
RESEARCH ARTICLES

Global Epigenetic and Transcriptional Trends among Two Rice
Subspecies and Their Reciprocal Hybrids W

Guangming He,a,b,c,1 Xiaopeng Zhu,d,1 Axel A. Elling,c,1 Liangbi Chen,e Xiangfeng Wang,a,c Lan Guo,a,b

Manzhong Liang,e Hang He,a,c Huiyong Zhang,b Fangfang Chen,b Yijun Qi,b Runsheng Chen,d

and Xing-Wang Denga,b,c,2

a Peking-Yale Joint Center of Plant Molecular Genetics and Agrobiotechnology, National Laboratory of Protein Engineering and
Plant Genetic Engineering, College of Life Sciences, Peking University, Beijing 100871, China
b National Institute of Biological Sciences, Beijing 102206, China
c Department of Molecular, Cellular, and Developmental Biology, Yale University, New Haven, Connecticut 06520
d Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101, China
e Department of Botany, College of Life Sciences, Hunan Normal University, Changsha 410081, China

The behavior of transcriptomes and epigenomes in hybrids of heterotic parents is of fundamental interest. Here, we report
highly integrated maps of the epigenome, mRNA, and small RNA transcriptomes of two rice (Oryza sativa) subspecies and
their reciprocal hybrids. We found that gene activity was correlated with DNA methylation and both active and repressive
histone modifications in transcribed regions. Differential epigenetic modifications correlated with changes in transcript
levels among hybrids and parental lines. Distinct patterns in gene expression and epigenetic modifications in reciprocal
hybrids were observed. Through analyses of single nucleotide polymorphisms from our sequence data, we observed a high
correlation of allelic bias of epigenetic modifications or gene expression in reciprocal hybrids with their differences in the
parental lines. The abundance of distinct small RNA size classes differed between the parents, and more small RNAs were
downregulated than upregulated in the reciprocal hybrids. Together, our data reveal a comprehensive overview of
transcriptional and epigenetic trends in heterotic rice crosses and provide a useful resource for the rice community.

INTRODUCTION

In eukaryotic organisms, the regulation of gene activity involves
both genetic and epigenetic mechanisms. Epigenetic regulation is
mediated by differences in DNA methylation at cytosine residues
and by posttranslational histone modifications (Henderson and
Jacobsen, 2007). DNA methylation is primarily regarded as an
epigenetic silencing mechanism, which maintains genomic stabil-
ity by inactivating transposons and other repetitive sequences
(Bird, 2002; Chan et al., 2005; Goll and Bestor, 2005). In addition to
extensivedistribution inheterochromatic regions,DNAmethylation
is also found in euchromatic regions, including transcribed regions
of genes (Zhang et al., 2006; Zilberman et al., 2007). Histone
modifications provide a dynamic and reversible mechanism to
regulate gene expression through changes in the chromatin state
and the recruitment of protein complexes that regulate transcrip-
tion. Numerous modifications of histones have been discovered,
most ofwhich occur near their N terminus. Todate, acetylationand
methylation of Lys residues are the most intensely studied mod-

ifications (Kouzarides, 2007). Whereas Lys acetylation is generally
linked to chromatin accessibility and gene activation, Lys methyl-
ation can be associated with either transcriptional activation or
repression, depending on the position of the Lys residue and the
nature ofmethylation (Berger, 2007; Li et al., 2007). Recent studies
discovered that both activating and repressive histone modifica-
tions correlatedwith gene activity (Bernstein et al., 2006;Roh et al.,
2006;Barski etal., 2007;Mikkelsenetal., 2007;Wangetal., 2009a),
indicating a dynamic regulation of gene expression through a
combinatorial interplay between opposing modifications. In addi-
tion, small RNAs, including microRNAs (miRNAs) and small in-
terfering RNAs (siRNAs), provide RNA-mediated regulation of
genome stability (Ghildiyal and Zamore, 2009).

Natural allelic variation in nucleotide sequence and transcript
abundance between different genotypes is an important genetic
component of phenotypic diversity (Benfey and Mitchell-Olds,
2008). In hybrids, novel patterns of gene action result from the
combination of allelic variants and are thought to be involved in
heterosis, which is defined as an increased performance of
hybrid offspring relative to its inbred parents (Birchler et al., 2003;
Swanson-Wagner et al., 2006; Springer and Stupar, 2007).
Several studies have revealed that epigenetic variations can
contribute to the molecular mechanisms of complex traits
(Cubas et al., 1999; Manning et al., 2006; Shindo et al., 2006;
Makarevitch et al., 2007). More importantly, a recent study
showed that altering the transcription of a few regulatory genes
through epigenetic variations is associated with growth vigor in
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hybrids (Ni et al., 2009). Exploring the inherited natural variation
of epigenetic patterns between genetically diverse strains at a
genome-wide level will allow us to assess their importance in
phenotypic plasticity and might have major consequences for
biological research and agriculture (Richards, 2008).

As one of the most important crops worldwide, rice (Oryza
sativa) has become a model plant for genomic research. The
availability of the complete genomic sequence for the japonica
(cv Nipponbare) and indica (cv 93-11) subspecies of rice (Goff
et al., 2002; Yu et al., 2002) has already enabled the investigation
of transcriptome activity in a range of tissues and developmental
stages (Li et al., 2006; Nobuta et al., 2007), the high-resolution
mapping of epigenetic modifications for chromosomes (Li et al.,
2008b), and the genome-wide identification of genetic variation
in gene expression between rice subspecies and their hybrids
(Zhang et al., 2008a; Wei et al., 2009). The high growth vigor of
hybrids between Nipponbare and 93-11 also provides a good
opportunity for the investigation of the molecular basis of heter-
osis in rice (Zhang et al., 2008a). While these studies delivered
valuable insights for understanding the dynamics of the rice
genome, they are limited to only a portion of the transcriptome
(two-thirds of all annotated rice genes investigated; Zhang et al.,
2008a) and epigenome (two chromosomes surveyed; Li et al.,
2008b) of the total rice genome. Furthermore, the currently
available data for rice transcriptomes and epigenomes is of
limited utility to reveal the complex interactions among them by
direct comparative analyses because these data have been
obtained under different conditions in separate studies. Recently
developed high-throughput sequencing technologies have been
successfully used to study epigenomes and transcriptomes
(Zhu, 2008; Simon et al., 2009; Wang et al., 2009a, 2009b).
Applying these technologies to conduct a global survey of both
epigenetic and transcriptional variation between different rice
subspecies and their hybrids in one study would provide new
insights into genome activity during evolution and the complex
regulatory machinery for differential gene expression in hybrids.

Here, we describe the integrated comparative analysis of the
epigenome and overall transcriptional output (including mRNA
and small RNAs) for two rice subspecies and their reciprocal
hybrids. We found a hierarchical relationship of gene expression
and epigenetic modifications in the rice genome. Importantly, we
identified abundant epigenetic and transcriptional variations
among hybrids and parental inbred lines and found that these
two types of polymorphisms correlate. Furthermore, we found
that the small RNA transcriptome differed in composition and
expression between hybrid offspring and their inbred parents.
Together, our highly integrated data sets provide fresh insights
into the dynamic variations and complex relationships between
the transcriptome and epigenome in rice and enable a better
understanding of the interactions of two different genomes.

RESULTS

Integrated Maps of the Transcriptomes and Epigenomes of
Two Rice Subspecies and Their Reciprocal Hybrids

To gain insight into natural epigenetic variation and its relation-
ships to changes in transcript abundance in the genomes of two

rice subspecies, we generated genome-wide integratedmaps of
mRNA transcripts, DNA methylation, and three select histone
modifications (H3K4me3, H3K9ac, and H3K27me3) by employ-
ing high-throughput Illumina/Solexa 1G sequencing. We used
shoots of four-leaf stage seedlings of two rice subspecies (O.
sativa ssp japonica cv Nipponbare and O. sativa ssp indica cv
93-11) and their reciprocal hybrids for our studies. Both recip-
rocal hybrids used in this study show significant growth vigor
compared with their parents (see Supplemental Figure 1 online).
Random hexamer-primed cDNA synthesis from purified poly(A)
mRNA, digestion of genomic DNA with the methylation-sensitive
restriction enzyme McrBC, and chromatin immunoprecipitation
(ChIP) with specific antibodies were used to generate the re-
spective sequencing libraries following previously published
procedures (Gendrel et al., 2005; Barski et al., 2007; Mikkelsen
et al., 2007; Nagalakshmi et al., 2008; Wilhelm et al., 2008; Wang
et al., 2009a). Sequence reads were aligned with the well-
annotated rice genome (The Institute for Genomic Research,
TIGR version 5.0) (Yuan et al., 2005) using the MAQ algorithm (Li
et al., 2008a) to determine the frequency of reads matching each
genomic base pair position. To exploit sequencing data for
repetitive regions, all reads that could be mapped to multiple
locations in the genomewere assigned to one position at random
and were retained for further analyses. In total, >277 million
genome-matched reads were obtained from 20 sequencing
libraries from four rice genotypes for genome-wide analyses of
gene expression and epigenetic modifications (see Supplemen-
tal Table 1 online).

We first characterized the transcriptome and epigenome in
rice using sequencing data fromNipponbare. As expected, most
(78.7%) of themRNA-Seq (mRNA-sequencing) readswere found
to map to annotated exons in the rice genome (Figure 1A). We
quantified the transcript levels by adding the number of reads
that mapped to exonic regions of annotated gene models and
normalized them with the predicted mRNA length (in kilobase
pairs). For genes with multiple transcripts of different lengths or
of the same length, we used the longest transcript or a randomly
selected transcript for further analyses, respectively. Reads
mapped across splice boundaries were also excluded for further
analyses. Based on the read coverage of annotated introns in the
rice genome, we set an empirical cutoff value to provide a
conservative assessment of transcript diversity and active genes
in our mRNA-Seq libraries (see Supplemental Figure 2A online).
Using this criterion, the transcripts of more than half of the
currently annotated nontransposable element protein coding
genes (non-TE genes) were detected (21,351, 52.0%), whereas
only a few transposable element–related genes (TE-related
genes) were found to be expressed above background tran-
scriptional activity (511, 3.4%) (Figure 1F). We found that the
detectable expression for a total of 21,862 genes in our mRNA-
Seq libraries of Nipponbare was comparable to the number of
active genes detected in MPSS libraries derived from rice using
similar tissues (Nobuta et al., 2007). We also compared the gene
expression levels determined by our mRNA-Seq with previously
published microarray data and found a general consistency
between both methods (see Supplemental Figure 3 online). Over
85% of the genes that were found to be transcribed in this study
were supported by ESTs or full-length cDNAs (Figure 1B). On the
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Figure 1. Integrated Profiling of the Rice Transcriptome and Epigenome by High-Throughput Sequencing.

(A) Distribution of mapped reads for mRNA-Seq library in the rice genome.

(B) Proportion of mRNA transcripts identified by mRNA-Seq according to gene annotations supported by EST or full-length cDNA data.

(C) Identification of genomic regions associated with DNA methylation (DNA methyl), H3K4me3, H3K9ac, and H3K27me3.

(D) Comparisons of DNA methylation and H3K4me3 modification patterns in a representative region on rice chromosome 4 using Solexa sequencing

(this study) and microarray technology (Li et al., 2008b). The predicted coding sequences are shown in blue above.

(E) Frequencies of epigenetically modified regions in genic and intergenic regions.

(F) Number and percentage of non-TE genes and TE-related genes identified with expression or epigenetic modifications.
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other hand, of all annotated rice genes, most of the genes
supported by full-length cDNAs (12,225, 80.7%) or ESTs (6385,
69.6%), but only a small fraction of genes lacking cDNA or EST
support (3252, 10.2%), had detectable transcripts in our study
(see Supplemental Figure 2B online). These data indicate an
overall agreement between our mRNA-Seq approach and other
experimental methods.

Genomic regions associated with DNA methylation and his-
tonemodificationswere identified usingmodel-based analysis of
ChIP-Seq (MACS) software, which tests sliding windows across
the genome and uses the Poisson distribution to identify the
density of reads in enriched and nonenriched regions in order to
call peaks (Zhang et al., 2008c) (Figure 1C). We found a strong
enrichment of DNA methylation in heterochromatic regions, but
by contrast, all three histone modifications studied here showed
the same overall patterns of high enrichment in euchromatic
regions (see Supplemental Figure 4 online). We compared the
distribution patterns of DNA methylation and H3K4me3 modifi-
cation obtained from our sequencing data with that from a
previous microarray study (Li et al., 2008b) and found a similar
overall distribution pattern of both epigenetic marks revealed by
the two studies (Figure 1D; see Supplemental Figure 5 online).
Mapping the positions of modified regions relative to genes
revealed that the vast majority of regions that bear histone
modifications (84.3 to 89.2%) and more than half of the DNA
methylated regions (53.9%) were associated with annotated
transcribed regions (or genic regions) (Figure 1E). Further in-
spection of the average read coverage in different genic regions
showed that DNA methylation was distributed throughout tran-
scribed regions but that histone modifications formed strong
peakswithin regions;1 kbdownstreamof the transcription start
site (TSS) (see Supplemental Figure 6 online). Therefore, we
focused our further analyses of epigenetic modifications only on
those associated with genic regions. We evaluated the levels of
histone modifications of each gene by directly counting the
number of reads mapping within 1 kb downstream of the TSS.
Additionally, we estimated the extent of DNA methylation for
each gene by adding the number of reads located in the full-
length transcribed region and normalized it with the predicted
gene length (reads per kilobase). Out of 41,043 non-TE genes in
the TIGR database, we detected 6783 (16.5%) genes that
contained DNA methylation, whereas 25,207 (61.4%), 26,623
(64.9%), and 17,211 (41.9%) were found to be modified by
H3K4me3, H3K9ac, and H3K27me3, respectively, when we
used a threshold of read coverage defined by randomization
(P value < 0.001). By contrast, of 15,232 TE-related genes in the
TIGR database, 12,063 (79.2%) contained DNA methylation,
whereas only several hundred (552 to 788, 3.6 to 5.2%)
contained histone modifications. The proportions of genes
with histone modifications resembled that of gene expression
(Figure 1F).

We observed the same pattern of read distribution and iden-
tified a similar number of non-TE and TE-related genes
with expression or modifications in the other three rice geno-
types (i.e., 93-11, Nipponbare/93-11 F1 hybrid, and 93-11/
Nipponbare F1 hybrid) (see Supplemental Figure 7 online). Alto-
gether, we generated a comprehensive integrated genome-wide
map of transcript abundance, DNA methylation, and three his-

tone modifications of all annotated genes in two rice inbred lines
and their reciprocal hybrids.

Gene Activity Correlates with a Hierarchy of DNA
Methylation and Both Active and Repressive Histone
Modifications in Transcribed Regions

To analyze the relationships among epigenetic modifications and
their correlations with gene activity, we first used our sequencing
data for Nipponbare to determine relationships between concur-
rent gene expression and epigenetic modifications (Figure 2A).
The genomic sequence of Nipponbare is publicly available and
well annotated, which strengthens our findings. We found a very
high frequency (92.2 and 97.6%) of concurrent modifications by
H3K4me3andH3K9ac,which are both transcriptionally activating
epigenetic marks. Notably, we also detected a high frequency of
concurrence between these two activating modifications and
H3K27me3, a transcriptionally repressive mark. Further inspec-
tion showed that a large majority of genes with H3K27me3 also
contained H3K4me3 (84.2%) or H3K9ac (87.7%), whereas a
much smaller number of genes containing H3K4me3 (57.8%) or
H3K9ac (56.9%) were comodified by H3K27me3. These strong
differences in co-occurring histone modifications implicate the
regulation of gene activity by disproportional modification with
active and repressive epigenetic marks. As expected, we found a
high frequency of concurrence between gene expression and two
activating histone modifications, H3K4me3 and H3K9ac. Inter-
estingly, we also detected a significant frequency of concurrence
between gene expression and the repressive mark H3K27me3
(42.9% of all expressed genes were modified by H3K27me3, and
52.8% of all genes marked with H3K27me3 were expressed). We
found that most genes with DNA methylation (84.3%) were
transcriptionally silent, indicating a strong repressive effect of
this epigenetic modification on gene activity.

We further examined the quantitative relationships among
epigenetic modifications and gene activity using pairwise scat-
terplots. We observed aweak negative correlation between DNA
methylation and transcript level (Figure 2B; see Supplemental
Figure 8 online). As expected, we detected obvious positive
correlations between the amounts of the two activating epige-
netic marks studied (H3K4me3 and H3K9ac) and transcript
abundance (see Supplemental Figure 8 online). Taking into
account the very high levels of concurrence and correlation
between H3K4me3 and H3K9ac (Figure 2A), we did not include
H3K9ac in our further analyses. Interestingly, we also detected a
weak positive correlation between the repressive mark
H3K27me3 and gene expression (Pearson correlation = 0.302;
see Supplemental Figure 8 online). In accordance with the
concurrence of H3K27me3 and H3K4me3 (Figure 2A), we found
a high positive correlation of the two epigenetic modifications in
our scatterplots (Pearson correlation = 0.721), in which a bipeak
distribution was observed (see Supplemental Figure 8 online).
Further investigation revealed that the genes involved in the two
distribution peaks were associated with high and low levels of
expression, respectively (Figure 2C). Therefore, even in the
presence of H3K27me3, a high level of H3K4me3 could still
drive high expression of a gene. This indicates that both
the absolute and relative levels of H3K27me3 and H3K4me3
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Figure 2. Relationships among Gene Expression and Epigenetic Modifications.

(A) Frequencies of concurrent epigenetic modifications and gene expression. Numbers indicate the percentage of genes that were detected with X and

were also detected with Y.

(B) Correlation between DNA methylation and gene expression. Red, TE-related genes; blue, non-TE genes.

(C) Correlation between H3K4me3 and H3K27me3 modifications. Only data of genes with a transcript level <10 reads (red, low-expressed) or >100

reads (blue, high-expressed) per kilobase of predicted mRNA were plotted here.

(D) A permutation table for all combinations of DNA methylation, H3K4me3, and H3K27me3 modifications and gene expression. The number and

percentage of TE-related or non-TE genes in each possible combination were calculated. Color scale indicates the proportion (from high to low) of

genes. Typical examples from the predominant clusters visualized in the UCSC genome browser. Left, genes without DNA methylation and for which

H3K4me3 modification was dominant were transcriptionally active. Middle, genes for which DNAmethylation was dominant were depleted in H3K4me3

and H3K27me3 and were transcriptionally repressive. Right, genes without DNAmethylation and for which H3K27me3 modification was dominant were

transcriptionally repressive.

(E) Heat map of epigenetic modification levels and the ratio (K4/K27) between H3K4me3 and H3K27me3 levels (normalized by total mapped reads) on

all annotated rice genes sorted by their expression level measured by mRNA-Seq. K4, H3K4me3; K27, H3K27me3.
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modifications in transcribed regions correlate with gene expres-
sion in the rice genome.

We generated a permutation table for all possible combina-
tions of DNA methylation, H3K4me3, H3K27me3, and gene
expression (designated as cluster 1 to cluster 16; Figure 2D;
see Supplemental Figure 9 online). Comparisons of the propor-
tion of genes in each cluster revealed a hierarchical regulation of
gene activity. The majority of TE-related genes (92.6%) fell into
only two clusters of transcriptional quiescence, showing that they
were eitherDNAmethylated (76.1%,cluster 12) or did not contain
any of the three modifications analyzed (DNA methylation,
H3K4me3, and H3K27me3) (16.5%, cluster 16). Non-TE genes
exhibitedmore complex hierarchical relationships between gene
expression and epigeneticmodifications. For example, amongall
non-TE genes that showed DNA methylation (clusters 1 to 4 and
clusters 9 to12), most of them were depleted in H3K4me3 and
H3K27me3 (cluster 4 and cluster12) and were often transcrip-
tionally silent (12.2% in cluster 12 versus 1.2% in cluster 4).
Secondly, we found that transcriptional activity of genes without
DNA methylation could be regulated by the combinatorial result
of H3K4me3 and H3K27me3 (clusters 5 to 7 and clusters 13 to
15). Genes for which H3K4me3 modification was dominant
were transcriptionally active (20.4% in cluster 5), whereas genes
for which H3K27me3 modification was dominant were usually
transcriptionally repressed (14.2% in cluster 13). Furthermore,
non-TE genes that did not contain any detectable H3K4me3,
H3K27me3, or DNA methylation were either transcriptionally
active (6.0%, cluster 8) or repressed (13.0%, cluster 16) andwere
most likely regulated by other genetic or epigenetic factors.

To obtain a comprehensive understanding of global interaction
patterns between transcription and epigenetic modifications, we
further generated an integrated epigenomic map by sorting all
genes based on their expression level (Figure 2E). As foundbefore
(Li et al., 2008b; Wang et al., 2009a), we detected antagonistic
patterns between DNA methylation and H3K4me3, in which
genes with low levels of DNA methylation had high levels of
H3K4me3 and showed high levels of expression, whereas genes
with high levels of DNA methylation had low levels of H3K4me3
and exhibited low levels of expression. The repressive mark
H3K27me3 showed an intriguing pattern when compared with
gene expression. Further inspection revealed that gene expres-
sion levels were positively correlated with the ratio of H3K4me3/
H3K27me3 and were negatively correlated with the ratio of
H3K27me3/H3K4me3, thereby facilitating our understanding of
the repressive role of H3K27me3 on gene activity (Figure 2E).
These analyses suggest that in rice, DNAmethylation plays a role
in dictating the transcriptional activity of genes and that the
combinatorial interactions of histonemodifications provide a fine-
tuning of their expression levels.

Natural Epigenetic Variations Correlate with Changes in
Transcript Abundance among Hybrids and Parental Lines

Comparative genomics has revealed a rapid and dramatic di-
vergence of genomic sequences between indica and japonica
rice subspecies (Ma and Bennetzen, 2004). Since all of our
sequencing reads were aligned to the genome of the japonica
subspecies, cv Nipponbare, polymorphisms in DNA sequences

between subspecies could result in inaccurate estimates of the
levels of expression or epigeneticmodifications of some genes in
the indica subspecies, cv 93-11. In an effort to minimize the
impact of sequence polymorphisms on our conclusions, we
identified all orthologous genomic regions between Nipponbare
and 93-11 by comparing the published genomes of both sub-
species and by using only those reads that mapped to colinear
regions to identify natural epigenetic and transcriptional varia-
tions. Therefore, a total of only 20,638 genes (18,922 non-TE
genes and 1716 TE-related genes) that were located in con-
served genomic regions were included in our further analyses.

Using a rigorous significance test (Audic andClaverie, 1997), we
examined the differences in gene expression, DNA methylation,
and H3K4me3 and H3K27me3 modifications between Nippon-
bare and 93-11 for transcribed regions using a P value of < 0.001.
A total of 4538 non-TE genes (24.0%) were found to show
differential expression when both accessions were compared
(false discovery rate [FDR] = 0.0045). We found that significantly
more non-TE genes were differentially modified by DNA methyl-
ation thanbyH3K4me3 andH3K27me3 (Figure 3A).Moreover, we
observed that more than half of the TE-related genes (54.5%)
were differentially modified by DNAmethylation. By contrast, only
very few of the TE-related genes showed differences in H3K4me3
andH3K27me3modifications (Figure 3B). In summary, these data
suggest that variations in DNAmethylation occur more often than
for histone modifications between these two rice subspecies.

To investigate the relationship between natural epigenetic
variation and changes in transcript abundance, we counted the
frequencies of concurrence between differential gene expression
and differential modifications (Figure 3C). We found a very high
level of concordance between the differences in H3K4me3 mod-
ification and the differences in gene expression. For instance,
amonggenes containinga higher level ofH3K4me3 inNipponbare
than in 93-11, 92.0% also showed higher expression in Nippon-
bare. Moreover, obvious opposite relationships between differ-
ential DNA methylation and differential gene expression were
observed. For example, among genes with higher DNA methyl-
ation in Nipponbare than in 93-11, 77.4% exhibited lower expres-
sion in Nipponbare. Interestingly, we found that there was a good
concurrence between difference in H3K27me3 modification and
gene expression in 93-11, but only weakly so in Nipponbare
(Figure 3C). This might indicate that there are differences in
combinatorial H3K4me3/H3K27me3 modifications and their ef-
fects on gene expression between the two parental inbred lines.

Furthermore, we quantitatively examined the correlations be-
tween differences in gene expression and differences in epige-
netic modifications. Only genes with significant differences in
both transcription and epigenetic modification were selected for
further analysis using pairwise scatterplots. We found that
H3K4me3 was strongly positively correlated with differential
gene expression (Pearson correlation = 0.776) (Figures 3E
and 3G), whereas DNA methylation was negatively correlated
with differential gene expression, albeit only weakly (Pearson
correlation = 20.314) (Figure 3D). We also observed a weak
correlation between differential H3K27me3 modification and
differential gene expression (Figure 3F). Furthermore, we detected
the same overall correlation patterns between differential
gene expression and differential epigenetic modifications when
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parental inbred lines and their hybrid offspring were compared
(see Supplemental Figure 10 online).

Variations inGeneExpressionandEpigeneticModifications
Show Distinct Patterns in Reciprocal Hybrids

Variation of gene expression in hybrids can be classified as
additive or nonadditive relative to their inbred parents, which
means that hybrids can show a transcript level equal to, or

deviating from, the mid-parent value, which is the average of the
two parents. Four subdivided patterns of gene action have
frequently been used to describe nonadditive gene expression.
High-parent or low-parent patterns occur whenever the gene
expression level in hybrids is similar to the higher parent or to the
lower parent, respectively. Above high-parent or below low-
parent patterns occur whenever the expression level in hybrids is
above the higher parent or below the lower parent, respectively
(Birchler et al., 2003; Springer and Stupar, 2007; Figure 4A).

Figure 3. Correlations between Epigenetic Natural Variations and Changes in Transcript Abundance between Two Parental Lines.

(A) and (B) Number and percentage of non-TE and TE-related genes exhibiting differences in gene expression or epigenetic modifications between

Nipponbare (Nip) and 93-11. Red, number or percentage of genes for which the levels of expression or epigenetic modifications is higher in Nipponbare

than in 93-11. Blue, number or percentage of genes for which the levels of expression or epigenetic modifications is lower in Nipponbare than in 93-11.

(C) Frequencies of concurrence between differences in gene expression and differences in epigenetic modifications. Numbers indicate the percentage

of genes that were differentially modified and that were also differentially expressed. Color scale indicates the proportion (from high to low) of genes.

(D) to (F) Correlations between differential epigenetic modifications (P value < 0.001) and differential gene expression (P value < 0.001).

(G) Typical examples of genes showing correlations between differential H3K4me3 modification and differential gene expression.
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Based on these modes, we characterized the epigenetic varia-
tion and transcriptional polymorphisms of genes in reciprocal
hybrids.

From 20,638 genes analyzed, 5044 (24.4%, FDR= 0.0041) and
4951 (24.0%, FDR = 0.0042) were identified with differential
expression in reciprocal hybrids, most of which showed a
nonadditive expression pattern (Figure 4B). Moreover, 6274
(30.4%, FDR = 0.0033) and 5354 (25.9%, FDR = 0.0039) genes
were identified that showed differential DNA methylation in
reciprocal hybrids. Most genes exhibited a nonadditive pattern
in Nipponbare/93-11, whereas significantly more genes showed
an additive pattern in 93-11/Nipponbare. By contrast, fewer
genes were found to have differential histone modifications in
both hybrids, most of which exhibited an additive pattern (Figure
4B). We also found that TE-related genes showed a high fre-
quency of variation in DNA methylation but less variation in
transcription and H3K4me3 or H3K27me3 modifications in hy-
brids (see Supplemental Figure 11 online). These data indicate
that variations in DNAmethylation occur more often than histone
modifications in hybrids.

We further examined nonadditive patterns of gene expression
and epigenetic modifications in hybrids. Although almost the
same number of genes exhibited a nonadditive expression
pattern when both hybrids were compared (3261 in Nippon-
bare/93-11 and 3229 in 93-11/Nipponbare; Figure 4B), we found
that only 1950 of these genes were shared among both hybrids
and that different proportions of genes were associated with four
subdivided variation patterns (Figure 4C). Among all genes with
nonadditive expression, the largest group of genes (39.5%)
showed above high-parent pattern in Nipponbare/93-11,
whereas the largest single group of genes (34.6%) represented
a below low-parent pattern in 93-11/Nipponbare (Figure 4C).
This might indicate cytoplasmic effects on gene expression in
hybrids.We identified similar proportions of genes showing high-
parent or low-parent expression between reciprocal hybrids
(Figure 4C). By contrast, although the total number of genes
identified with nonadditive variation of DNA methylation is sig-
nificantly different between reciprocal hybrids (Figure 4B), sim-
ilarly large proportions of genes (68.6% inNipponbare/93-11 and
64.6% in 93-11/Nipponbare) exhibited high-parent effects in
both genotypes, whereas only very few genes showed an below
low-parent effect (Figure 4D). Moreover, among a small number
of genes identified with nonadditive variation of histone modifi-
cations (Figure 4B), we found that most also showed high-parent
variation (Figures 4E and 4F). These data suggested that the
epigenetic modifications studied here are in general upregulated
in hybrids. We also performed additional comparative analyses
of our data for all annotated rice genes (56,278, including those
located in nonorthologous regions) among different genotypes
and found that the general trends of variation in gene expression
and epigenetic modifications are identical compared with or-
thologous regions (see Supplemental Figure 12 online). More-
over, from this overall comparison, we identified 2800 genes
showing the same direction of nonadditive expression in
both reciprocal hybrids and investigated their distribution among
the Gene Ontology functional categories. We found that that
these genes are enriched significantly in pathways for energy
metabolic processes (see Supplemental Figure 13 online), of

which six key components involved the in Calvin cycle (carbon
metabolism) were all upregulated significantly relative to mid-
parent in both reciprocal hybrids (see Supplemental Figure 14
online).

Allelic Bias of Gene Expression and Epigenetic
Modifications in Hybrids Correlates with
Parental Differences

To assess differential allelic expression or epigenetic modifica-
tions in hybrids, we identified single nucleotide polymorphisms
(SNPs) by comparing the sequencing reads at each base posi-
tion in exons (for gene expression) or genic regions (for epige-
netic modifications) of 20,638 homologous genes between
Nipponbare and 93-11 and used these SNPs as markers to
discriminate allele-specific sequencing reads. Allele-specific
biases were evaluated using a binomial test with the null hy-
pothesis that two parental alleles are uniformly expressed or
modified in the hybrid. To ensure accuracy and reliability, only
SNPs identified with a significant allele-specific bias at a P value
cutoff of 0.01 in both reciprocal hybrids were included in our
further analyses. Since many genes with a low transcript or
epigenetic modification level were excluded by this threshold,
our approach provides a very conservative estimate of allelic bias
in the rice genome. Using these criteria, among 2205 SNPs (1754
genes) detected in both reciprocal hybrids, 398 (328 genes) were
identified that showed an allelic bias for accumulated transcripts
or epigenetic modifications in both reciprocal hybrids with an
average FDR of 0.06 (Figures 5A and 5B; see Supplemental
Figure 15 online). Most of the observed biases were associated
with one detectable SNP. Among those genes with more than
one SNP identified, two showed a contradictory allelic expres-
sion bias for different SNPs and were also excluded from further
analyses.

To test whether a parent-of-origin effect was responsible for
the allelic bias in hybrids, we compared the ratio of two parental
alleles between reciprocal hybrids. We found that almost all
genes identified in our study exhibited the same direction of
allele-specific bias in expression or epigenetic modifications in
both hybrids, suggesting that there is no significant parent-of-
origin effect for the action of parental alleles in hybrids (Figure 5C;
see Supplemental Figure 16 online). Furthermore, we investi-
gated the effect of differences in gene expression or epigenetic
modifications (here represented by the number of reads covering
a SNP position) between both parental lines on the allele-specific
patterns in their reciprocal hybrids.We found that a largemajority
of genes with a higher level of gene expression or epigenetic
modifications in Nipponbare also exhibited Nipponbare allele
bias in hybrids and vice versa (Figure 5D). We further quantita-
tively examined the relationship between parental differences
and allelic bias and found that differential allelic expression or
epigenetic modifications in reciprocal hybrids was highly posi-
tively correlated with differences in gene expression or epi-
genetic modifications (represented by the number of reads
covering a SNP position) between parents (Figure 5E; see
Supplemental Figures 17A and 18 online). Moreover, similar
correlation patterns were also observed when using the genes’
transcript or epigenetic modification data (see Supplemental
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Figure 4. Variation Patterns of Gene Expression and Epigenetic Modifications in Reciprocal Hybrids.

(A)Modes of gene action in hybrid. Red bar, gene expression levels in parent 1 (P1). Green bar, gene expression levels in parent 2 (P2). Blue horizontal

line, gene expression levels in hybrid cross between P1 and P2. x axis, comparisons of gene expression levels between P1 and P2. y axis, comparisons

of gene expression levels between parents and hybrid and the patterns for each case.

(B) Additive and nonadditive variation in gene expression and epigenetic modifications in hybrids. Additive, hybrids show a transcript or modification

level equal to the mid-parent value (average of the two parents). Nonadditive, hybrids show a transcript or modification level deviating from the mid-

parent value.

(C) Subdivided patterns of nonadditive variation in gene expression (high-parent, above high-parent, low-parent, and below low-parent) in reciprocal

hybrids. High-parent or low-parent patterns, the gene expression level in hybrids is similar to the higher parent or to the lower parent, respectively.

Above high-parent or below low-parent patterns, the gene expression level in hybrids is above the higher parent or below the lower parent, respectively.

(D) to (F) Subdivided patterns of non-additive variation in DNA methylation and histone modifications in hybrids.
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Figure 17B online). Together, these data suggest a differential
contribution of parental alleles toward gene activity and epige-
netic modifications in hybrids. Analyzing functional categories
indicated that those genes exhibiting allelic expression bias in
both reciprocal hybrids (see Supplemental Data Set 1 online)
were relatively enriched in pathways for energy metabolic pro-
cesses (see Supplemental Figure 19 online).

Small RNAsShowDifferences inComposition between Two
Parental Inbred Lines and Are Predominantly
Downregulated in Hybrid Offspring

We surveyed the small RNA transcriptomes of two parental rice

inbred lines and their reciprocal hybrid offspring using the same

biological material as for our epigenetic and mRNA analyses.

Figure 5. Allelic Bias of Gene Expression and Epigenetic Modifications in Reciprocal Hybrids.

(A) Detection of allelic bias in gene expression and epigenetic modifications in hybrids using SNPs between parental lines. Only SNPs identified with a

significant allelic bias at a P value cutoff of 0.01 in both reciprocal hybrids were included. Nipa, Nipponbare allele; 93-11a, 93-11 allele.

(B) An example of a gene exhibiting allelic expression bias in Nip/93-11 hybrid. Read number of alleles detected by SNPs at each position was plotted.

(C) Correlation of allelic expression bias between reciprocal hybrids.

(D) Allelic expression bias in hybrids according to their differences between parents. Nips, gene expression level in Nipponbare represented by the

number of reads covering a SNP; 93-11s, gene expression level in 93-11 represented by the number of reads covering a SNP.

(E) Correlation between differential parental expression (represented by the number of reads covering a SNP) and allelic expression bias in Nip/93-11

hybrid.

26 The Plant Cell



Small RNAs were gel purified from total RNA and ligated with
specific oligonucleotide adapters to generate libraries for high-
throughput Illumina 1G sequencing. The raw sequencing reads
were processed computationally to remove the adapter se-
quences and were then aligned to the well-annotated japonica
rice genome sequence. After removing rRNA, tRNA, and sn/
snoRNA, >20 million genome-matched reads were obtained

from four libraries of parents and hybrids (see Supplemental
Table 1 online). We first investigated the distribution of genomic
sequences matching small RNA reads across the rice genome in
Nipponbare. We observed a wide distribution of small RNAs on
rice chromosomes and a relatively low abundance of small RNAs
in the pericentromeric region (Figure 6A). Further investigation
revealed that genomic sequences matched by small RNA reads

Figure 6. Diversity of Small RNAs in Composition and Expression between Parents and Hybrids.

(A) Distribution of small RNAs on rice chromosome 1. The y axis represents the added small RNA reads per 100 genomic region. Blue vertical lines,

>2000 reads per 100-kb genomic regions. Black bar, pericentromeric region.

(B) Classes of genomic features (the genic or transcribed regions of annotated rice genes, 2 kb upstream or 2 kb downstream of the genic regions)

matched by rice small RNAs. The average number of small RNA reads per kilobase region of each genomic feature is counted.

(C) Distribution of small RNAs (mapped reads after the removal of rRNAs, tRNAs, snRNA, and snoRNA) among genic (TE- and non-TE) and intergenic

regions in the rice genome.

(D) Small RNA length distribution in two parental inbred lines and their reciprocal hybrids.

(E) Differential expression of siRNA clusters between F1 hybrids and their parents. MP, mid-parent value.

(F) Expression patterns of siRNA clusters in Nip/93-11 hybrid.

(G) Negative correlation between the expression of 14 miRNAs and their 20 targets that are both exhibiting nonadditive variation in both reciprocal

hybrids. Multiple targets of a single miRNA are indicated by a vertical line.
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tended to cluster 2 kb upstream or 2 kb downstream of the
transcribed regions of annotated rice genes and that non-TE
genes showed a higher enrichment of small RNAs than the TE-
related genes (Figure 6B). As expected, we found that a large
majority of rice small RNA reads (78.4%) were associated with
intergenic regions (Figure 6C; Nobuta et al., 2007). We observed
differences in the distributions of small RNA size between both
parents (Figure 6D).Of all 18- to 26-nucleotide reads, 24-nucleotide
small RNAs were more predominant in Nipponbare (50.5%) than
in 93-11 (29.8%), whereas 21-nucleotide small RNAs exhibited
an opposite distribution (9.6% in Nipponbare versus 20.2% in
93-11). This means that rice might show a subspecies-specific
distribution of small RNAs. We observed almost the same
distribution patterns of small RNA size classes between the
reciprocal hybrids, in which the proportions of both 21- and 24-
nucleotide small RNAs were close to the high parent (Figure 6D).

Since the processing of miRNA from a precursor is not always
exact, and some small RNAs are derived from the precursor but
shifted from the annotated miRNA, we estimated the expression
level of each ricemiRNAby summing all the small RNA reads that
correspond to the precursors of each known ricemiRNA (Nobuta
et al., 2009) (see Supplemental Data Set 2 online). The remaining
small RNA reads (mostly siRNA) from all four genotypes were
pooled and used to identify siRNA clusters (i.e., genomic regions
matched by small RNAs) by clustering adjacent small RNA reads.
The expression level of a siRNA cluster was estimated by adding
up the number of small RNA reads in it. Pairwise comparisons of
each miRNA and siRNA cluster from four rice genotypes were
performed to identify variations in small RNA abundance among
parents and reciprocal hybrids. As described above, we deter-
mined the significance of differences of small RNAs by a rigorous
significance test using a P value of < 0.001 (Audic and Claverie,
1997). Of 235,257 siRNA clusters identified, 13,284 (5.6%) were
found to show differential expression above the threshold be-
tween both parents (FDR= 0.018).We observed thatmore siRNA
clusters were downregulated than upregulated in both reciprocal
hybrids compared with mid-parent value (Figure 6E), which
points to a suppression of siRNAs in hybrids (see Supplemental
Figure 20 online). When compared with parents, 8924 siRNA
clusters showed differential expression in Nipponbare/93-11
(FDR = 0.026), and 8840 siRNA clusters showed differential
expression in 93-11/Nipponbare (FDR = 0.027), most of which
showed additive patterns in both reciprocal hybrids (Figure 6F;
see Supplemental Figure 21A online). Further investigation of
siRNA clusters with nonadditive variation patterns revealed that
most of them (57.3 and 58.3%) exhibited a low-parent pattern in
reciprocal hybrids (Figure 6F; see Supplemental Figure 21A
online), suggesting a dominant-negative regulation of siRNA
transcription in hybrids. We also used total small RNA reads
associated with 2-kb regions upstream of the TSS of each gene
in orthologous genomic regions for comparisons between hy-
brids and parental lines and observed the same pattern of
variation in hybrids (see Supplemental Figure 21B online).

Among 414 known rice miRNAs, 58 showed the same pattern
of variation relative to mid-parent in both reciprocal hybrids
(FDR = 0.007), 22 of which were upregulated and 35 were
downregulated. We found that the target genes of 14 miRNAs
also showed the same pattern of variation relative to mid-parent

in both reciprocal hybrids and that there is a clear negative
correlation between the expression level of miRNAs and their
target genes (Figure 6G; see Supplemental Figure 22 online).

DISCUSSION

In this study, we generated comprehensive and integrated high-
resolution maps of genomic distributions of DNA methylation
and histone modifications, as well as of mRNA and small RNA
transcriptomes in two subspecies of rice, and in their reciprocal
hybrids. Our data should therefore be a useful resource for
investigations of the molecular mechanisms of heterosis in rice
and other plant species.

We observed remarkably concurrent modifications of the
activating H3K4me3 mark and the repressive H3K27me3 mark
in the rice genome and found that the transcription level corre-
latedwith both absolute and relative levels of these two opposing
modifications, as reported for animals (Bernstein et al., 2006;
Roh et al., 2006; Barski et al., 2007; Mikkelsen et al., 2007). We
categorized complex interactions between a dynamic epige-
nome and transcriptome in rice by associating gene activity with
a hierarchy of DNA methylation and concurrent histone modifi-
cations (H3K4me3/H3K27me3) in transcribed regions (Figure
2D). Genes that were heavily DNA methylated were usually
transcriptionally repressed, and they were often devoid of his-
tone modifications, as observed for the large majority of TE-
related genes but also some non-TE genes. By contrast, genes
without or with a relatively low level of DNA methylation were
transcriptionally permissive. This explains the negative correla-
tion between the transcription level and DNA methylation we
observed (Figure 2B; see Supplemental Figure 8 online), as well
as the concurrence of this repressivemark with the expression of
some genes (Zhang et al., 2006; Zilberman et al., 2007). More-
over, the concurrent modifications H3K4me3 and H3K27me3
were associated with a dynamic gene expression pattern, in
which genes that were dominated by H3K4me3 correlated with
higher transcriptional activity, whereas genes that were domi-
nated byH3K27me3 correlated with lower transcriptional activity
(Figure 2E).

Recently, inconsistent results have been reported on the rela-
tionshipbetween variation in geneexpressionanddifferentialDNA
methylation in transcribed regions (Vaughn et al., 2007; Zhang
et al., 2008b). Our study revealed a weak negative correlation
between differences in DNA methylation and differences in the
expression of some genes (Figures 3C and 3D; see Supplemen-
tal Figure 10 online). This might indicate a potential contribution
of this repressive epigenetic mark to transcriptional variation
among different genotypes, which deserves further investiga-
tions in different tissues and at different developmental stages.
By contrast, a strong positive correlation between the differ-
ences in gene expression and H3K4me3 modification was ob-
served (Figures 3C and 3E; see Supplemental Figure 10 online),
implicating a strong quantitative correlation genome-wide.

In hybrids, diversity in gene expression can be the result of
variation in cis-acting elements (e.g., promoter regions) or trans-
acting regulatory factors (e.g., transcription factors) (Springer
and Stupar, 2007). It has been suggested that nonadditive
variation is generally controlled by trans-acting factors, whereas
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Figure 7. Interactions among Epigenetic Modifications, Small RNA Transcription, and Gene Expression and Their Variation in Hybrids.

(A) Description of the source of gene expression variation in hybrids.

(B) A representative genomic region on rice chromosome 1 showing integrated maps of predicted gene models with mRNA, small RNA, and epigenetic

landscapes in two rice subspecies and their reciprocal hybrids.



additive variation could result from both cis- and trans-acting
effects (Swanson-Wagner et al., 2006; Springer and Stupar,
2007; Guo et al., 2008). In our study, significantly more genes
exhibited nonadditive than additive expression patterns in both
reciprocal hybrids (Figure 4B; see Supplemental Figure 12 on-
line), suggesting predominantly trans-acting effects in the tran-
scriptional diversity of these genes in hybrids.

We observed inconsistent above high-parent and below low-
parent expression patterns between reciprocal hybrids (Figure
4C). Since reciprocal hybrids share the same nuclear genetic
background, this discrepancy in variation implies a cytoplasmic
effect on the direction of divergence of gene expression in
hybrids. Moreover, DNA methylation was found to exhibit incon-
sistent additive or nonadditive patterns between reciprocal hy-
brids (Figure 4B), implying cytoplasmic effects on the extent of
variation in DNA methylation in hybrids. Since there are no
obvious phenotypic differences between reciprocal hybrids used
in our study (see Supplemental Figure 1 online), these cytoplas-
mic effects in hybrids could cause confusion in the identification
of genetic or epigenetic variation that underlies the phenotypic
difference between hybrids and parents and can be excluded by
investigating genes with the same patterns of variation in recip-
rocal hybrids. In our study, a total of 2800 genes exhibiting the
same direction of differential expression relative to mid-parent
values in both reciprocal hybrids were identified from all anno-
tated rice genes. We found that these genes were significantly
enriched for metabolic functions (e.g., Calvin cycle), which
supports the idea that these genes are involved in the growth
vigor of hybrids, which deserves further investigation.

Following previous reports (Mikkelsen et al., 2007; Guo et al.,
2008), we also investigated whether an allelic bias in gene
expression or epigenetic modifications was present in hybrids.
The patterns uncovered here were clear and showed an allelic
bias that exhibited the same direction between reciprocal hy-
brids and a positive correlation with differences between par-
ents. This indicates that parental alleles tend to preserve their
characteristic states of activity and chromatin modifications in
hybrids. However, the action of both parental alleles in hybrids
could be affected by cytoplasm from maternal lines, which
makes the cytoplasm different between the reciprocal hybrids.
This means that although parental alleles keep the same pro-
portion of expression or modifications in both reciprocal hybrids
as that between parents (no significant parent-of-origin effect),
the respective gene as a whole could be expressed differently
between reciprocal hybrids (cytoplasmic effect).

A previous study showed that unlike a concentrated distribu-
tion across pericentromeric regions in Arabidopsis, small RNAs
in rice exhibit a wide distribution on chromosomes (Nobuta et al.,
2007). In addition to a chromosome-wide distribution pattern
of rice small RNAs, we observed that they were relatively less
abundant in centromeric regions, which are generally devoid
of protein-coding genes. However, when we associated
small RNAs with genes, our observations for rice are in accord
with findings for Arabidopsis (Kasschau et al., 2007), in which
small RNA populations cluster in and around genes, and in which
no general correlation between the transcription level of genes
and the abundance of small RNAs around them has been
observed.

In plants, a series of pathways have evolved to generate
various endogenous small RNAs that are often characterized by
specific sizes (Vazquez, 2006). A discrepancy in the size distri-
bution of small RNAs between two rice subspecies observed in
our study possibly suggests a divergence of small RNA biogen-
esis during the evolution of the rice genome. Unlike our obser-
vations for mRNA transcription, small RNAs showed consistent
patterns of variation between reciprocal hybrids, in which more
small RNAs were downregulated than upregulated regardless of
the difference between parents. Small RNAs are thought to
mostly function as transcriptional or posttranscriptional gene
repressors (Mallory and Vaucheret, 2006), which means the
downregulation and upregulation of small RNAs in hybrids could
result in upregulation and downregulation of their target genes,
respectively (Ha et al., 2009). This intriguing observation adds
another layer of regulatory machinery to the already complex
web of gene regulation in hybrids and possibly indicates an
important role during heterosis (Figure 7A).

In summary, we have described global integrated epigenetic
and transcriptional maps and their interactional relationships for
the rice genome and have conducted a pilot study to dissect
intraspecies divergence of epigenomes and transcriptomes and
their variation in hybrids. The entire data set has been uploaded
to the National Institutes of Health Gene Expression Omnibus
database (see accession numbers below) and is also available
and can be accessed on our website based on the UCSC
genome browser (Rice Hybrids Transcriptome and Epigenome
Browser, http://www.pyc.pku.edu.cn/) (Figure 7B).We hope that
the resources generated here will aid future studies to shedmore
light on the genetic and epigenetic basis of gene action in
different genetic backgrounds that leads to significant pheno-
typic variability between parental inbred lines and their hybrids
during specific developmental stages.

METHODS

Plant Materials and Growth Conditions

Rice cultivar Nipponbare (Oryza sativa ssp japonica) and 93-11 (O. sativa

ssp indica) and their reciprocal F1 hybrids (Nipponbare/93-11 and 93-11/

Nipponbare) were used for all experiments in this study. Seeds were

grown in soil under 16-h-light/8-h-dark conditions at 288C in a green-

house. After 4 weeks, seedling shoots at the four-leaf stage were

harvested, frozen in liquid nitrogen, and stored at –808C for DNA and

total RNA isolation or processed directly after harvesting for ChIP assay.

Sequencing Library Construction

Total RNA was isolated using TRIzol reagent (Invitrogen) according to the

manufacturer’s instructions and was treated with RNase-free DNase I

(New England Biolabs) to remove any contaminating genomic DNA.

mRNA was extracted from total RNA using Dynabeads oligo(dT) (Invi-

trogen Dynal) following the manufacturer’s directions. First- and second-

strand cDNA were generated using Superscript II reverse transcriptase

(Invitrogen) and random hexamer primers. Double-stranded cDNA was

fragmented by nebulization and used for mRNA library construction

following the standard Illumina protocol. Small RNAs were gel isolated

from total RNA and were used to create libraries for Illumina sequencing

as described previously (Mi et al., 2008; Wang et al., 2009a). Genomic

DNA extraction, methylated genomic DNA enrichment, and construction
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of Illumina sequencing libraries were performed as described previously

(Li et al., 2008b; Wang et al., 2009a). Chromatin from seedling shoots

was immunoprecipitated with antibodies against H3K4me3 (Upstate),

H3K9ac (Upstate), or H3K27me3 (Upstate) as described previously

(Gendrel et al., 2005). The eluted ChIP DNAwas used to generate Illumina

sequencing libraries following the manufacturer’s protocol.

Accession Number

The original data set is deposited in the National Institutes of Health Gene

Expression Omnibus database under accession number GSE19602.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Heterosis in Reciprocal Crosses between

Rice Cultivars Nipponbare and 93-11.

Supplemental Figure 2. Detection of Gene Expression in Rice (cv

Nipponbare) by mRNA-Seq.

Supplemental Figure 3. Scatterplot Comparing Gene Expression

Levels Based on Microarray Hybridization Signals (y Axis; Zhang

et al., 2008a) with Gene Expression Levels Based on mRNA Se-

quencing (x Axis; This Study).

Supplemental Figure 4. Distribution of DNA Methylation, H3K4me3,

H3K9ac, H3K27me3, and Annotated Genes on Rice Chromosome 1.
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Supplemental Figure 1. Heterosis in reciprocal crosses between rice cultivars 

Nipponbare and 93-11. 

(A) Growth vigor of reciprocal hybrids at four-leaf stage and filling stage. 

(B) Measurement of heterosis at the beginning of tillering. 
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Supplemental Figure 2. Detection of gene expression in rice (cv. Nipponbare) by 

mRNA-Seq. 

(A) Distribution of mRNA-Seq reads in exon and intron. Number of genes with serial 

reads density in exon or intron were plotted. A total of 49777 genes with only one 

annotated alternative splicing form were selected. About 5% of these genes 

contained > 9.1 reads per kb intron. Accordingly, 9.1 reads per kb exon was arbitrarily 

used as a cutoff for detection of gene expression in mRNA-Seq. 

(B) mRNA-Seq detection of the expression of genes with or without EST or full-length 

cDNA support. Half of the genes without EST or full-length cDNA support undetected 

in mRNA-Seq are TE-related genes. 
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Supplemental Figure 3. Scatterplot comparing gene expression levels based on 

microarray hybridization signals (y axis; Zhang et al., 2008a) with gene 

expression levels based on mRNA sequencing (x axis; this study). 
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Supplemental Figure 4. Distribution of DNA methylation, H3K4me3, H3K9ac, 

H3K27me3 and annotated genes on rice chromosome 1. 

(A), (C), (E), (G) Total length of genomic regions with DNA methylation or histone 

modifications per 100 kb sliding window over the entire rice chromosome 1. 

(B), (D), (F), (H) Number of transposable element-related (TE-related) genes or 

non-transposable element protein coding (non-TE) genes with DNA methylation or  
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Supplemental Figure 4. (continued) 

histone modifications per 100 kb sliding window over the entire rice chromosome 1. 

(I) Number of TE-related or non-TE genes per 100 kb sliding window over the entire 

rice chromosome 1. 

(J) Number of TE-related or non-TE genes with detected expression per 100 kb 

sliding window over the entire rice chromosome 1. 

Black bar, pericentromeric region. 
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Supplemental Figure 5. Comparisons of the distribution patterns of DNA 

methylation and H3K4me3 modification on chromosomes 4 and 10 obtained 

from sequencing data (this study) with that from previously published 

microarray data (Li et al., 2008b). 

For sequencing data, color-coded bars represent total length of regions within each 

100 kb bin that detected the indicated modification. 

For microarray data, color-coded bars represent the percentage of probes within each 

100 kb bin that detected the indicated modification. 
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Supplemental Figure 6. Distribution of DNA methylation, H3K4me3, H3K9ac and 

H3K27me3 levels within non-TE genes (A) and TE-related genes (B). 

Each gene was divided into 20 intervals (5% each interval), and the 2 kb regions 

upstream and downstream of each gene were divided into 100 bp intervals. The 

average read coverage of genes with epigenetic modifications in each interval was 

plotted (y-axis). 
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Supplemental Figure 7. Number and percentage of non-TE genes and 

TE-related genes identified with expression or epigenetic modifications in 93-11 

(A), Nip/93-11 (B) and 93-11/Nip (C). 

Nip, Nipponbare. 
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Supplemental Figure 8. Pairwise correlations among epigenetic modifications 

and gene expression. 

X and y axis represent the average read counts (log2) for each gene. Pearson 

correlations are indicated above diagonal. 
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Supplemental Figure 9. Permutation tables for all combinations of DNA 

methylation, H3K4me3 and H3K27me3 modifications, and gene expression in 

93-11, Nip/93-11 and 93-11/Nip. 
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Supplemental Figure 10. Correlations between variation of epigenetic 

modifications and variation of gene expression in reciprocal hybrids. 
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Supplemental Figure 11. Number of non-TE genes and TE-related genes 

exhibiting variation in gene expression or epigenetic modifications in Nip/93-11 

(A) and 93-11/Nip (B). 
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Supplemental Figure 12. Variation patterns of gene expression and epigenetic 

modifications in reciprocal hybrids investigated from all annotated rice genes 

(56278 genes). 

(A) Additive and non-additive variation in gene expression and epigenetic 

modifications in hybrids. 

(B) Subdivided patterns of non-additive variation in gene expression (high-parent, 

above high-parent, low-parent and below low-parent) in reciprocal hybrids. 
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Supplemental Figure 12. (continued) 

(C-E) Subdivided patterns of non-additive variation in DNA methylation and histone 

modifications in hybrids. 
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Supplemental Figure 13. Functional categories of 2800 genes showing the same 

direction of non-additive expression in both reciprocal identified from all 

annotated rice genes. 

(A) Gene ontology classification using the Web Gene Ontology Annotation Plotting 

tool WEGO (http://wego.genomics.org.cn) (Ye et al., 2006).  

(B) Gene ontology classification provided using Gene Ontology Consortium 

databases (http://www.geneontology.org/external2go/tigr2go). 

* Denotes significant enrichment of a function category with p-value < 0.05. 
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Supplemental Figure 14. Up-regulation of six key components involved in 

Calvin cycle (carbon metabolism) relative to mid-parent in both reciprocal 

hybrids. 

RBC, Ribulose bisphosphate carboxylase 

PGK, Phosphoglycerate kinase 

GAPDH, Glyceraldehyde 3-phosphate dehydrogenase 

SBPase, Sedoheptulose-1,7-bisphosphatase 

FBPase, Fructose-1,6-bisphosphatase 

PRK, Phosphoribulokinase 
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Supplemental Figure 15. An example of a gene exhibiting allelic expression bias 

in 93-11/Nip hybrid. 

Read number of alleles detected by SNPs at each position was plotted. 
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Supplemental Figure 16. Correlation of allelic bias in epigenetic modifications 

between reciprocal hybrids. 

Nipa, Nipponbare allele; 93-11a, 93-11 allele. 
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Supplemental Figure 17. Correlation between differential parental expression 

and allelic expression bias in hybrids. 

(A) Correlation between the differential parental expression (represented by the 

number of reads covering a SNP) and allelic expression bias in 93-11/Nip. Nipa, 

Nipponbare allele; 93-11a, 93-11 allele. Nips, Nipponbare transcripts represented by 

the number of reads covering a SNP; 93-11s, 93-11 transcripts represented by the 

number of reads covering a SNP. 

(B) Correlation between the differential parental expression (represented by the reads 

number per kb predicted mRNA) and allelic expression bias in reciprocal hybrids. 
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Supplemental Figure 18. Correlation between differential parental epigenetic 

modifications (represented by the number of reads covering a SNP) and allelic 

bias of epigenetic modifications in Nip/93-11 (A) and 93-11/Nip (B). 

Nipa, Nipponbare allele; 93-11a, 93-11 allele. Nips, Nipponbare transcripts represented 

by the number of reads covering a SNP; 93-11s, 93-11 transcripts represented by the 

number of reads covering a SNP. 
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Supplemental Figure 19. Functional categories of 188 genes exhibiting allelic 

expression bias in both reciprocal hybrids. 

(A) Gene ontology classification using the Web Gene Ontology Annotation Plotting 

tool WEGO (http://wego.genomics.org.cn) (Ye et al., 2006).  

(B) Gene ontology classification provided using Gene Ontology Consortium 

databases (http://www.geneontology.org/external2go/tigr2go). 

** Denotes significant enrichment of a functional category with p-value < 0.01. 
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Supplemental Figure 20. Suppression of small RNAs in hybrids. 

Sum of small RNA reads involved in all siRNA clusters that showed differential 

expression relative to mid-parent. 
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Supplemental Figure 21. Expression patterns of small RNAs in hybrids. 

(A) Expression patterns of siRNA clusters in 93-11/Nip hybrid. 

(B) Expression patterns of small RNAs in reciprocal hybrids, in which small RNAs in 2 

kb upstream of TSS of 20638 homologous genes between Nipponbare and 93-11 

were used for analysis. 
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Supplemental Figure 22. Negative correlation between the expression of 14 

miRNAs and their 20 targets that are both exhibiting non-additive variation in 

both reciprocal hybrids. Multiple targets of a single miRNA are indicated by a 

vertical line. 
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Supplemental Table 1. Summary statistics for Illumina 1G sequencing libraries 

!  Nipponbare 93-11 Nip/93-11 93-11/Nip 

Transcript     

Total reads 21,249,009 19,646,721 28,106,273 31,707,464 

Mapped reads1 19,144,327 17,309,411 25,146,581 28,399,203 

DNA methylation     

Total reads 13,395,883 13,778,550 22,556,971 21,565,682 

Mapped reads 12,896,603 12,659,862 21,204,765 20,344,539 

H3K4me3     

Total reads 7,344,605 11,121,581 14,558,730 15,163,166 

Mapped reads 6,082,405 8,488,207 12,272,582 12,166,315 

H3K9ac     

Total reads 14,066,257 15,702,340 18,519,649 17,770,148 

Mapped reads 10,539,049 11,089,290 13,721,506 12,084,755 

H3K27me3     

Total reads 7,876,647 10,778,973 14,597,882 14,337,775 

Mapped reads 5,857,962 7,406,270 10,223,625 10,629,730 

Small RNA     

Total reads 5,191,142 5,649,145 10,756,462 10,708,521 

Mapped reads 4,829,223 5,247,449 9,994,469 9,985,054 

Filtered reads2 3,379,279  3,284,035  6,845,274  6,779,118  

1Reads that match to the genome of Oryza sativa ssp. japonica cv. Nipponbare. 

2Reads after the removal of rRNAs, tRNAs, snRNA and snoRNA. 

Nip, Nipponbare. 
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SUPPLEMENTAL METHODS 

 

Data Processing and Analysis 

Sequencing reads from all libraries were mapped to the reference genome of rice 

(Oryza sativa L. ssp. japonica cv. Nipponbare) using MAQ software (Li et al., 2008a). 

The output of the analysis pipeline was converted to browser extensible data (BED) 

files for viewing the data in the UCSC genome browser (Kent et al., 2002b). Reads 

which could be mapped equally well to multiple locations without mismatch or with 

identical mismatches were assigned to one position at random and were retained for 

further analyses as described previously (Wang et al., 2009). Genomic regions 

associated with DNA methylation and histone modifications were identified using 

MACS software (Zhang et al., 2008b), in which default parameters (bandwidth, 300 bp; 

mfold, 32; p-value of 1.00e-05) were set up to call peaks representing enriched 

epigenetic marks as described previously (Wang et al., 2009). The small RNA reads 

that corresponded to the precursor of all known rice miRNAs from miRBase 

(http://www.mirbase.org/index.shtml) were used to estimate the expression level of 

each rice miRNA (Nobuta et al., 2009). miRNA targets were predicted by the web tool 

psRNATarget (Zhang, 2005) at http://bioinfo3.noble.org/psRNATarget, using default 

parameters. A siRNA cluster was defined to contain a minimum of four small RNA 

reads, each separated from the nearest neighbor by a maximum of 200 nt, using the 

pooled small RNA reads from four genotypes. 

The complete genomic sequences of Nipponbare and 93-11 were aligned by 
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BLAT (Kent, 2002a) to identify orthologous genomic regions between both rice 

subspecies. The coordinates of all annotated rice genes (TIGR version 5.0) from 

orthologous genomic regions in Nipponbare were converted to the 93-11 genome 

using the UCSC LiftOver tool (http://genome.ucsc.edu/cgi-bin/hgLiftOver). In this 

manner, a total of 20638 homologous genes, in which each exon had a counterpart 

between two rice subspecies, were identified as gold standard for differential gene 

analysis.  

SNPs were identified by comparing sequencing reads of all homologous genes 

between Nipponbare and 93-11 with the following criteria: there are at least three 

sequencing reads covering a SNP position in each parent; all reads from one parent 

contain the same nucleotide at the SNP position and are different from that of another 

parent at the same position. Allelic bias in hybrids was identified by determining if 

there is significant deviation from binomial distribution (i.e., the allele ratio in hybrids 

deviated from 1.0) of parental alleles defined by SNPs. 

For all comparisons, read counts for a gene or genomic region from each library 

were normalized to TPM (Tags Per Million), which divided the read number of each 

gene or region by total read number in each library, and multiplied by 106. Significant 

differential gene expression, small RNA expression and epigenetic modifications were 

determined using a published statistical model, in which a Bayesian approach was 

applied to calculate the p-value (P) of differential according to observing a given 

number of tags (Audic and Claverie, 1997; Man et al., 2000): 
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N1: the total number of reads in sequencing library #1. 

N2: the total number of reads in sequencing library #2. 

x: number of reads for a gene or genomic region in library #1. 

y: number of reads for a gene or genomic region in library #2. 

The FDR (false discovery rate) was estimated by dividing the total number of 

genes (or allelic pairs, miRNA, siRNA cluster) investigated and the significance level, 

by the number of genes (or allelic pairs, miRNA, siRNA cluster) with p-values below 

the significance level. 

Gene ontology classification provided in TIGR Rice Genome Annotation Project 

(http://rice.plantbiology.msu.edu/) was used to assign genes to a hierarchical 

biological process following the criteria of the Gene Ontology Consortium databases 

(http://www.geneontology.org/external2go/tigr2go), or using the Web Gene Ontology 

Annotation Plotting tool WEGO (http://wego.genomics.org.cn) (Ye et al., 2006). The 

p-value of a particular pathway that corresponds to a test statistic was evaluated 

using a previously reported method (Mao et al., 2005), with a p-value cutoff of 0.05 as 

the significance threshold. 
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