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Abstract

Background: Cultivated rice consists of two subspecies, Indica and Japonica, that exhibit well-characterized
differences at the morphological and genetic levels. However, the differences between these subspecies at the
transcriptome level remains largely unexamined. Here, we provide a comprehensive characterization of transcriptome
divergence and cis-regulatory variation within rice using transcriptome data from 91 accessions from a rice diversity
panel (RDP1).

Results: The transcriptomes of the two subspecies of rice are highly divergent. Japonica have significantly lower
expression and genetic diversity relative to Indica, which is likely a consequence of a population bottleneck during
Japonica domestication. We leveraged high-density genotypic data and transcript levels to identify cis-regulatory
variants that may explain the genetic divergence between the subspecies. We identified significantly more eQTL that
were specific to the Indica subspecies compared to Japonica, suggesting that the observed differences in expression
and genetic variability also extends to cis-regulatory variation.

Conclusions: Using RNA sequencing data for 91diverse rice accessions and high-density genotypic data, we show
that the two species are highly divergent with respect to gene expression levels, as well as the genetic regulation of
expression. The data generated by this study provide, to date, the largest collection of genome-wide transcriptional
levels for rice, and provides a community resource to accelerate functional genomic studies in rice.

Keywords: RNA sequencing, Oryza sativa, Population genetics, Regulatory variation, Expression quantitative trait loci,
Gene expression, Natural variation

Background
Cultivated rice consists of two subspecies: Indica and
Japonica. Indica varieties are cultivated throughout the
tropics, and account for the majority of rice produc-
tion worldwide. Japonica varieties, on the other hand, are
grown in both tropical and temperate environments, and
only account for approximately 20% of rice production.
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Although the domestication history of rice remains a
contested topic, the current research collectively sug-
gests that rice was domesticated at least twice from two
geographically and ecologically distinct subpopulations
of Oryza rufipogon. The unique environmental pressures
in these distinct regions, as well as preferences by early
farmers for grain characteristics has resulted in large mor-
phological and physiological differences between the two
subspecies. These differences have been recognized for
centuries, as evidenced by references of Keng and Hsein
types of rice found in records from the Han Dynasty in
China [1].
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The unique natural and agronomic selection pres-
sures placed on the wild progenitors and early proto-
domesticates resulted in drastic changes at the genetic
level.Work byHuang et al. [2] showed considerable reduc-
tion in genetic diversity in Indica and Japonica compared
with O. rufipogon. Such drastic reductions in genetic
diversity are common following domestication. Moreover,
the transition from an out-crossing/heterogamous nature
ofO. rufipogon to the autogamous breeding system of cul-
tivated rice likely led to greater partitioning of genetic
diversity among the two subspecies, and further differen-
tiation of the two groups. These large genetic differences
have been recognized for nearly a century as hybrids
between Indica and Japonica exhibit low fertility [3]. More
recently, these genetic differences have been realized with
the availability of high density molecular markers and full
genome sequences for both Indica and Japonica [2, 4–12].
For instance, Ding et al. [4] showed that approximately
10% of the genes in the Indica and Japonica genomes
showed evidence of presence-absence variation or asym-
metrical genomic locations. Several other studies have
highlighted genetic differences between the subspecies
as structural variants differences, gene acquisition and
loss, transposable element insertion and single nucleotide
polymorphisms [2, 5–12].
While the morphological and genetic differences of

Indica and Japonica have received considerable attention,
few studies have investigated the divergence between the
two subspecies at transcriptome level [13–15]. Walia et
al. [13] utilized genome-wide expression profiling to char-
acterize the transcriptional responses for two Indica and
Japonica cultivars to salinity. This study was performed
to elucidate the mechanisms underlying the contrasting
responses to stress exhibited by the cultivars, rather than
examine the transcriptional difference between the sub-
species. Moreover, separating genotypic differences from
subspecies differences is not feasible with the low number
of cultivars used in these studies. Lu et al. [14] com-
pared transcriptional profiles of two Indica accessions
and a single Japonica accessions and identified many
novel transcribed regions, highlighted alternative splicing
differences, and differentially expressed genes between
accessions. Although these studies provided insights into
the transcriptional differences between Indica and Japon-
ica, given the small sample size, the scope for extending
conclusions to a population level is limited. Jung et al. [15]
leveraged the large number of publicmicroarray databases
to compare transcriptional diversity between the two sub-
species. The 983 publicly available Affymetrix microar-
rays were classified into Indica and Japonica subspecies
based on the cultivar name. This study showed that con-
siderable differences in expression levels were evident
between the two subspecies. However, large proportion
of information is likely lost due to the heterogeneity in

sample types (e.g. tissue, developmental stage) and vary-
ing growth conditions. Thus, a more highly controlled
study that utilized a larger panel with genotypic infor-
mation would provide greater insight into the differences
in expression levels, as well as provide a mechanism for
connecting transcriptional differences between the two
subspecies with genetic variation.
The objective of this study is to examine the genetic

basis of the transcriptional variation at a population level
within theO. sativa species. By combining population and
quantitative genetics approaches, we aim to elucidate the
genetic basis of transcriptional divergence between the
two subspecies. To this end, we generated transcriptome
data using RNA sequencing on shoot tissue for a panel of
91 diverse rice accession selected from the Rice Diversity
Panel1 (RDP1) [16–18]. Here, we show that transcrip-
tional diversity between Indica and Japonica subspecies
is consistent with diversity at the genetic level. Moreover,
we connect transcriptional differences between the two
subspecies with divergent patterns of cis-regulatory varia-
tion. This study is the first to document the transcriptional
divergence between the major subspecies of cultivated
rice at a population level, and provides insight into the
genetic mechanisms that have shaped this transcriptional
divergence.

Results
We selected 91 accessions to represent the genetic diver-
sity within Rice Diversity Panel 1 (RPD1). Using the sub-
population assignment described by Zhao et al. [16] and
Famoso et al. [17], shoot transcriptome data was gen-
erated for 23 tropical japonica, 23 indica, 21 temperate
japonica, 13 admixed, 9 aus, and 2 aromatic accessions.
Genes with low variance or expression within the expres-
sion set were filtered out, as these genes are uninformative
for downstream analyses focused on natural variation in
gene expression. A total of 25,732 genes were found to
be expressed (>10 read counts) in at least one or more
of the 91 accessions. This equates to about 46% of the
genes present in the rice genome (total of 55,986 genes in
MSUv7 build).

Divergence between the Indica and Japonica subspecies
are evident at the genetic and transcriptional levels
To examine patterns of variation within the transcrip-
tomics data, we performed principle component analysis
(PCA) of transcript levels for the 91 accessions. Prior to
PCA, lowly expressed genes were removed if they were
not expressed (<10 reads) in at least 20% of the samples.
This filtering removed approximately 33,311 genes, result-
ing in a total of 22,675 genes that were used for the prin-
cipal component analysis based on the normalized read
counts. For the genetic analysis, we used 32,849 SNPs.
PCA analysis of the expression matrix resulted in a clear
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separation between the two subspecies along PC1, sug-
gesting a significant transcriptional divergence between
Indica and Japonica (Fig. 1). The first PC accounted for
approximately 26.8% of the variation in gene expression.
While PC1 was able to differentiate between the two sub-
species at the transcriptional level, no clear clustering of
accessions was observed along other PCs (Fig. 1). These
results suggest that the two subspecies of cultivated rice
have divergent transcriptomes, but the transcriptomes
of the subpopulations are more similar. Consistent with
these results, differentiation between the subspecies was
clearly evident along PC1 using the genetic (SNP) data
alone (Fig. 1a,b). The clustering of accessions along PCs 2-
4 for the SNP data was consistent with those described by

Zhao et al. [16] (Fig. 1), and were effective in discerning
the two subpopulations in rice. These results collectively
suggest that the two subspecies are highly divergent at the
genetic and transcriptional levels.

Differential expression analysis reveals contrasting
expression between subspecies
To further explore the differences and identify genes that
display divergent expression between the two subspecies,
the 91 accessions were first classified into Indica and
Japonica-like groups, using the program STRUCTURE
with the assumption of two groups and no admixture
[19]. A total of 35 accessions were assigned to the Indica
subspecies, while 56 were assigned to the Japonica sub-

Fig. 1 Principle component analysis of markers and gene expression matrices. The top four principle components from PCA analysis of the
genotypic data are pictured in A and B to illustrate the divergence of the major subpopulations in rice. The panels in C and D summarize PCA of
expression data. PVE: percent variation explained by each component
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species. Next, a linear mixed model was fit for each
of the 26,675 genes, where subspecies was considered a
fixed effect and accession as a random effect. A total
of 7,417 genes were found to exhibit contrasting expres-
sion between the two subspecies (FDR � 0.001, Additional
file 3). Of these genes, 4,210 (57%) showed significantly
higher expression in Japonica relative to Indica, while
3,207 (43%) showed higher expression in Indica relative to
Japonica.
This divergent expression levels observed between the

two subspecies could be the result of the presence or
absence of genes within the subspecies. To this end,
we sought to identify genes showing a presence-absence
expression variation (PAV). Genes with a read count
greater than 10 were considered as expressed and coded
as 1 while those with read counts less than 10 were coded
as 0. These genes were further filtered, so that genes that
were expressed in at least 20%, but no more than 80%
of the samples were retained for downstream analyses. A
logistic mixed effects model was fit for the 4,163 genes
meeting this criteria. In total, 1,980 genes showed evi-
dence of PAV between the two subspecies (FDR < 0.001;
Additional file 3). This analysis, enriched for genes that
were expressed at higher frequency in Japonica rice com-
pared to Indica. For instance, 1,435 genes were found
to be expressed at a significantly greater frequency in
Japonica relative to Indica, while only 545 were found
to be expressed predominately in Indica. Moreover, we
detected significant enrichment for GO terms associated
stress response (GO:00006950) and response to biotic
stress (GO:0009607), as well genes with kinase activity
(GO:0016301). Within Indica-specific genes, only a sin-
gle GO category was enriched for oxygen binding activity
(GO:0019825; Table 1). Moreover, 173 were identified
with no evidence of expression in Indica while only 18
were identified in Japonica. Collectively, these results sug-
gest that the divergence between Indica and Japonica

subspecies may be due, in part, to differences in mean
expression levels as well as presence-absence expression
variation.

Japonica subspecies exhibits reduced genetic and
transcriptional diversity
Several studies have shown that the unique domestica-
tion history of the two subspecies has resulted in large
differences in the overall genetic diversity between the
two subspecies, with Indica beingmore genetically diverse
than Japonica [2, 20–22]. We next explored the variation
in gene expression within each subspecies. Two metrics
were used to examine the differences in diversity at both
the genetic and transcriptional levels within each sub-
species: nucleotide diversity (π ) and the coefficient of
variation (CV). Diversity analyses within each subspecies
may be influenced by differences in sample size. Since the
number of Japonica accessions were greater than Indica, a
subset of 35 Japonica accessions were randomly selected
for diversity analyses. The results for the full set of 56
Japonica accessions are provided as Fig. S1.
Expression diversity was estimated using the coefficient

of variation (CV) for 22,675 genes. CV was significantly
different between the two subspecies (Wilcoxon rank
sum test, p < 0.0001; Fig. 2). The Indica subspecies
exhibited approximately 12.6% higher expression diver-
sity compared to Japonica. On average, CV in the Indica
subspecies was 3.46, while in the Japonica subspecies the
mean CV was 3.07. These results suggest that the tran-
scriptional diversity is lower in the Japonica subspecies
compared to Indica. CV estimates using the complete set
of Japonica accession were similar (CV: 3.46 and 3.10 for
Indica and Japonica, respectively; Fig. S1).
Genetic diversity within each subspecies was estimated

using π for 33,543 SNPs in randomly selected 35 Indica
and 35 Japonica accessions. Similar differences were
observed for π as CV, however the differences between

Table 1 Gene onotology (GO) enrichment analysis for genes exhibiting significant presence-absence expression variation (PAV)
(FDR < 0.001). GO enrichment was conducted using AgriGO using the MSU V7 genome build without transposable elements as a
background. GO enrichment was conducted separately for genes expressed predominately in each subspecies

Subspecies Ont. Cat. GO Description No. in input No. in background p-value FDR

Japonica P response to stress 137 4660 1.5 × 1Š10 5.2 × 1Š8

P response to stimulus 172 6928 1.0 × 1Š7 1.7 × 1Š5

P response to biotic stim. 43 1404 2.4 × 1Š4 2.7 × 1Š2

F oxygen binding 25 390 5.0 × 1Š8 4.5 × 1Š6

F nucleotide binding 92 3490 2.4 × 1Š5 1.1 × 1Š3

F transferase activity 120 5200 3.6 × 1Š4 9.6 × 1Š3

F catalytic activity 271 13508 4.2 × 1Š4 9.6 × 1Š3

F kinase activity 69 2699 6.4 × 1Š4 9.6 × 1Š3

Indica F oxygen binding 13 390 1.5 × 1Š4 8.8 × 1Š3
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genes showing highly heritable expression (H2 > 0.75),
7,145 showing moderate H2 (0.5 < H2 � 0.75), and the
remaining 146 showing low H2.
To determine the extent to which additive genetic

effects could explain variance in gene expression, a
genomic relationshipmatrix was constructed using 32,849
SNPs following VanRaden [24] and variance components
were estimated using a mixed linear model for each gene.
A total of 10,125 genes were identified with significant h2
(Additional file 4). Of these, 234 genes had highly her-
itable expression (h2 � 0.75), while 2,750 genes showed
moderate heritability (0.5 � h2 <0.75) (Fig. 3b). An addi-
tional 7,141 genes showed low narrow sense heritability
(h2 <0.5). Collectively, these results indicate that many
genes in the rice transcriptome are under genetic control.

Genetic variability of gene expression is considerably
different between subspecies
The analyses above indicate that the two subpopulations
differ at the transcriptional and genetic levels, and that for
many genes, variation in expression can be explained by
genetic effects. We next asked whether the heritability of
gene expression is different between the two subspecies.
To this end, the expression dataset was partitioned into
Indica and Japonica subsets and genes with low expres-
sion in each subspecies were removed (expressed in less
than 20% of the samples). Since the number of acces-
sions for the two subspecies are unequal, 35 Japonica
accessions were randomly sampled to ensure equal sam-
ple size, and the number of genes that were expressed in
each subspecies were counted. Here, a gene was consid-
ered as expressed if 10 or more reads mapped to the gene
in 20% or more of the samples. A total of 22,444 genes
were found to be expressed in at least 20% of the samples
for the Japonica subspecies, while 22,068 were found to
be expressed in the Indica subspecies. A large number of
genes were common to both subspecies (21,166 genes). A
total of 1,278 genes were found to be uniquely expressed
in Japonica, and 902 were found to be uniquely expressed
in Indica.
A total of 5,005 genes exhibited significant H2 in Indica

and 3,338 genes in Japonica (FDR < 0.001; Additional
file 5). For these genes, H2 ranged from 0.67 to 0.98 in
Indica and 0.67 to 0.97 in Japonica. A larger number
of genes were identified with significant additive genetic
variance, with 6,804 identified in Indica and 5,103 found
in Japonica. For these genes, narrow-sense heritability
ranged from 0.201 to 0.953 in Indica and 0.220 to 0.948 in
Japonica. Interestingly, few genes showed significant her-
itable expression in both subspecies. For instance, only
1,681 and 2,644 genes were found to have significant
H2 and h2, respectively, in both Indica and Japonica.
Moreover, a comparison of H2 and h2 between sub-
species showed that for many genes, heritability estimates

were considerably different between Indica and Japonica
(Fig. 4).
To systematically identify genes showing significant dif-

ferences inH2 or h2 (�H2 and�h2, respectively) between
subspecies, accessions were randomly partitioned into
two groups of equal size and the difference in heritability
was estimated between groups. The resampling approach
was repeated 100 times. A total of 1,860 genes showed
significant differences in H2 (p < 0.01) between the two
subspecies, with a minimum absolute difference in H2 of
0.40. Fewer genes were identified with a significant dif-
ference in h2 between Japonica and Indica (Additional
file 6). Only 1,325 genes were found with significant differ-
ences in h2 between Indica and Japonica, and the absolute
difference in h2 ranged from 0.54 to 0.95 (Fig. 4).
These differences in heritability may be due to insuffi-

cient phenotypic variation (e.g. lack of expression diver-
sity), or changes in the genetic or environmental fac-
tors that contribute to phenotypic variation. Thus, to
further examine the potential causes of the observed
differences in heritability, we quantified the expression
diversity (CV), genetic variation and environmental vari-
ation within each subspecies for genes exhibiting �H2

and �h2, as well as those with shared heritable vari-
ation. For genes exhibiting subspecies-specific genetic
variability, the loss of heritability was largely due to an
increase in environmental effects on phenotypic varia-
tion in the subspecies lacking heritability rather than loss
of phenotypic variation. This is clearly evident in Addi-
tional file 2. The mean CV for �H2 genes decreased
slightly in subspecies lacking genetic variability. How-
ever, for these same genes the proportion of phenotypic
variation that was explained by environmental effects
increased significantly in subspecies lacking genetic vari-
ability. Collectively, these results suggest that the differ-
ences in heritability exhibited between the subspecies is
driven largely by loss of genetic variability and an increase
in environmental effects rather than a loss of phenotypic
variation.
Interestingly, several genes that have been reported to

have divergent genetic variants between Indica and Japon-
ica were found within �H2 and �h2 genes. For instance,
DOPPELGANGER1 (DPL1) showed significantly higher
H2 and h2 in Indica relative to Japonica (H2: 0.92 and
0.27, respectfully, p�H2 = 0.011; h2: 0.81 and 0.17,
p�h2 = 0.004; Fig. 4e). However for DOPPELGANGER2,
the converse was true. Significantly higher H2 and h2 was
observed in Japonica relative to Indica (H2: 0.87 and 0.03,
p�H2 < 0.001; h2: 0.77 and 0, respectfully, p�h2 = 0.005;
Fig. 4f ). Mizuta et al. [25] showed thatDPL1 andDPL2 are
important regulators of Indica-Japonica hybrid incom-
patibility, and non-functional alleles arose independently
for DPL1 and DPL2 within the Indica and Japonica sub-
species respectively. Thus the results reported by Mizuta
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