DNA
methyltransferase and demethylase genes) in different
tissues anddeveloping seeds at the early and late stages.As
shown in Figure 1, among theMET1 genes,RcMET1-1was
highly expressed in leaf, stem apex, pollen, and early

embryo but lowly expressed in ovule and developing en-
dosperms (including the early and late stages), while
RcMET1-2was expressedonly in developing embryo tissue
(particularly at the late stage). Similarly, among the CMT
genes, responsible for mediating CHG methylation,
RcCMT1 was highly expressed in leaf, stem apex, pollen,
and early embryo but lowly expressed in ovule and de-
veloping endosperms (including the early and late stages),
while RcCMT2 was expressed mainly in the developing
embryo and early endosperm tissues. The substantial re-
duction of transcript levels of both RcMET1 and RcCMT
genes in castor bean endosperm compared with embryo
was consistent with a report on Arabidopsis (Jullien et al.,
2012).Within theDRMgenes, responsible for guidingCHH
methylation, RcDRM1was expressed specifically in ovule,
similar to DRM1 expression in Arabidopsis (Jullien et al.,
2012),whileRcDRM2 andRcDRM3were expressedmainly
in developing embryo and endosperm tissues, distinctly
different from their expression in Arabidopsis. In Arabi-
dopsis, DRM2 was strongly transcribed in the embryo tis-
sue but not detected in endosperm (Jullien et al., 2012). In
addition, the RcDnmt2 gene, in spite of its functional un-
certainty, was broadly expressed in diverse tissues.

Among the DNA demethylase genes, intriguingly,
RcDME was broadly expressed in diverse tissues, par-
ticularly in both embryo and endosperm tissues. This
observation is distinct from the expression patterns of
the DME gene in Arabidopsis, which was expressed
specifically in the central cell of the female gametophyte
or the vegetative cell of the male gametophyte (Choi
et al., 2002; Schoft et al., 2011). Both RcROS1 and
RcDML3, which may be involved in mediating DNA
demethylation, were expressed extensively in diverse
tissues. Also, using our previous RNA sequencing data
(Xu et al., 2014), we reassayed the expression profiles of
DNA methylation-related genes in endosperm and em-
bryo tissues and obtained similar results (Supplemental
Fig. S7). In addition,we noted that the expression levels of
most geneswere distinct between the early and late stages
of endosperm and embryo development, implying that
the genomic DNA methylation level within endosperm
and embryo might be dynamic with seed development.

Table I. Identification of genes encoding DNA methyltransferases and demethylases in castor bean

Gene Locus Location Coding Sequence Length Protein Length Homologs Annotation

bp amino acids
DNA methyltransferases
29983.m003308 29983:1075551-1081789 4,629 1,542 AT5G49160 MET1-1
29609.m000606 29609:246194-255135 4,755 1,584 AT5G49160 MET1-2
28582.m000332 28582:146814-156888 2,538 845 AT1G80740 CMT1
29827.m002677 29827:858418-869538 2,205 734 AT4G19020 CMT2
29848.m004665 29848:1192243-1195163 1,215 404 AT5G25480 Dnmt2
29631.m001043 29631:330007-332680 1,440 479 AT5G14620 DRM1
29889.m003366 29889:694336-699871 2,037 678 AT3G17310 DRM2
29917.m001982 29917:300487-305138 2,061 686 AT5G15380 DRM3

DNA demethylases
29428.m000327 29428:105887-115737 5,621 1,876 AT5G04560 DME
29092.m000452 29092:87494-96521 4,905 1,634 AT2G36490 ROS1
29991.m000647 29991:222724-231238 5,139 1,712 AT4G34060 DML3
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Genomic DNA Methylation in Castor Bean Seed

To obtain the genomic DNA methylation profiles at
single nucleotides, we examined the DNA methylation
extent and pattern in endosperm and embryo tissues
by high-throughput bisulfite-treated DNA sequenc-
ing techniques, which had been broadly applied in
genomic DNA methylation studies (Feng et al., 2010;
Zemach et al., 2010b). Our bisulfite sequencing yielded
about 120 million paired-end reads, and 88% of reads
were mapped into the castor bean genome with an ef-
fective depth of 313 coverage (Supplemental Table S1).
Moreover, about 83% of cytosines were covered by at
least two reads in the castor bean genome. As the se-
quencing depth reached 303, the number of detected
cytosines reached saturation (Supplemental Fig. S8),
meaning that our sequencing data were sufficient for
further analysis.
After sequencing data were mapped into the castor

bean genome, we identified, in total, 19,444,574 and
21,157,129 methylated cytosine residues from endo-
sperm and embryo, respectively. Global DNA methyl-
ation profiles demonstrated that all three sequence

contexts, CG, CHG, and CHH, were, in the example
shown in Figure 2, heavily methylated in the trans-
posable element (TE)-rich regions (Fig. 2A), whereas
the methylation patterns of the three sequence contexts
appeared to be quite different in the gene-rich regions
(Fig. 2B). The density peaks of CG methylation were
foundmainly in the gene body regions, but the peaks of
both CHG and CHHmethylation were foundmainly in
the TE regions and distributed sparely in the gene body
regions. Clearly, these observations showed that DNA
methylation occurred mainly in the TE-rich regions,
consistent with previous reports from other plants
(Gehring et al., 2009; Zemach et al., 2010a), and the
global methylation patterns between CG and non-CG
contexts were differentiated in castor bean.

While investigating the genomic methylation per-
centage of CG, CHG, and CHH in embryo and endo-
sperm tissues, we found that the methylation of CG,
CHG, and CHH was, respectively, 30.3%, 18.3%, and
11.2%within the endosperm and 40.7%, 24%, and 12.7%
within the embryo tissues. Obviously, the endosperm
exhibited a hypomethylation, with a reduction of 10.4%

Figure 1. Expression profiles of DNAmethyltransferase and demethylase genes in different tissues of castor bean. The castor bean
ACTIN2 gene was used as an internal reference for quantitative reverse transcription-PCR analysis. The expression level of each
gene in different tissues was normalized to the leaf. Error bars indicate the SE with five biological replicates.
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CGmethylation and 5.7%CHGmethylation, and a nearly
equal CHHmethylation, comparedwith the embryo (Fig.
3A). Compared with the genomic DNA methylation
levels in Arabidopsis (Hsieh et al., 2009), rice (Zemach
et al., 2010a), andmaize (Zhang et al., 2014; Lu et al., 2015),
we found that the genomic DNA hypomethylation of
endosperm tissues relative to embryo tissues was exten-
sive in angiosperms, particularly for dicotyledons (Fig.
3A), although the biological roles of endosperm hypo-
methylation remain unknown. Interestingly, the global
CHH methylation of endosperms was not reduced sub-
stantially compared with the embryo in castor bean, dis-
tinct from that in Arabidopsis (Hsieh et al., 2009) and rice
(Zemach et al., 2010a). In contrast to other plants tested, in
which CG methylation is most abundant, castor bean
showed rich CHHmethylation (68%) in both endosperm
and embryo (Fig. 3B).When inspecting the proportions of
CG, CHG, and CHH in the genomes of Arabidopsis, rice,
maize, and castor bean, we found that they did not dis-
play a significant difference (Supplemental Table S2). This
meant that the higher proportion of CHH methylation
occurring in castor bean endosperm and embryo did not
result from a higher CHH content in its genome com-
pared with Arabidopsis, rice, and maize.

In addition, it is a remarkable fact that themethylated
level of the CHH context apparently exhibited a more
uniform distribution between 30% and 100% compared
with the CG and CHG contexts, although the CHH
methylation is predominant in number (Fig. 3C). While
inspecting the methylated ratios of the CG and CHG
sites, we found that the majority of CG sites (greater

than 80%) were highly methylated in both embryo and
endosperm. The methylated ratios of the major CHG
sites displayed a similar pattern to the CG sites (Fig.
3C), consistent with the observation from cassava
(Manihot esculenta) leaves (Wang et al., 2015). This ob-
servation seems to be distinct from the previous report
in Arabidopsis (Greaves et al., 2012), where major CHG
sites are not highly methylated. Additionally, we noted
that the methylated ratios of the major CG and CHG
sites were reduced slightly in endosperm compared
with the embryo. Furthermore, we examined the aver-
age methylation levels of CG, CHG, and CHH in TEs
and found that about 6,228 and 9,941 TEs contained CG
and CHG methylation, respectively, whereas about
47,943 TEs harbored CHH methylation. In particular,
more than 80% of TEs with very short sequence length
(less than 1,000 bp) were heavily methylated (about
80%) in the CG and CHG contexts (Fig. 3D). Most TEs
with CHHmethylation (about 51.9%) were methylated
in the medium range. Moreover, a large number of TEs
were more densely methylated in CHH than in CG and
CHG. The CHH context in long TEs (greater than 1,000
bp) was more heavily methylated (Fig. 3D). These ob-
servations show that CG and CHG methylation are
more effectively maintained in short TEs than CHH
methylation during DNA replication, while CHH
methylation is more randomly distributed across short
and long TEs, with a relatively low level of methylation
compared with CG and CHG in both embryo and en-
dosperm. Compared with previously studied plants
such as Arabidopsis (Hsieh et al., 2009), rice (Zemach

Figure 2. DNA methylation profiles in
castor bean seeds. A, Global distribution
of the methylation of three sequences in
scaffold 29852 (TE-rich scaffold). B,
Global distribution of the methylation
of three sequences in scaffold 29848
(gene-rich scaffold). Red and blue tracks
represent the cytosine methylation in
embryo (Em) and endosperm (En), re-
spectively. Genes and TEs oriented 59 to
39 and 39 to 59 are shown above and
below the lines, respectively.
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et al., 2010a), maize (Zhang et al., 2014; Lu et al., 2015),
and soybean (Glycine max; Song et al., 2013), the genomic
methylation profiles in castor bean seem to be distinct.
Taken together, although there are general features in

the methylation patterns among different plant species,
castor bean exhibits some specific patterns such as a
very high proportion of CHHmethylation, more robust
maintenance of CHG methylation at a high level in TE
regions, and a very similar level of CHH methylation
arising between endosperm and embryo.

DNA Methylation Profiles in Gene and TE Regions

While inspecting the distribution of CG, CHG, and
CHH methylations in gene and TE regions, we observed

that the CG methylation occurred preferentially in the
gene body regions relative to the flanking regions, similar
to previous reports in other plants (Hsieh et al., 2009;
Zemach et al., 2010a; Song et al., 2013; Lu et al., 2015;
Wang et al., 2015), whereas the extents of CHG and CHH
methylationwere low in gene body regions and relatively
higher in flanking regions (Fig. 4A), consistent with their
global DNA methylation patterns (Fig. 2). The DNA
methylation extents of the CG, CHG, and CHH contexts
were very low near transcriptional start sites and tran-
scriptional end sites but increased gradually when
departing from these sites (Fig. 4A). In contrast to gene
body regions, the TEs were highly methylated in all CG,
CHG, and CHH sequence contexts (Fig. 4B), similar to
previous findings in Arabidopsis (Hsieh et al., 2009), rice

Figure 3. DNAmethylation levels and distribution in castor bean seed. A, Genomic methylation levels of CG, CHG, and CHH in
endosperm (En) and embryo (Em) among different species. B, Relative proportions of CG, CHG, and CHHmethylation contexts in
endosperm and embryo among different species. C, Histogram of methylation frequencies on the y axis for different levels (%) of
CG, CHG, and CHHmethylation (x axis) in endosperm and embryo tissues. D, Point scatter of the correlation between TE lengths
and average methylation levels in CG, CHG, and CHH contexts.
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(Zemach et al., 2010a), and soybean (Song et al., 2013),
suggesting that DNAmethylation in transposon silencing
might be conserved in plants. Furthermore, we noted that
most of the methylated TEs belonged to class I (retro-
transposons), especially for LTR/Gypsy and LTR/Copia,
consistent with their abundances in the castor bean ge-
nome. Among class II (DNA transposons), the TE-type
DNA/MuDR was more frequently methylated than
others (Supplemental Fig. S9A).

Unsurprisingly, the endosperm clearly exhibited the
CG, CHG, and CHH hypomethylation in both gene
body and flanking regions compared with the embryo.
Moreover, the endosperm hypomethylation of CG and
CHG was shown in TE regions. The endosperm
exhibited a higher CHHmethylation level in TE regions
than in the embryo (Fig. 4B). Consistent with the re-
duced methylation extent of TEs in endosperm, the
average methylation extents of both class I and II TEs
were slightly lower in CG and CHG contexts relative to
the embryo. The TEs within class I exhibited a higher
methylation extent than those within class II. The CHH
methylation extent of the class I TEs in endosperm,
however, appeared to be slightly higher comparedwith
the embryo, and the CHH methylation extents of the
class II TEs appeared to be equal in endosperm and
embryo (Supplemental Fig. S9B).

Characterization of Endosperm Differential
Methylation Regions

To further characterize the genomic hypomethylation
regions in endosperm, we analyzed the differential
methylation regions (DMRs) within a sliding window by
subtracting the endosperm methylation loci from the
embryo methylation loci. Initially, we identified 64,733
CG, 70,074 CHG, and 3,298 CHHdiscreet DMRs between
endosperm and embryo. To sort out the substantial and
significant differences of DNA methylation levels at
DMRs, we applied a stringent standard: at least a 40%
difference (Fisher’s exact test, P, 0.05) with at least either
methylation level greater than 60% for the CG and CHG
contexts, and at least a 20% difference (Fisher’s exact test,
P , 0.05) with at least either methylation level greater
than 40% for the CHH context, between endosperm and
embryo. In total, 20,464 CG and 25,940 CHGDMRs were
identified, of which 99.9% of loci were significantly
hypomethylated in endosperm (Table II; Supplemental
Table S3). However, only 2,727 CHH DMRs were iden-
tified, of which 55.9% of loci exhibited a hypomethylation
in endosperm and 44.1% of loci exhibited a hypo-
methylation in embryo (Table II; Supplemental Table S3).

Among these CG DMRs, approximately 30.8% of
DMRs were located in the gene body, 27.9% and 25.6%

Figure 4. Genomic DNA methylation profiles in endosperm (blue lines) and embryo (red lines) tissues. A, DNA methylation
patterns across genes. B, DNA methylation patterns across TEs. Castor bean annotated genes and TEs were aligned at the 59 end
(left) or the 39 end (right). The averagemethylation level for each 100-bp interval is plotted. The dashed lines represent the point of
alignment.
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of DMRs were located in 2-kb upstream and down-
stream regions of the gene, respectively, while only
15.7% of DMRs were located in TE regions. On the
contrary, most CHG DMRs (about 42%) were found in
TE regions, just 10.1% of DMRs were found in the gene
body regions, and 27.4% and 20.6% of DMRs were
found in upstream and downstream regions, respec-
tively. For the CHH DMRs, most of them were located
in the upstream and downstream regions of the gene
(47.3% and 30.1%, respectively), while only 6.9% of
DMRs were located in the gene body and 15.7% were
located in TE regions (Supplemental Fig. S10). These
analyses provided a clear landscape of genomic meth-
ylation differentiation between embryo and endosperm
(Fig. 4): almost all DMRs were linked to the genomic
hypomethylation of endosperm and resulted mainly
from the reduction of CG and CHG methylation. The
CG DMRs were located mainly in the gene body re-
gions, while most CHG DMRs were found in the TE
regions.

Effects of DNA Methylation on Gene Expression

To determine whether the genomic DNA methyla-
tion level might affect global gene expression in castor
bean seeds, we initially investigated the methylation
changes of CG, CHG, and CHH contexts for all tran-
scripts obtained from previous studies (Xu et al., 2014)
in embryo tissues. Based on their expression levels,
genes were divided into four classes: no expression
(reads per kilobase per million reads mapped [RPKM]
# 1), low expression (1 , RPKM # 10), middle ex-
pression (10 , RPKM # 100), and high expression
(RPKM . 100), according to the criteria of Lu et al.
(2015). As shown in Supplemental Figure S11, it seemed
that the CG methylation levels occurring in the up-
stream and downstream regions of genes were nega-
tively correlated with their gene expression, but in the
gene body regions, the moderately expressed genes
showed the highest CG methylation level, although it
might be difficult to predict the interaction between
the methylation extents (occurring in the upstream,
downstream, or gene body region) and gene expression
levels. However, it appeared that the nonexpressed (or
rarely expressed) genes exhibited the highest CHG and
CHHmethylation levels in the upstream, downstream,
and gene body regions, although the changes of meth-
ylation levels were slight across the different expression
levels. These observations implied that DNA methyla-
tion, in a way, repressed gene expression in castor bean
embryo tissues.

To characterize the effect of hypomethylation regions
in endosperm on gene expression, we collected the
genes with substantially reduced DNA methylation
within 2 kb of either the 59 or 39 end and examined their
expression between endosperm and embryo based on
our previous mRNA sequencing data from embryo and
endosperm (Xu et al., 2014). The results showed that
genes with reduced CG and CHG methylation up-
stream of the start of transcription were slightly, but not
significantly, up-regulated in their expression in the
endosperm relative to the embryo, whereas genes with
hypomethylation occurring in the 39 end did not alter
their expression levels (Fig. 5, A and B). In particular,
the expression levels of genes exhibiting reduced CHH
methylation in the 59 and 39 ends were not affected (Fig.
5C). However, we investigated the transcriptome of
endosperm and embryo and identified subsets of the
genes that were expressed preferentially (at least 4-fold
higher) in endosperm than in embryo (Supplemental
Table S4). By calculating the average methylation levels
in the gene body and the 59 and 39 ends, we found that
these genes exhibiting endosperm-preferential expres-
sion showed significantly low levels of CG and CHG
methylation (Fisher’s exact test, P , 0.05), but not in
CHH loci of endosperm compared with embryo. It was
clear that these genes, which were preferentially up-
expressed in endosperm relative to embryo, exhibited
reduced CG and CHG methylation in endosperm
throughout the 59 end, gene body, and 39 end (Fig. 5, D
and E) and a tiny CHH methylation reduction, if any,
around these genes as well (Fig. 5F).

Indeed, several studies also showed that DNA
hypomethylation could alter gene-preferential expres-
sion in endosperm (Hsieh et al., 2009; Zemach et al.,
2010a). As illustrated in Figure 6, endosperm hypo-
methylation in some specific loci markedly promoted
gene expression, whereas embryo hypermethylation near
the promoter regions repressed gene transcription. For
example, gene 28629.m000565 encoding a b-fructofuran-
osidase involved in carbohydrate metabolic processes
was strongly expressed in endosperm. Gene 30093.
m000370, homologous to AtYUCCA10 (AT1G48910) in-
volved in regulating seed development in Arabidopsis
(Cheng et al., 2007), was expressed strongly in endo-
sperm. The two genes exhibited substantially lower DNA
methylation extents and higher expression levels in en-
dosperm than in embryo. Furthermore, the DNA meth-
ylation extents and gene expression levels of the two
genes were validated experimentally using the combina-
tion method of bisulfite treatment and clone sequencing
(Fig. 6, B and C). In addition, Gene Ontology analysis
showed significant evidence for the functional enrichment
of genes affected by endosperm hypomethylation DMRs
(Supplemental Fig. S12). The Gene Ontology terms in-
cluding binding, catalytic, biological regulation, cellular,
and metabolic processes were enriched substantially (x2

test, P , 0.05). These findings strongly imply that the
endosperm hypomethylation is likely involved in the
regulation of specific endospermogenesis and storage
material biosynthesis in endosperm, although its potential

Table II. DMRs between embryo and endosperm in castor bean

DNA Context

Total No.

of DMRs

Hypermethylation

in Embryo

Hypermethylation

in Endosperm

CG 20,464 20,443 (99.9%) 21 (0.01%)
CHG 25,940 25,903 (99.9%) 37 (0.01%)
CHH 2,727 1,526 (55.9%) 1,201 (44.1%)
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mechanism is still unclear. In short, our data indicate that
the CG andCHGhypomethylationsmight be the potential
mechanism for altering genes preferentially expressed in
castor bean endosperm, particularly when the CG and
CHG hypomethylations occur near or within a gene.

Association Analyses of Small RNA Expression and
DNA Methylation

Increasing evidence has indicated that small RNAs
can direct de novo DNAmethylation at their target loci
through RdDM (Law and Jacobsen, 2010; Mosher and
Melnyk, 2010). Here, we investigated the small RNA
expression profiles in endosperm and embryo tissues
by high-throughput deep sequencing. A total of 10,323,788
and 12,382,489 clean reads were obtained from embryo
and endosperm libraries, respectively. After filtration of
rawdata (see “Materials andMethods”), we found that the
24-nucleotide class was the most abundant group of small
RNAs in castor bean seeds based on their distribution in
length (Fig. 7A), consistent with our previous study in
castor bean (Xu et al., 2013).

Considering that the functions of different small
RNAs in mediating DNA methylation were unclear in
castor bean seeds, the base composition and strand-
specific DNA methylation state of bisulfite-converted

genomic DNA sequences were analyzed within the
regions homologous to all 21- to 24-nucleotide unique
small RNAs sequenced from castor bean seeds. Theo-
retically, the cytosine distribution pattern of a small
RNA sequence could influence the methylated cytosine
distribution of the DNA strand identical to the small
RNA sequence (termed the sense strand) and guanine
in small RNAs could influence the methylated cytosine
distribution of the DNA strand complementary to the
small RNA sequence (termed the antisense strand). We
investigated all uniquely mapping small RNA loci and
counted the number of methylated cytosines on either
DNA strand of the nuclear genome. As a result, we
found that the changes of methylated cytosines on the
sense and antisense strands were strongly associated
with the altered cytosine and guanine residues in
24-nucleotide siRNAs (Fig. 7B), whereas this tendency
was not obvious in mapping regions of 21- to 23-
nucleotide- small RNAs (Supplemental Fig. S13, A–C),
suggesting that DNA methylation might be closely
linked to the expression of 24-nucleotide siRNAs in
castor bean seed. Therefore, we focused on the 24-
nucleotide siRNA mapping regions for subsequent
analyses.

We next sought to investigate the average methyla-
tion levels between 24-nucleotide siRNA mapping re-
gions and no mapping regions at each methylation

Figure 5. Effect of hypo-DMR regions in endosperm on gene expression. A to C, Box plots indicate the differences of expression
levels between endosperm and embryo for genes with either 59 hypomethylation or 39 hypomethylation in endosperm, compared
with the average of all genes. D to F, Average methylation levels for endosperm-preferred genes with 4-fold expression levels
relative to embryo are plotted for each 100-bp interval.
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sequence context. Interestingly, the methylation levels
of both CHG and CHH contexts were significantly
higher in siRNA-covered regions than the regions
without siRNA mapping (Fisher’s exact test, P , 0.05),
whereas the CG methylation level of siRNA regions
was not increased substantially compared with the re-
gions without siRNA (Fig. 7C). Potentially, the increase
in CHH methylation level in 24-nucleotide siRNA
mapping regions might be caused by activation of the
RdDM pathway. To test this, we identified five genes,
RcPoI IV (30190.m011113), RcPoI V (30131.m007197),
RcRDR2 (30147.m013981), RcDCL3 (29739.m003642),
and RcAGO4 (29684.m000322), involved in the RdDM
pathway from castor bean based on genome data and
examined their expression levels in different tissues,
including leaf, embryo, and endosperm. Compared
with leaf tissue, these five genes were up-regulated in

endosperm and embryo tissues. Further comparing
their expression levels between endosperm and em-
bryo, we found that these five genes were markedly
down-regulated in endosperm relative to embryo
(Supplemental Fig. S13D). These findings suggest that
genes involved in the RdDM pathway participate in
altering the non-CG methylation in castor bean endo-
sperm and embryo.

In addition, we found that the 24-nucleotide siRNA
abundance of the gene body was smaller than that in
the upstream and downstream flanking sequence re-
gions. More siRNAs were identified in the upstream
sequence rather than in the downstream sequence
(Fig. 8A). In particular, the abundance of siRNAs in the
flanking regions in endosperm was substantially
lower than that in embryo, consistent with the meth-
ylation pattern of non-CG contexts in the gene region

Figure 6. Effects of two hypomethylation regions in endosperm on gene expression. A, DNA methylation levels of all three
sequence contexts in endosperm and embryo. The gray boxes indicate the regions that were experimentally confirmed. B,
Validation of DNA methylation levels by bisulfite PCR sequencing. C, Relative expression levels of two genes (28629.m000565
and 30093.m000370) overlapping the hypomethylation regions by quantitative PCR (qPCR) analysis.
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(Fig. 4). Although the distribution pattern of siRNAs in
the TE and its flanking regions was similar to that in
gene regions, the abundance of siRNAs in TE regions
was significantly higher than that in gene regions,
consistent with the denser and heavier methylation
level occurring in TE regions (Fig. 8B). Interestingly, a
large number of TEs with siRNA coverage (85.2%)
were methylated at a moderate level in the CHH
context, whereas only 7.8% and 15% of TEs were
methylated in CG and CHG contexts, respectively
(Fig. 8C). Also, we found significant evidence of the
enrichment of these TEs around the genes within the
4-kb regions (Fisher’s exact test, P , 0.01). In particu-
lar, we found that there were more 24-nucleotide
siRNAs enriched in CHH hypermethylated regions
but fewer siRNAs in theCHHhypomethylated regions in
endosperm and embryo tissues (Wilcoxon rank-sum test,
P , 0.01; Fig. 8D). These results clearly indicated that
24-nucleotide siRNAs could significantly induce the in-
crease of DNA methylation level in non-CG sequence
contexts, especially forCHHmethylation,whichmight be

guided by the canonical RdDM pathway. Also, we noted
that the number of CHH methylations guided by the
RdDM pathway made up about 27% of the total CHH
methylation loci in castor bean endosperm.

DISCUSSION

In this study, we globally identified the DNA
methylation-related genes, comprehensively investi-
gated DNA methylation levels and patterns in cas-
tor bean endosperm and embryo integrated with the
expression profiles of small RNA and mRNA, and
found a new landscape of genomic DNA methylation
from a dicotyledonous seed with persistent endosperm
throughout seed development. As reported above, our
observations showed that key methyltransferases and
demethylases were independently evolved in mono-
cotyledons and dicotyledons, although these methylation-
related genes were conserved among species. However,
this study still leaves open the question of whether global

Figure 7. Length distribution of small RNAs and relationship between 24-nucleotide siRNA andDNAmethylation. A, Length size
distribution of small RNAs (from 18 to 26 nucleotides) in castor bean endosperm and embryo. B, Nucleotide frequency and
distribution of the 24-nucleotide siRNA mapping region and within 10-nucleotide flanking regions. mC represents the methyl-
cytosine on the sense strand; mC* represents the methylcytosine on the antisense strand. C, Comparison of DNA methylation
levels between a 24-nucleotide (nt) siRNA uniquely mapping region and without that region in each sequence context.
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methylation or demethylation has a common evolutionary
origin among angiosperms, although the overall process of
extensive DNA methylation or demethylation is likely
conserved between monocots and dicots.
Genome-wide bisulfite sequencing reveals that rich

CHH methylation occurred in castor bean endosperm
and embryo tissues, which appears to be distinct from
previous reports from other plants. The higher pro-
portion of CHH methylation arose in both embryo and
endosperm of castor bean, consistent, in a way, with the
high proportion of CHH methylation identified from
the leaves of cassava (about 58%; Wang et al., 2015). In
spite of the global CG and CHGDNA hypomethylation

that arose in endosperm relative to embryo, CHH
methylation did not exhibit a significant reduction in
endosperm. Comparing the genomic DNAmethylation
in seeds of angiosperms such as Arabidopsis (Hsieh
et al., 2009), rice (Zemach et al., 2010a), maize (Lu et al.,
2015), and soybean (Song et al., 2013), our observation
of the genomic DNA methylation of castor bean endo-
sperm and embryo exhibits a novel pattern, implying
that a distinct mechanism maintaining DNA methyla-
tion occurs in dicot castor bean seeds with persistent
endosperm. However, we do not rule out whether the
nonreduction of CHH methylation that arose in endo-
sperm relative to embryo in castor bean resulted from

Figure 8. Abundance of 24-nucleotide siRNAs in castor bean embryo and endosperm tissues. A, Number distribution of siRNAs
in the gene body from the 59 end (left) to the 39 end (right) and flanking 2-kb regions. B, Number distribution of siRNAs in the TE
and flanking 2-kb regions. C, Methylation levels of all three sequence contexts in TEs within siRNA coverage. D, Abundance of
24-nucleotide siRNAs located to the CHH hypermethylated and hypomethylated regions.
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the different stages of seed development in this study,
compared with Arabidopsis (in which the endosperm
exists only at the early stage of seed development).

Generally, the low methylation level in the upstream
genes could promote gene expression and the presence
of DNA methylation inhibits transcriptional initiation.
In this study, we noted that the relationship between
DNA methylation and global gene expression is not
strong in castor bean seed tissues, consistent with pre-
vious reports in Arabidopsis (Hsieh et al., 2009) and rice
(He et al., 2010). Our investigations appeared to dem-
onstrate that DNA methylation, in a way, mainly re-
pressed gene expression in castor bean seeds, although
the associations were variable, depending on the meth-
ylated regions (such as upstream, downstream, and gene
body) and different methylation sequence contexts. For
the genes with preferential expression in endosperm,
however, there is a significant decrease of CG and CHG
methylation level in the promoter region of genes
relative to embryo tissues. These genes affected by
hypomethylation in endosperm are involved in some
specific development processes.

It is well known that the final levels and patterns of
DNA methylation are determined by the activities
of both DNA methyltransferase and demethylases.
While inspecting the expression profiles of these
DNA methylation-related genes, we found a distinct
expression pattern of the RcDME and RcDRM genes
in castor bean seeds. In Arabidopsis, the DME gene
was expressed specifically in the central cell of the
female gametophyte (Choi et al., 2002), which may
play a critical role in maintaining genomic DNA
methylation extent and result in global genomic
DNA hypomethylation in the developing endosperm
(Hsieh et al., 2009). Our results demonstrated that, as
shown in Figure 1, RcDME was broadly expressed in
various tissues of castor bean, strongly suggesting
that the mechanism of maintaining genomic DNA
methylation might be different in castor bean and
Arabidopsis. Additionally, the expression of RcMET1
and RcCMT, encoding CG and CHG methyltransfer-
ase, was substantially lower in the ovule or the de-
veloping endosperm relative to the embryo, implying
that the activities of CG and CHG methyltransferase

Figure 9. Proposed model to explain
the DNA methylation pattern in castor
bean endosperm and embryo. RcDME
or RcROS1 removes the methylated cy-
tosine at the genome scale (blue lolli-
pops for CG, green lollipops for CHG,
and red lollipops for CHH methylation),
and demethylation leads to the genera-
tion of 24-nucleotide siRNAs that could
guide de novo CHH DNA methylation
by RcDRM2 in the endosperm and
embryo. The insufficient expression of
RcMET1 and RcCMT in the endosperm
tissue, whichmaintain the CG and CHG
methylation levels (denoted by looping
arrows), results in reduced CG and CHG
methylation (denoted by short-handled
lollipops) comparedwith embryo (denoted
by long-handled lollipops).
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might be insufficient in endosperm, which could re-
sult in a CG and CHG hypomethylation in some regions.
As shown in Supplemental Figure S7, however, the ex-
pression level ofRcDRM3washigher than that ofRcMET1
and RcCMT in endosperm and was not repressed (unlike
in Arabidopsis, where this gene was repressed in endo-
sperm; Jullien et al., 2012), suggesting the potential roles of
RcDRM3 in castor bean seed development with persistent
endosperm. Indeed, there is evidence that the loss of
function of DRM could result in abnormal reproductive
growth and seed morphology (Garcia-Aguilar et al., 2010;
Moritoh et al., 2012).
In the RdDMpathway, the 24-nucleotide siRNAs can

direct DRM2 to methylate the CHH sequence context
(Law and Jacobsen, 2010; Mosher and Melnyk, 2010).
This study revealed that a large number of 24-nucleotide
siRNAs were transcribed in endosperm and embryo and
were mapped with TE regions where CHH methylation
arose more densely and heavily. In addition, the expres-
sion levels of genes (RcPoI IV, RcPoI V, RcRDR2, RcDCL3,
RcAGO4, andRcDRM3) involved in activating the RdDM
pathway were significantly up-regulated in endosperm
and embryo tissues than those in leaf tissue, clearly sug-
gesting that the RdDM pathway might be activated and
play a critical role in directing CHH methylation in en-
dosperm and embryo. Although the biological interests of
the rich CHH methylation in castor bean endosperm
remain unclear, it is possible that when CG and CHG
demethylation occurs extensively in endosperm, the
maintenance of CHHmethylation would help to repress
the movement of many TEs, safeguarding global gene
expression and persistent endosperm development.
However, it should be noted that CHH methylation di-
rected by the RdDM pathway made up only about 27%
of total CHHmethylation loci in castor bean endosperm.
This implies that the rich CHH methylation in endo-
sperm might not only be established and maintained by
the RdDM pathway but that other uncertain factors or
pathways probably are involved in mediating CHH
methylation in castor bean seeds.
Taken together, as shown in Figure 9, we propose a

potential scenario to explain how DNA methylation was
maintained in castor bean seed. The repression of RcMET1
and RcCMT expression and the activity of RcDME in en-
dosperm result in genomic hypomethylation of CG and
CHG at some discrete loci, which may be a conserved
mechanism for the establishment of endosperm hypo-
methylation among flowering plants, at least in Arabi-
dopsis, rice, and castor bean. In contrast with RcMET1
and RcCMT, the expression of RcDRM3 and the abun-
dant 24-nucleotide siRNAs in endosperm might result
in an effective maintenance of CHHmethylation within
siRNA mapping regions during endosperm develop-
ment in castor bean. Similarly, the relatively higher
expression of RcMET1, RcCMT, and RcDRM genes
maintains the genomic CG, CHG, and CHHmethylation
extents in embryo development. Although this scenario
provides just a preliminary hypothesis to explain the
potential mechanism of genomic DNA methylation in
castor bean seed, this study adds new insights into our

understanding of the molecular mechanism of genomic
DNA methylation in embryo and endosperm of angio-
sperms.

CONCLUSION

We globally characterized the DNA methylation-
related genes encoding DNA methyltransferases and
demethylases and comprehensively dissected the as-
sociation of genomic DNA methylation and global
gene expression in castor bean seeds. Our findings
revealed that the CHH methylation extent in endo-
sperm and embryo was, unexpectedly, substantially
higher than in previously studied plants, irrespective
of the CHH percentage in their genomes. In particular,
we found that the global hypomethylation of CG and
CHG in endosperm markedly switched the global
gene expression and was closely associated with en-
dosperm development. Curiously, within the siRNA
coverage regions, the CHH methylation occurring in
endosperm associated tightly with the expression of
24-nucleotide siRNAs. The rich CHH methylation oc-
curring in castor bean seeds and the nonreduction of
CHH methylation in endosperm relative to embryo
result, at least partially, from the RdDM pathway,
where the 24-nucleotide siRNAs play a critical role in
repressing the activation of TEs around the genes by
guiding CHHmethylation in TE regions. These results
reveal a novel genomic DNA methylation pattern in
dicot seeds with persistent endosperms.

MATERIALS AND METHODS

Identification of DNA Methylation-Related Genes

An extensive search was carried out to detect all DNA methylation-related
genes encoding DNA methyltransferases and demethylases based on the
castor bean (Ricinus communis) genome database (downloaded from http://
castorbean.jcvi.org/index.php). The sequences of Arabidopsis (Arabidopsis
thaliana) DNA methylation-related genes were obtained from https://www.
arabidopsis.org. The amino acid sequences obtained from Arabidopsis were
designed as queries against the castor bean protein database by running the
NCBI-blast-2.2.24+ software. Subsequently, all hit amino acid sequences were
extracted using a custom Perl script based on their identifier numbers, and then
these sequences were confirmed by analyzing the characterized domains in the
candidate sequences by SMART tools (http://smart.embl-heidelberg.de/) and
InterProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan/). Multiple alignments
of amino acid sequences were carried out using ClustalW (Larkin et al., 2007), and
conserved motifs and domains of each group were identified. Additionally, we
constructed an unrooted phylogenetic tree using the neighbor-joining criteria in
MEGA 5.0 (Tamura et al., 2011) with 10,000 bootstrap replicates.

Expression Profile Analysis of DNA Methylation-Related
Genes by qPCR

In order to investigate the expression profiles of DNA methylation-related
genes, we collected diverse tissues, including tender leaf, stem apex, pollen,
ovule, early embryo and endosperm (25 d after pollination [DAP]), and late
embryo and endosperm (40 DAP), from the inbred line ZB107 (kindly provided
by the Zibo Academy of Agricultural Sciences). Total mRNAwas isolated from
the various tissues using the RNAprep Pure Plant Kit (Tiangen). mRNA with
DNA enzyme digestion was used for first-strand complementary DNA syn-
thesis using the PrimeScript RT Reagent Kit (TaKaRa), and then these
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complementary DNAs were subjected to real-time qPCR using SYBR Green
Master Mix (TaKaRa). The qPCR for each tissue was performed with five in-
dependent biological replications in the Bio-Rad CFX Manager system as fol-
lows: precycling steps at 95°C for 2 min, followed by 40 cycles of 95°C for 15 s,
58°C for 20 s, and 72°C for 30 s. The RcACTIN2 gene was used as an internal
reference to normalize the relative amount of mRNAs for all samples. Also, the
expression of genes involved into the RdDM pathway was examined by qPCR,
as described above. All primers used in this study are listed in Supplemental
Table S5.

Bisulfite Sequencing

Based on previous morphological descriptions (Greenwood and Bewley,
1982), developing seeds at the early stage of cotyledon formation (35 DAP;
inbred line ZB107) were collected and dissected. Bisulfite sequencing from five
replicates of endosperm and embryo tissues was performed as described in our
previous study (Xu et al., 2014). First, high-quality genomic DNA (about 5 mg)
was isolated using the Plant Genomic DNA Kit (Tiangen). Second, genomic
DNAwas fragmented between 300 and 500 bp and end repaired. Third, custom
Illumina adapters were ligated following the manufacturer’s protocols, and
then fragments with adapters were bisulfite converted using EpiTech Bisulfite
Kits (Qiagen). Finally, the converted DNA fragments were PCR amplified with
Pfu DNA polymerase (TaKaRa) and sequenced at BGI, generating paired-end
90-bp reads from each library.

Small RNA Library Construction and Sequencing Data

Small RNA sequencing with three replicates was performed as described in
our previous study (Xu et al., 2013) using 35-DAP endosperm and embryo
tissues. Briefly, after total RNA isolation and PAGE, the small RNAs (16–30
nucleotides) were isolated and purified using the sRNA Gel Extraction Kit
(TaKaRa). Then, adapters were ligated to the 59 and 39 termini of small RNAs,
and reserve transcription was performed followed by low-cycle PCR. Finally,
small RNA libraries were constructed and sequenced using an Illumina Genome
Analyzer.

After sequencing, we clipped the adapter sequences and filtered out the low-
quality tags. The reads with identical sequences, including ribosomal RNA,
tRNA, small nuclear RNA, and small nucleolar RNA, were removed from the
raw data. The clean small RNA sequences that ranged from 16 to 30 nucleotides
were collected and mapped to the castor bean genome using the SOAP 2.0
program (Li et al., 2009). The unique sequences were subjected to subsequent
analysis.

Analysis of DMRs

The clean data we obtained were mapped to the castor bean Hale reference
genome using BSMAP software (Xi and Li, 2009), allowing up to two mis-
matches. Then we used custom Perl scripts to call methylated cytosine and
calculate its methylation level based on cytosine percentage in a given position.
The methylation profile at flanking 2-kb regions and gene body (or TE) is
plotted based on the average methylation level for each 100-bp interval. Ad-
ditionally, we identified DMRs for each sequence context (CG, CHG, and CHH)
between endosperm and embryo tissue using the tDMR package (Rakyan
et al., 2008) with the following stringent criteria: (1) at least five methylated
cytosine sites; (2) more than 10 reads coverage on average; (3) the distance
between adjacent methylated sites is less than 200 bp; (4) greater than 20%
methylation level in at least one sample; and (5) Fisher’s exact test P , 0.05
and false discovery rate , 0.05. The putative DMRs overlapping at adjacent
2-kb (upstream or downstream) or body regions of genes or TEs were sorted
for further study.

Effect of DNA Methylation on Gene Expression

We used publicly available global gene expression data (downloaded from
our previous study under accession no. SRX485027) for endosperm and embryo
at the same stage. The gene’s expression levels were normalized, and differ-
entially expressed genes also were identified between endosperm and embryo
using the TopHat software package (Trapnell et al., 2012). Expression scores for
genes with DMRs in the endosperm within 2 kb of either the 59 or 39 end were
used in the next analysis.

Validation of the DMRs and DMR-Related
Gene Expression

To experimentally confirm whether the differential DNAmethylation alters
gene expression, we picked two hypomethylated DMRs identified in endo-
sperm and tested the expression of adjacent genes in endosperm and embryo
tissues. About 500 ng of genomic DNAwas extracted from 35-DAP endosperm
and embryo and was subjected to bisulfite treatment using the EZ DNA
Methylation-Lightning Kit (ZYMO Research) according to the manufacturer’s
instructions. The bisulfite-converted DNA was PCR amplified with AceTaq
DNA Polymerase (Vazyme). For the DMR identified at the upstream region of
gene 28629.m000565, primers 59-TGGTTGGTTTTGGTGYAATTAAATAYTG-
GTGG-39 and 59-TTACATTATTTRACATATRTCAAACTTTCATC-39 were
used; for the DMR identified within the first exon of gene 30093.m000370,
primers 59-TAGGGTTTATTTTGAAAAATGAAATGTAGT-39 and 59-AAA-
TACACACACACTCTCTCTCTCATA-39were used (primers were designed by
Kismeth software [http://katahdin.mssm.edu/kismeth]; Gruntman et al.,
2008). The purified PCR products were cloned into the pGEM-T vector, and 15
clones were randomly selected for sequencing. The final sequencing results
were summarized and visualized with MATLAB software.

In addition, the relative expression levels of these two genes tested in en-
dosperm and embryo tissue were carried out by qPCR as described above. For
the genes 28629.m000565 and 30093.m000370, primer pairs 59-AGCCCAAA-
GACAATCCGGTA-39/59-ATACCAGTTTCCGCTTTCGC-39 and 59-ATCGT-
CACAGCAATGGATCG-39/59-CCAGAGCCAACAACCAAGAC-39 were used
for qPCR amplification.

The raw data used for this study have been submitted to the National Center
for Biotechnology Information Sequence ReadArchive under accession number
SRX1267331.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Comparison of amino acid sequences of DNA
methyltransferases MET1 between Arabidopsis thaliana and castor bean.

Supplemental Figure S2. Comparison of amino acid sequences of DNA
methyltransferases DRM between Arabidopsis thaliana and castor bean.

Supplemental Figure S3. Comparison of amino acid sequences of DNA
methyltransferases CMT between Arabidopsis thaliana and castor bean.

Supplemental Figure S4. Comparison of amino acid sequences of DNA
methyltransferases DNMT2 between Arabidopsis thaliana and castor bean.

Supplemental Figure S5. Comparison of amino acid sequences of the do-
mains of DNA demethylases between Arabidopsis thaliana and castor
bean.

Supplemental Figure S6. Schematic structures of DNA methyltransferases
and demethylases (A and B) and phylogenetic analysis (C and D).

Supplemental Figure S7. Heatmaps representing the expression profiles of
methyltransferase and demethylase genes in RNA-seq data in castor
bean endosperm and embryo tissues.

Supplemental Figure S8. Sequencing depth and saturation analysis of the
embryo and endosperm tissues in castor bean.

Supplemental Figure S9. DNA methylation and TEs.

Supplemental Figure S10. The percentage of DMRs distribution in TE,
gene and 2kb flanking gene regions.

Supplemental Figure S11. Effect of DNA methylation on global gene ex-
pression in castor bean embryo tissues.

Supplemental Figure S12. GO enrichment analysis of genes affected by
endosperm DMRs.

Supplemental Figure S13. Relationship between small RNAs and methyl-
ated cytosines, and genes expression involved in RdDM pathway.

Supplemental Table S1. Information on bisulfite sequencing data.

Supplemental Table S2. The percentages of CG, CHG and CHH in ge-
nomes of Arabidopsis (At), rice (Os), maize (Zm) and castor bean (Rc).
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Supplemental Table S3. Substantial differentially methylated regions in
CG, CHG and CHH sequence contexts between embryo and endo-
sperm.

Supplemental Table S4. Endosperm-preferred genes and the differentially
methylated regions in each sequence context.

Supplemental Table S5. Primers used in this study for gene expression
profiles based on qPCR.
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