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ne regulation shape phenotypic variations in rice, we performed a comparative
analysis of genome expression in the heading-stage panicle from six lineages of cultivated and wild rice,
including Oryza sativa subsp. indica, japonica and javanica, O. nivara , O. rufipogon and O. glaberrima. While
nearly three-quarters of the genes are expressed at a constant level in all six lineages, a large portion of the
genome, ranging from 1767 to 4489 genes, exhibited differential expression between Asian domesticated and
wild rice with repression or down-regulation of genome expression in Asian cultivated rice as the dominant
trend. Importantly, we found this repression was achieved to a large extent by the differential expression of a
single member of paralogous gene families. Functional analysis of the differentially expressed genes revealed
that genes related to catabolism are repressed while genes related to anabolism up-regulated. Finally, we
observed that distinct evolutionary forces may have acted on gene expression and the coding sequences in
the examined rice lineages.

Published by Elsevier Inc.
Introduction

It was recognized decades ago by genetists that many phenotypic
changes between closely related species are due to differences in gene
expression regulation rather than in the coding sequences [1]. Still,
relatively little is knownhownatural selection acts on gene regulation on
thewhole genome scale. Oneapproach to study this problemhas been to
examine how regulatory sequences evolve [2,3]. However, regulatory
sequences on a genomescale are difficult to identify [4,5] andhence their
sequence variations difficult to characterize. The very nature of complex
traits suggests that variation at multiple loci is required to generate a
phenotype, which poses another formidable problem for associating
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sequence variationwith complex phenotypes. Furthermore, the relation
between regulatory sequence variation andgene regulation is unclear for
most genes that have not been subject to detailed molecular study. In at
least some cases, gene regulation is found to be conserved evenwhen the
putative regulatory sequences have changed [6–8].

In recent years, microarray-based analysis, which permits simul-
taneous measurement of the expression of multiple genes, provided
an alternative approach to study the genetic basis of phenotypic
variation [9]. Multiplex and accurate measurement of transcript levels
allows gene expression patterns to be treated with quantitative
genetic principles that facilitate the study of how natural selection
shapes gene expression variation between related species on a
genome-wide scale [9]. This type of study has been carried out in
several model species including primates [10–13], flies [14,15], mice
[16], and worms [17]. Focus of these studies was primarily on
characterizing the general trends in the evolution of gene expression.
However, our knowledge is still limited in this field, especially with
regard to gene expression evolution in higher plants.

Domesticated rice (Oryza sativa) is one of the most important
staple food crops feeding half the world's population. This together
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Fig. 1. Microarray analysis of gene expression pattern in six rice lineages. (A) Loop-
design of themicroarray experiments. Each arrow connects a pair of samples used in the
same hybridization. The arrowheads point to Cy3-labeled samples while the arrow ends
represent the Cy5-labeled samples. (B) Verification of microarray analysis by semi-
quantitative RT-PCR. For each gene, the normalized array intensities in indica, japonica,
javanica, glaberrima, nivara and rufipogon were plotted against the RT-PCR product
intensities normalized against the rice actin gene (Os04g09860).

Table 1
Number of DEGs among examined rice lineages

indica japonica javanica nivara rufipogon

japonica 5116
javanica 3121 2670
nivara 1767 4489 3008
rufipogon 4159 4178 1884 5105
glaberrima 2415 3848 3582 2720 4713
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with the availability of complete [18–20] and partial genome
sequences [21] in several related rice species makes it an important
system to study gene expression evolution. Furthermore, rice provides
a linchpin in comparative genomics aimed at elucidating genome
organization and evolution in diverse monocotyledonous species.
Thus, knowledge of gene expression changes that underlie phenotypic
variation will be transferable to other food and feed crops.

Domestication is a long process of selecting traits that resulted in
major alterations of plant structure and reproductive physiology [22].
Panicle morphology is one of the main determinants of rice yield [23]
and thus exhibits great variations between cultivated rice and wild rice
[24]. Compared to wild rice, cultivated rice displays an increased
synchronization of panicle formation, more secondary panicle branches
[22], andmore densely packed panicles that can carry larger numbers of
seeds than the wild ancestors [25]. Our knowledge about the genetic
differences of panicles between cultivated andwild rice is still limited. In
particular, the heading stage connects the reproductive stage (from
panicle initiation to heading) and the grainfillingor ripening stage (from
heading tomaturity), and is a key process during rice plant growth [26].
Therefore, characterization of the global gene expression patterns in the
heading-stage panicle of related rice lineages will have the corollary
benefit of identifying the biochemical and genetic pathways that
contribute to yield increase in cultivated rice.

Herewe report a comparative analysis of genome expression of the
panicle tissue in the heading-stage in six different rice lineages. We
found that while a majority of the genes are expressed at a constant
level among all six rice lineages, significant decreases in genome
expression were found in cultivated rice lineages. Further analysis of
the metabolic pathways associated with the differentially expressed
genes (DEGs) among the examined lineages revealed a general trend
that expression of genes related to catabolism and anabolism was
repressed and increased in cultivated lineages, respectively. We also
found that a significant source for the DEGs was distinct members of
the paralogous gene families. Finally, we observed that different
evolutionary forcesmay have acted on gene expression and the coding
sequences.

Results

Assess global gene expression patterns in six rice lineages

Towards understanding gene expression variation among related
rice lineages on a genome-wide scale, we sought to assess global gene
expression in the heading-stage panicle using a whole genome
oligonucleotide microarray designed to represent 36,926 annotated
indica genes [27]. Using a loop-design, we examined gene expression
patterns in six related rice lineages (Fig. 1A), including O. sativa (three
Asian cultivars indica, japonica and javanica), O. nivara (Asian annual
wild rice), O. rufipogon (Asian perennial wild rice) and O. glaberrima
(African cultivated rice).

Although the array probes may not match perfectly to the targeted
genes in other rice lineages due to sequence divergence, several lines
of evidence indicate that this array is suitable for examining the rice
lineages involved in our experiment. First, mapping the oligonucleo-
tide probe sequences to available genome sequences showed that
regions represented by the probes are highly conserved with virtually
all probes exhibiting N80% identify to its target (Fig. S1). Though ja-
vanicawas not analyzed due to the lack of sequences information, we
estimated that its sequence mismatch degree between probe and
targets is highly similar to japonica as they show extraordinarily
similar phenotypes that some consider javanica and japonica to be a
single species [28]. On the other hand, nivara and rufipogon,
considered by some to be a single species due to their highly similar
morphology [29,30], showed virtually the same degree of mismatch
(Fig. S1). Second, we carried out RT-PCR analysis of the expression of
60 randomly selected genes in the six rice lineages. This experiment
confirmed the general expression pattern across the lineage as
measured by microarrays for 57 (95%) genes (Fig. S2). One such
example (Os10g11860) is illustrated in Fig. 1B. Finally, similar results
were obtained using only the perfect-match probes for the key
analysis (see below). Together, these results indicate that the
microarray analysis provides a reliable measurement of global gene
expression in the rice lineages involved in our study.

Trends of genome expression changes in the six rice lineages

We first identified genes that were expressed at constant levels in
all six rice lineages. It's notable that a majority of the genes (26,802 or
72.6%) has constant expression levels in all six rice lineages. Even
using more stringent criteria, we could still identify 16,288 (44.1%)
such genes. The fact that most gene expression remained constant is
consistent with the previous studies from other model organisms
[11,14,31]. Functional analysis of the Gene Ontology terms associated
with the mentioned 16,288 genes showed significant enrichment for
development, signal regulation, transcription activity and various
kinds of plant defense responses (Table S1).



Fig. 2. Number and expression level of DEGs between Asian cultivated rice and Asian wild rice. (A) The number and percentage of genes expressed differentially between Asian
cultivated rice and Asian wild rice. Red indicates up-regulated genes and green down-regulated genes. (B) The average absolute value of log2 ratio of genes expressed differentially
between Asian cultivated rice and Asian wild rice. The p-value from Wilcox test with the null hypothesis that up-regulated genes have the larger mean than down regulated-genes
was shown for each comparison. (C and D) The same analysis as shown in A and B, respectively, with only perfect-match probes among all lineages.
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We then identified genes expressed differentially among the six
examined rice lineages. This analysis identified a large portion of the
genome, ranging from 1767 to 5116 genes, exhibited differential
expression (Table 1). Then we used the expression profiles of
rufipogon or nivara as the outgroup to estimate gene expression
changes between Asian domesticated and wild rice. This analysis
identified a large portion of the genome, ranging from 1767 to 4489
genes, exhibited differential expression between Asian domesticated
and wild rice. Note that several well-characterized genes involved in
rice domestication, e.g. Rc [32], gn1a [33] and Waxy [34], are included
in the identified DEGs. Interestingly, as a general genome expression
trend, we found more genes that were down regulated in cultivated
lineages than up regulated (Fig. 2A). The magnitude of change in
expression levels was also more dramatic for down-regulated genes
than up-regulated genes (Fig. 2B).

To test whether sequences mismatches biased the observed
genome expression trend, we selected cultivated rice genes with
perfect matches to probes on the microarray and wild rice genes with
variable extents of mismatch and performed the identical analysis as
shown in Figs. 2A and B. From this analysis, we found that a vast
majority of DEGs have a perfectmatch to the correspondingmicroarray
probe (Fig. S3). Moreover, in this group of genes with perfect matches
to the probes, we also observed that in Asian cultivated lineages more
geneswere down regulated than up regulated (Fig. 2C). Themagnitude
of expression level changes was also more dramatic for the down-
regulated genes than the up-regulated genes (Fig. 2D). Together these
results indicate that sequence mismatch does not bias our conclusion
regarding the genome expression changes in cultivated rice lineages.

We then compare the overlap of genes expressed differentially
between the three Asian cultivated rice and Asian wild rice. There are
823 and 645 genes expressed differentially between all three
cultivated rice and rufipogon or nivara, respectively (Figs. 3A and B).
We consider these genes to represent the common differences
betweenAsian cultivated rice andwild rice.We also observed dramatic
decrease in genome expression in Asian cultivars relative to Asianwild
rice (Figs. 3C and D). For instance, in the comparison between javanica
and nivara, even though the magnitude of expression level changes of
down-regulated genes was not significantly larger than that of up-
regulated genes (p-value=0.3478), the number of down-regulated
genes (437 genes) was twice as large as the number of up-regulated
genes (208 genes). A total of 17.25% (142 out of 823) genes and 62.45%
(514 out of 823) genes are up-regulated and down-regulated,
respectively, in all three Asian cultivars when compared to rufipogon
(Fig. 3E group I and II). Similarly, 23.72% (153 out of 645) genes and
49.92% (322 out of 645) genes are up-regulated and down-regulated,
respectively, in all three Asian cultivars when compared to nivara (Fig.
3F group I and II). These results further indicate that repression or
down-regulation is the predominant trend of genome expression in
cultivated rice lineages.

Genes expressed differentially between Asian cultivated rice and Asian
wild rice are enriched in biochemical pathways related to energy
metabolism

To infer the biological significance of the identified gene expres-
sion differences among different rice lineages, all rice genes included
in the microarray were analyzed by using the KEGG database [35] and
the KOBAS software [36] to identify the particular biochemical
pathways which they are involved with. We found that genes
expressed differentially between Asian cultivated rice and Asian
wild ricewere significantly enriched in the pathways related to energy
metabolism, such as carbon fixation, starch and sucrose metabolism,
the TCA cycle, oxidative phosphorylation, and sugar biosynthesis and
interconversion (Table S2).

It's interesting that all three gene sets with differential expression
between Asian cultivated rice and Asian wild rice were significantly
enriched in starch and sucrose metabolism, carbon fixation, alanine
and aspartate metabolism, pyruvate metabolism, and citrate cycle



Fig. 3. Analysis of DEGs exhibiting the same expression trend in Asian cultivated rice. A and B) Overlap of genes expressed differentially between Asian cultivated rice and Asianwild
rice. C and D) The number (C) and the average expression level change (D) of DEGs that is marked in black in panel A and panel B. The p-value from Wilcox test with the null
hypothesis that up-regulated genes have the larger mean absolute log2 ratio than down regulated-genes was shown for each comparison. E and F) Hierarchical clustering results of
genes marked in black in panel A and panel B.
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(pathways marked with ⁎⁎⁎ in Table S2). After identifying the DEGs
and their encoded enzymes involved in these pathways, we found that
though different genes were selected during the domestication of the
three different cultivated rice strains, the enzymes they involved in
were almost the same (Fig. 4A). This was especially the case in starch
and sucrose metabolism.

We found that the expression levels for genes encoding enzymes
related to hydrolyzation was generally lower in the cultivated rice
than in the wild rice. Taking the comparison between javanica and
nivara as an example, as shown in Fig. 4B, the expression levels for
genes encoding enzymes involved in sucrose-6P hydrolyzation
(3.2.1.26), sucrose hydrolyzation (3.2.1.26), cellulose hydrolyzation
(3.2.1.4), trehalose hydrolyzation (3.2.1.28), starch hydrolyzation
(3.2.1.1 and 3.2.1.2) and maltose hydrolyzation (2.4.1.25) were all
reduced in javanica. On the other hand, the expression level of
enzymes related to amylose and sucrose biosynthesis (2.7.7.27, 2.4.1.11
and 2.4.1.13) was increased in javanica. In the TCA cycle, more genes
were down regulated in javanica than in nivara (Fig. S4). Furthermore,
comparing javanicawith nivara, down-regulated genes were enriched
in the glycolysis pathway while up-regulated genes were enriched in
the gluconeogenesis pathway (Fig. S5). These results indicate that the
expression of genes related to catabolism was reduced while the
expression of genes related to anabolismwas induced in the heading-
stage panicle tissue of cultivated rice lineages.



Fig. 4. Analysis of metabolic pathways significantly enriched with DEGs. (A) Overlap of genes and their encoded enzymes expressed differently between Asian cultivated rice and
Asian wild rice. (B) The comparison of enzymes encoded by DEGs between javanica and nivara in the starch and sucrose metabolism pathways. Enzymes highlighted in red are up-
regulated in javanica than in nivara. Enzymes highlighted in green are down-regulated in javanica than in nivara. Enzymes highlighted in blue represent those that are not
differentially expressed between javanica and nivara.
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Candidate genes for phenotypic variation between cultivated and wild
rice

Group I and II genes shown in Figs. 3E and F are DEGs that have the
samedirectional changebetweenall threeAsiancultivars and thewild rice
(Table S3 and Table S4). We postulate that these genes may represent the
core gene expression difference related to rice domestication and thus
include candidate genes for the phenotypic variation between cultivate
and wild rice. For instance, as a trade-off for increase in yield, cultivated
cereal grains have up to 50% reduction in the protein content as compared
to theirwild relatives [37]. Consistentwith this observation,we found that
genes encoding enzymes in amino acids synthesis, ribosomal proteins,
and seed storage proteins are among the group II genes (Figs. 3E and F,
Table S3andS4). To further test this hypothesis,we identifiedamong these
genes those that are associated with known functions. Here we show the
analysis of genes in the biochemical pathways enriched with DEGs (e.g.
genes marked with ⁎⁎⁎ in Table S2) and genes in the transcription factor
families enrichedwith DEGs (Table S5). The resultant candidate genes are
shown in Fig. S6. It is worth noting that the well-characterized rice
domestication gene Waxy (Os06g04200) [34] is included as one of the
candidate genes underlying the phenotypic variations between Asian
cultivated rice and the wild rice rufipogon (Fig. S6A).



Fig. 5. DEGs in paralogous gene families. (A) Number of japonica paralogous families represented in the microarray and families containing DEGs. (B) Genes expressed differentially
between different rice lineages show enrichment in paralogous families. The p value of the proportion test is shown for each comparison for which the null hypothesis is that the
percentage of DEGs in the genome is greater than the percentage of DEGs in paralogous families. C and D) Relative expression level of paralogous families members (only families with
2 to 5 members are shown) that contain DEGs between japonica and rufipogon (C) or nivara (D). Each family member is shown as a bar with each column represents a paralogous
family.
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Transcription factors regulate the binding of RNA polymerase to
target genes. Changes in the expression of transcription factor genes
can thus result in expression difference in many genes. Our expression
analysis revealed that though transcription factor genes as a whole do
not show any enrichment in DEGs relative to the whole genome (Fig.
S7), several transcription factor families were significantly enriched in
genes expressed differentially between Asian cultivated rice and Asian
wild rice (Table S5). The function of many of these transcription factors
is related to the regulation of growth or inflorescence and flower
development (e.g. ARF, FHA, MADS, ZIM, and C2C2-CO-like). Among
these genes, several show the same directional change between all
three Asian cultivars and the wild rice (Fig. S6) and are thus worth
further investigation aimed at the genetic basis of the phenotypic
differences between cultivated and wild rice.

DEGs in paralogous families

In the current TIGR rice genome annotation, a total of 3842
paralogous protein families containing 20,729 proteins were identi-
fied in japonica based on the existence of protein domains [38]. We
found that 13,599 genes from 2670 families were represented by the
microarray probes. We found that most individual members,
particularly those in families with more than 3 members, have
different expression levels as measured by the microarray analysis
(Fig. 5A), consistent with the hypothesis that gene family members
have adopted new expression patterns after gene duplication. This
observation prompted us to investigate the relationship between
paralogous families and DEGs among Asian cultivated and wild rice.
The gene families are significantly enriched with DEGs in all
comparisons between Asian cultivated andwild rice (Fig. 5B). We then
focused on the comparisons between japonica and wild rice (e.g. ru-
fipogon and nivara). There are 4178 and 4489 DEGs between japonica
and rufipogon or nivara, respectively (Table 1). Of these, 2049 (japonica
vs rufipogon) and 2320 (japonica vs nivara) are members of paralogous
gene families (Fig. 5B). Thus, approximately half of the DEGs are in
paralogous families. Interestingly, we observed that in the vast
majority of paralogous families with DEGs between japonica and the
wild rice, only a single member showed differential expression (Figs.
5C and D). Furthermore, down regulation of expression is more
prominent than up regulation, consistent with the general genome
expression trend between cultivate and wild rice. Together these
results indicate that differential regulation of a specific member of the
paralogous gene families is a major driving force for the observed
genome expression trend in the examined rice lineages.

Distinct evolutionary forces acted on gene expression and coding
sequences

A number of studies have been carried out to test whether gene
expression variation in closely related species is under natural
selection. In these studies, the linear relationship between species
divergence time and the sum of multiple genes' expression differences
between species is tested. Those studies led to both positive [31] and
negative [10,14] opinions. Since the divergence time among rice
species has not been resolved [39], we adapted an alternative method
to test this hypothesis. We selected orthologous genes between indica



Fig. 6. Correlation of gene expression variation and Ks. X-axis denotes the synonymous
rate Ks. Y-axis denotes the absolute value of log2 ratios of indica expression levels and
japonica expression levels. I, II, III were areas zoomed in from corresponding local area
of the upper left figure. In each panel, a variable linear regression was performed and
the regressive lines are shown in red.
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and japonica as our test dataset since their sequence information is
complete. We used the synonymous substitution rate Ks and the log2
ratios of expression levels between indica and japonica orthologous
genes as the indicator for gene divergence time and gene expression
variation. After analyzing the correlation between gene expression
variation and gene divergence time on a gene-by-gene basis, we found
no correlation (Fig. 6). This result indicates that gene expression
variation in the two tested rice lineages was not linear with their
divergence time. Therefore, our finding implied that gene expression
was under natural selection [31], but not under neutral evolution [10].

We next examined whether the selection pressure acting on gene
expression was different from the selection pressure acting on coding
sequences. We performed a test focusing on the DEGs between indica
and japonica. After calculating the log2 ratios of gene expression level
and the ratios of nonsynonymous substitution rates to synonymous
rates (Ka/Ks) of DEGs, we found that their correlation was virtually
zero (Fig. 7). Chi-square test also showed that Ka/Ks had no effect on
expression variation (Ka/Ks b1: p=0.7948; Ka/Ks N1: p=0.8850). Ka/
Ks is generally interpreted as the indicator of selective constraint
acting on coding sequences. If the expression difference can be
considered as an indicator of selective constraint acting on gene
expression, our observation suggests that the effects of natural
selection on gene coding sequence and gene expression are not
statistically correlated. Therefore, we conclude that the selection
pressure acting on gene expression is different from that acting on
coding sequences in the examined rice lineages.

Discussion

Crop domestication is a long process of selecting traits amenable
for cultivation and consumption that resulted in major alterations in
Fig. 7. Correlation of expression variation and Ka/Ks. X-axis denotes the Ka/Ks of genes
expressed differentially between indica and japonica. Y-axis denotes the absolute log2
ratios of indica and japonica expression level. A variable linear regressionwas performed
and the regressive lines are shown in red.
plant structure and reproductive physiology [22]. Panicle morphology
is one of the main determinants of rice yield [23] and also shows great
variations between cultivated rice and wild rice [24]. Compared to
wild rice, cultivated rice displays an increased synchronization of
panicle formation, more secondary panicle branches [22], and more
densely packed panicles that can carry larger numbers of seeds than
the wild ancestors [25]. Thus, understanding the genome expression
changes in the panicle between cultivated and wild rice will provide
insight into the genetic basis of traits associated with the rice
domestication syndrome. Not surprisingly, the handfuls of rice genes
or QTLs that have been linked to domestication are mainly related to
panicle and grain morphology [32–34,40–51].

Domestication traits are often complex phenotypes under the
control of numerous genetic components in diverse biochemical and
regulatory pathways [22]. Further, many phenotypic changes between
closely related species are due to differences in gene expression
regulation rather than in the coding sequences [1]. Therefore
comparison of the genome expression differences in the rice head-
ing-stage panicle among cultivated and wild rice lineages should
provide a stepping stone in uncovering the genetic basis of key
phenotypic variations associated with domestication.

We report here a comparative microarray analysis of genome
expression of the panicle tissue in the heading-stage in six different
rice lineages (Fig. 1). We found that a large proportion of rice genes
may have evolved under strong selective constraint whichmakes their
expression levels stable in all six rice lineages. The GO functional
enrichment analysis implies that changes in regulation of these genes
may be deleterious to plant survival for it will significantly affect plant
development, signal regulation, transcription activity and various
kinds of plant defense responses (Table S1).

Among the DEGs (Table 1), we found that more genes were down
regulated in all three Asian cultivars relative to Asian wild rice.
Furthermore, the expression levels changed more in down-regulated
genes (Fig. 2). To study the gene expression differences at a systematic
level, we then identified all metabolic pathways in which the DEGs
involved. As shown in Fig. 4A, though different genes were selected
during the domestication of the three different cultivated rice strains,
the enzymes these genes encode were almost the same. This was
especially true in starch and sucrose metabolism, probably because
starch is one of the key components of cereal grains and thus a target
for selection during domestication [52]. Metabolic pathway analysis
also showed that DEGs between Asian cultivated rice and Asian wild
rice were significantly enriched in the pathways related to energy
metabolism (Table S2). Further analysis indicates that the expression
of genes related to catabolism was reduced while the expression of
genes related to anabolism was induced in the heading-stage panicle
of cultivated rice lineages (Fig. 4). This trend in gene expression
changes is clearly associatedwith the selection for higher yields in rice
domestication.

So far the well-characterized genes related to crop domestication
are predominantly transcription factors [37], regulating phenotypic
variation ranging from inflorescence structure to seed shattering.
However, transcription factors as a whole did not show any
enrichment in DEGs between cultivated and wild rice (Fig. S7). The
GO term analysis of genes that expressed constantly among all six rice
lineages also showed that expression levels of genes related to
transcription activity were relatively stable (Table S1). These observa-
tions are consistent with findings in Drosophila, in which the
expression levels of transcription factors were found to evolve slower
than other types of genes [14,15].

Nonetheless, we found that several transcription factor families
were significantly enriched in genes expressed differentially between
Asian cultivated rice and wild rice. Three families of transcription
factors were related to the regulation of inflorescence and flower
development. They belong to a MADS family involved in floral organ
identity determination and flower formation [53,54], a ZIM family
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involved in inflorescence and flower development [55], and a C2C2-
CO-like family involved in flowering control [56,57]. This finding is
consistent with the fact that cultivated rice displays increased
synchronization of panicle formation and panicle development than
its wild ancestors. Two families, ARF and FHA, were related to the
regulation of cell cycle and growth [58,59], consistent with the fact
that cultivated rice displays larger panicle size than its wild ancestors.
Our results also suggest that the phenotypic changes of heading-stage
panicles between cultivated and wild rice may be mainly affected by a
relatively small number of transcription factors. Focusing on these
transcription factors may help to identify new candidates underlying
the important phenotypic variations of heading-stage panicles
between cultivated and wild rice.

In addition to revealing the genome expression differences
between cultivated rice and wild rice, our study also explored the
general trends of rice gene expression evolution. First, we found that
approximately three quarters of rice genes have constant expression
level across all six examined rice lineages. Previous gene expression
evolution study from other model organisms also showed that
stabilizing selection, which was a type of natural selection that
decreased genetic diversity and made population stabilizing on a
particular trait, was likely to be a dominant mode of gene expression
evolution [11,14,31]. Though we could not test definitely whether
these rice genes were under stabilizing selection from our data, the
fact that expression levels of many genes have kept more or less
constant is consistent with the previous study [11,14,31].

Second, we found no correlation between gene expression
variation and the synonymous substitution rate Ks for genes expressed
differentially between indica and japonica (Fig. 6). As Ks is usually used
as the indicator for gene divergence time, this result indicates that gene
expression variation in different rice lineages was not linear with their
divergence time. Furthermore, we considered the expression differ-
ence and the Ka/Ks ratio as indicator of selective constraint acting on
gene expression and the coding sequences, respectively. Our observa-
tion suggests that the effects of natural selection on gene coding
sequence and gene expressionwere different, since the correlationwas
very weak (Fig. 7). This result is in agreement with a previous analysis
of the syntenic relationship between barrel medic and soybean in the
genome regions surrounding two soybean cyst nematode resistance
loci in which the identified syntenic regions showed significant
differential gene expression [60]. Thus our result is consistent with
the hypothesis put forth by Mary-Claire King and Allan Wilson three
decades ago that genes evolve individually at the fronts of coding
sequences and regulation of expression [1].

Finally, we found that approximately half the DEGs are in the
paralogous gene families (Figs. 5C and D). In the vast majority of the
families with DEGs, only a single member showed differential
expression (Figs. 5C and D). Furthermore, down regulation of
expression is more prominent than up regulation in these families,
consistent with the general genome expression trend between
cultivate and wild rice. These observations indicate that differential
regulation of a specific member of the paralogous gene families is a
major driving force for the observed genome expression trend in the
examined rice lineages. These results are consistent with phylogenetic
analyses showing that the evolutionary rate of repression or loss of
gene expression regions significantly outpaces the rate of activation or
gain [61]. Furthermore, these results can be viewed as support to the
proposal that loss of gene function may represent a common
evolutionary response to the short-term selections [62].

In summary, we employed microarray experiments as a new
approach to generate a global view of genome expression trends in the
heading-stage panicle in six cultivated and wild rice lineages. We
observed that repression of genome expression (i.e. reduction of the
number of expressed genes and the expression level of expressed
genes) represents the dominant trend in the heading-stage panicle as
a result of rice domestication. This genome expression trend appears
to be accomplished in part by the differential expression of a single
member from a large number of paralogous families. Examination of
the pathways enriched with DEGs between cultivated and wild rice
showed that the expression level of genes related to catabolism was
repressed and that of genes related to anabolism increased in the
cultivars. We also found that several transcription factor families
related to the regulation of flower development and cell growth were
significantly enriched in DEGs. Further studies targeting these
transcription factors may help to identify candidate genes controlling
the desired domestication traits. Finally, we found that distinct
evolutionary forces affected gene expression and coding sequences
differentially. These findings demonstrated the importance of study-
ing genetic differences for phenotypic variations at the genome level
and provide a stepping stone in uncovering the genetic basis of
phenotypic variations between cultivated and wild rice.

Materials and methods

Plant materials

Three subspecies of Asian cultivated rice, Oryza sativa ssp. indica
(9311, China), O. sativa ssp. japonica (Nipponbare, Japan), and O. sativa
ssp. javanica (Sipak, Indonesia) and one accession of the African
cultivated rice, O. glaberrima (Macina, Mali) were used in this study.
We also sampled twowild species that are closely related to the Asian
cultivated rice, i.e., O. rufipogon (IRRI Accession no. 106161, Laos) and
O. nivara (IRRI Accession no. 106061, India). Panicles grown in a
controlled growth chamber at 28 °C were harvested at heading stage,
frozen in liquid nitrogen immediately and then kept at −80 °C before
RNA extraction.

Microarray analysis

The previously described rice 70-mer oligonucleotide set [27] that
contains 36,926 unique genes was used in this study. Probe
preparation, labeling, and microarray hybridization were carried out
as previously described [27]. After manual removal of spots with
aberrant morphology, microarray spot intensity signals were acquired
using the Axon GenePix Pro 5.0 software without correction for
background. The raw signal intensities were normalized by Lowess
normalization followed with quantile normalization for the further
analysis. The raw and normalized microarray data are available in the
NCBI Gene Expression Omnibus under the serials GSE11712.

To identify genes whose expression levels remained constant in all
six rice lineages, we used the ANOVA F-test with the null hypothesis
that the mean expression levels of each rice lineages were equal.
Genes with the same expression in all lineages were determined by
the ANOVA F-test and a Bonferroni multiple adjustment with p-
valueN0.05 using the MAANOVA package for R. To reduce false
positive genes, we selected genes with p-valueN0.7 for the stringent
analysis. Further GO functional enrichment analysis was performed on
the dataset with p-valueN0.7.

To identify DEGs between any two rice lineages, we used the
ANOVA T-test with the null hypothesis of no expression difference
between the two lineages. Differential expression was determined by
the ANOVA T-test and a Bonferroni multiple adjustment with pb0.05
using the MAANOVA package for R. Cluster analysis was applied to
genes showing differential expression between three Asian cultivated
rice and wild rice. Hierarchical clustering with the complete linkage
was performed using the software Cluster [63] and visualized by the
Java Treeview program.

RT-PCR analysis

Total RNA from heading-state panicles used in microarray analysis
were treated with RNase-free DNase (Promega) and cDNA was
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synthesized with the SuperScript II First-Strand cDNA Synthesis kit
(Invitrogen). Genes met with the following criteria were selected for
RT-PCR experiment. First, the genes should be contained in BAC clone
sequences from rufipogon, nivara and glaberrima. Second, the overlap
of indica gene model, japonica gene model, rufipogon BAC clone
sequences, nivara BAC clone sequences and glaberrima BAC clone
sequences should be longer than 150nt with ≥90% sequence identity.
Then the primers were determined based on the common sequences.
PCR was performed using general standard techniques and an O.
sativa actin gene was used as control.

Pathway and GO category analysis

We used the software KOBAS (KEGG Orthology Based Annotation
System [36]) to identify biochemical pathways related to DEGs
between Asian cultivated rice and Asian wild rice and to calculate
the statistical significance of each pathway. We used KOBAS to assign
rice genes to pathways by matching them to similar genes (as
determined by BLAST similarity search with cutoff e-values b1e−5,
rank b10, and sequence identity N30%) in known Arabidopsis
pathways in the KEGG database. We also manually reviewed all
identified pathways for quality control.

Next, we used KOBAS to rank pathways by the p value, which is
designed to test whether data from a particular pathway fits the null
hypothesis or the alternative hypothesis defined as

H0 : p0V p1
H1 : p0N p1

where p0=m/M, p1=n/N, m is the number of DEGs mapped to the
pathway under investigation,M is the number of all DEGs with KOBAS
annotation, n is the number of all genes mapped to the selected
pathway, and N is the total number of genes with KOBAS annotation.
The p value of a particular pathway corresponds to a test statistic
following a hypergeometric distribution:

P = 1−
Xm−1

i¼0

M
i

� �
N−M
n−1

� �

N
n

� �

Pathways with P valuesb0.05 were considered statistically significant.
We first downloaded the rice GO annotation (version 4) from TIGR

database [38]. Then the same statistic model described at pathway
analysiswas used to identify enrichedGO terms. Here,m is the number
of genes with constant expression levels that are annotated with the
given GO term, M is the number of all genes with constant expression
levels with GO annotation, n is the number of all genes annotatedwith
the given GO term, and N is the total number of genes with GO
annotation. GO terms with adjusted P valuesb0.05 by Bonferroni's
correction for multiple tests were considered statistically significant.

Gene family and transcription factor genes

We downloaded the japonica paralogous families from release 4 of
TIGR rice database [38]. We identified gene families with at least one
member that belongs to DEGs. For the analysis of transcription factor
genes, we first retrieved the list of rice transcription factors and their
corresponding families from the DRTF database using the japonica
data [64]. Thenwe calculated the proportion of transcription factors in
DEGs. The proportions of transcription factors in whole genome were
all calculated from japonica dataset. The p values of the hypergeo-
metric tests, which the null hypothesis was that the proportion of
transcription factors in DEGs was not smaller than that in whole
genome, were also calculated. Finally, we identified transcription
factor families that were enriched in DEGs by using the same
statistical model described for pathway analysis.
Ka/Ks and chi square analysis

We first selected orthologous gene pairs between indica and japonica
as previously described [27]. The Ka/Ks of each orthologous pair was
calculatedwith theNGmethod by using the PAMLyn00 package [65]. To
test whether Ka/Ks has an effect on gene expression difference, we
performed scatter plot of Ka/Ks and log2 indica/japonica expression ratio.
Wedivided the entire scatter plot ton byn zoneswith equal area for each
zone and counted the number of genes fall in each zone to generate a
contingency table with n columns by n rows. Then, Pearson's chi-square
test with the null hypothesis that Ka/Ks has no effect on expression
difference was carried out with 1,000,000 times Monte Carlo simulation
by using the chisq.test() function in the R statistic environment.
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