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Arabidopsis and rice are the only two model plants whose finished phase genome sequence has been completed. Here
we report the construction of an oligomer microarray based on the presently known and predicted gene models in
the rice genome. This microarray was used to analyze the transcriptional activity of the gene models in
representative rice organ types. Expression of 86% of the 41,754 known and predicted gene models was detected. A
significant fraction of these expressed gene models are organized into chromosomal regions, about 100 kb in length,
that exhibit a coexpression pattern. Compared with similar genome-wide surveys of the Arabidopsis transcriptome, our
results indicate that similar proportions of the two genomes are expressed in their corresponding organ types. A
large percentage of the rice gene models that lack significant Arabidopsis homologs are expressed. Furthermore, the
expression patterns of rice and Arabidopsis best-matched homologous genes in distinct functional groups indicate
dramatic differences in their degree of conservation between the two species. Thus, this initial comparative analysis
reveals some basic similarities and differences between the Arabidopsis and rice transcriptomes.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been
submitted to GEO under accession no. GSE2691.]

Rice is one of the most important crops in the world. With a
significantly smaller genome size than other cereals, rice is also
an excellent monocot model for genetic, molecular, and genomic
studies (Gale and Devos 1998). The availability of the complete
sequence of the rice genome (Feng et al. 2002; Goff et al. 2002;
Sasaki et al. 2002; Yu et al. 2002, 2005; The Rice Chromosome 10
Sequencing Consortium 2003) makes it possible to estimate the
gene number in the genome, to approach gene function on a
genomic scale, and to identify candidate genes predicted to regu-
late traits of interest. Different approaches used to annotate the
Oryza sativa L. ssp indica and Oryza sativa L. ssp japonica draft
sequences suggested that there are 46,022–55,615 gene models
for the former and 32,000–50,000 gene models for the latter
(Goff et al. 2002; Yu et al. 2002). Extrapolation from the finished
sequences of Oryza sativa L. ssp japonica chromosomes 1, 4, and

10 estimated 62,500, 57,000, and 60,000 gene models for the rice
genome, respectively (Feng et al. 2002; Sasaki et al. 2002; The
Rice Chromosome 10 Sequencing Consortium 2003). In addi-
tion, the estimated gene count for the rice genome was at least
38,000–40,000 if the transposable elements were removed from
the consideration (Yu et al. 2005). Each of these calculations
placed the number of gene models in rice at the top of all organ-
isms for which the genomes have been sequenced. However,
only about half of these gene models (or candidates) were sup-
ported by either full-length cDNA clones (Kikuchi et al. 2003) or
expressed sequence tags (ESTs) (Wu et al. 2002). This leaves the
remaining half of rice gene models without experimental sup-
port. Thus, a comprehensive transcriptional analysis of the entire
rice gene model set would not only provide insight into the ge-
nome expression pattern, but would also provide evidence of
expression for those gene models previously lacking experimen-
tal support (Ashurst and Collins 2003; Yamada et al. 2003).

Arabidopsis and rice are the best-characterized experimental
models for dicot and monocot plants, respectively. The rice ge-
nome size is more than three times that of Arabidopsis, and is
estimated to have significantly more genes (The Arabidopsis
Genome Initiative 2000; Feng et al. 2002; Goff et al. 2002; Sasaki
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et al. 2002; Yu et al. 2002, 2005; The Rice Chromosome 10 Se-
quencing Consortium 2003). Given that about half of the rice
gene models are highly conserved in the plant kingdom (Yu et al.
2002, 2005), it was reasoned that a comprehensive comparison of
the transcriptional activities of the conserved and less-conserved
gene models between different species at the whole-genome level
would provide novel insights into the genesis and evolution of
new rice genes (Koonin et al. 2000). The large gene model num-
ber and high proportion of less-conserved gene models in the rice
genome may be due to an overannotation of the rice genome
(Bennetzen et al. 2004). It has been suggested that more than half
of those rice gene models annotated as less conserved in early
versions of the rice genome might actually be diverged trans-
posons and retrotransposons, or segments of them (Bennetzen et
al. 2004; Jiang et al. 2004). In any case, it would be interesting to
know the expression properties of the less-conserved gene mod-
els in the rice genome. Therefore, a comparison of the transcrip-
tional activity between rice and Arabidopsis at the whole-genome
level should provide a rare opportunity to examine the overall
impact of evolution on representative monocot and dicot ge-
nomes (Bennetzen 2002; Izawa et al. 2003; Schoof and Karlowski
2003).

DNA microarrays can measure the individual transcript level
of tens of thousands of genes simultaneously, thus providing a
high-throughput means to analyze gene expression levels at the
whole-genome scale (Schena et al. 1995; Chu et al. 1998). The
availability of the complete sequence of the rice genome provides
the information necessary to design a microarray with essentially

all known and predicted gene models in the rice genome, which
can, in turn, be used to assay the expression of all the gene mod-
els at once. We produced a 70-mer oligomer microarray cover-
ing essentially all annotated rice gene models, either with or
without experimental support, and used it to analyze rice tran-
scriptomes from representative organs. Furthermore, the tran-
scriptomes between rice and Arabidopsis for similar organ types
were compared, providing insights into genome expression and
evolution.

Results

Transcriptome analysis in representative rice organs

A 70-mer oligo set for the indica rice genome was designed and
printed as a two-slide microarray set (see Methods). This micro-
array was used to evaluate transcription of the rice genome
(namely the entire gene model set) at representative develop-
mental stages during the rice life cycle. A sample microarray hy-
bridization image is shown in Supplemental Figure 1. A remap-
ping of this oligo set to the finished indica genome (Zhao et al.
2004; Yu et al. 2005) indicates that it includes 41,122 physically
mapped oligos, representing a set of 41,754 annotated, nontrans-
posable element rice gene models with or without experimental
support. This gene model set includes 16,504 full-length cDNA-
supported gene models (CG), 5968 EST-supported gene models
(SG), and 19,282 predicted gene models lacking experimental
support (UCG) (Fig. 1A).

Figure 1. Microarray expression analysis of confirmed and predicted gene models in the rice genome. (A) Summary of full-length cDNA-confirmed,
EST-supported, and total-predicted gene models covered by the 70-mer oligo microarray used in this study. The vertical green line separates the relative
proportions of gene models whose expressions are confirmed or not in our analysis. (B) Rice organ-sample collection used for microarray analysis. (C,D)
GO categories of gene models expressed in at least one organ or in cultured cells (C) and in all collected organs and cultured cells (D). The details for
gene models included in C and D can be found in Supplemental Tables 3 and 4, respectively.
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The rice organs and tissues that were selected include seed-
ling shoots, tillering-stage shoots and roots, heading and filling-
stage panicles (Fig. 1B), and suspension-cultured cells as a com-
mon control. Based on a single-color fluorescent dye hybridiza-
tion analysis (Rinn et al. 2003; see also Methods and Discussion),
we estimated that among the 37,132 gene models that corre-
spond to the cross-hybridization-free oligo set in the array, the
expression of 32,014 gene models (86.2% of total) can be experi-
mentally detected in at least one of the above-mentioned organs
or cultured cells under our experimental conditions (Fig. 1A;
Supplemental Table 3). Among them, there were 14,171 (93.5%)
CG gene models, 4999 (93.5%) SG gene models, and 12,844
(77.2%) UCG gene models (Fig. 1A; Supplemental Table 3). The
other group of 3990 oligos, corresponding to those with possible
cross-hybridization effects, matched to 4622 unique gene mod-
els, including 1355 CG, 641 SG, and 2626 UCG gene models,
though the expression percentage cannot be unambiguously as-
sessed due to possible cross-hybridization. We estimated that
3894 of the 4622 gene models can be experimentally detected in
at least one of the above-mentioned organs or cultured cells un-
der our experimental conditions, based on the detection rate of
CG, SG, and UCG gene models derived from the above-
mentioned unique gene-model match oligo set. The experimen-
tal data for those oligos with possible hybridization to more than
one unique gene-model match from the above-mentioned organ
and cell types are listed in Supplemental Table 2. Together, the
expression of about 35,900 gene models was experimentally de-
tected in our experiment (Fig. 1A). For accuracy of the expression
analysis, we considered the expression data only from those oli-
gos with a uniquely matched rice gene model in the rice genome
in all subsequent analyses.

There were 12,930 (34.8%) gene models whose expression
was experimentally detected in all of the above-mentioned or-
gans and cultured cells (common-expressed genes), including
6490 (42.2%) CG gene models, 2548 (47.6%) SG gene models,
and 3892 (23.4%) UCG gene models (Supplemental Table 4).
The Gene Ontology (GO) functional categories (http://www
.geneontology.org; Yu et al. 2005) for those gene models that are
either expressed in one or more organ and cultured cells, or in all
organs and cultured cells, are shown in Figure 1, C and D, respec-
tively.

We found that the portions of the genome expressed in
different organs and in cultured cells was variable, ranging from
49.7% (filling-stage panicle) to 70.2% (heading-stage panicle)
(Fig. 2A). Among all selected organs and cultured cells, the per-
centages of expressed CG and SG gene models were similar and
were always higher than those of UCG gene models (Fig. 2A). In
general, the average expression level for CG gene models was
higher than for SG gene models, with UCG gene models having
the lowest average expression level in most selected organs and
in cultured cells. An exception was noted in tillering-stage roots,
where SG gene models had the highest average expression level
(Fig. 2B).

We also examined which gene models were expression en-
riched in each organ type. Based on the experimental repeats, we
identified differentially expressed genes among all of the organs.
A gene model was considered to be enriched in a given organ if
the expression level of the gene model in that organ was shown
to be significantly higher compared with all other organs (see
Methods). There were 20 (0.1%), 216 (0.6%), 94 (0.3%), 690
(1.8%), and 387 (1.0%) gene models specifically enriched in seed-
lings, shoots, roots, heading-stage panicles, and filling-stage

panicles, respectively (Fig. 3A). The GO functional categories for
these specifically enriched gene models from different organs are
shown in Supplemental Figure 2. As expected, the gene models
encoding proteins involved in photosynthetic light and dark re-
actions and in chlorophyll biosynthesis were highly expressed in
seedlings, shoots, and panicles, but not in roots, whereas seed-
storage proteins were highly expressed in panicles, but not in
any other organ. In addition, the orthologs for four well-
characterized floral pattern determination genes in Arabidopsis
(AP1, AP3, PI, and AG) (Meyerowitz 2002) were highly expressed
in panicles, but were either undetected or barely detectable in the
other organs.

The corresponding organs from Arabidopsis and rice express
similar proportions of their genomes

To facilitate comparison between the Arabidopsis and rice tran-
scriptomes, we divided the gene models in both rice and Arabi-
dopsis into two categories as follows: gene models with signifi-
cant homologs (high homology, HH) and gene models without
significant homologs (low homology, LH) in their counterpart
genomes. The purpose of this distinction is to divide both the
Arabidopsis and rice genes into two groups of relatively more
conserved (HH) or more diverged (LH) gene models, based on
their protein sequence homology (see Methods). It should be
noted that some of the rice LH gene models may have homologs
in Arabidopsis as well, but fall below our cut-off (Jabbari et al.
2004). With this criterion, we calculated that 54.7% of rice gene
models have significant homologs in the Arabidopsis genome
(HH), whereas 45.3% of the gene models (LH) do not (Fig. 4A).
On the other hand, 74.5% of Arabidopsis gene models have sig-
nificant homologs in the rice genome (HH), while the remaining
25.5% do not (LH) (Fig. 4A).

Figure 2. Rice genome expression in different organs and cultured
cells. (A) The percentage of gene models expressed in different organs
and cultured cells. (B) The average expression level of all full-length cDNA
matched (CG), EST matched (SG), and predicted (UCG) genes in differ-
ent organs and in cultured cells.
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Our microarray analysis indicated that for rice, the expres-
sion of 89.5% of the HH gene models can be experimentally
detected in at least one of the above-mentioned rice organs or in
cultured cells, while the percentage of expressed genes was 82.4%
for LH gene models (Fig. 4A). To investigate whether the HH and
LH gene models in the Arabidopsis genome have similar expres-
sion patterns, ideally, expression in the same organ types should
be compared. Because of the distinct anatomy of the dicotyle-
donous Arabidopsis and the monocotyledonous rice, however,
the following corresponding Arabidopsis organs and cell types
were used for comparison with the rice genome expression data:
seedlings, cauline leaves, roots, inflorescences, flowers, siliques,
and suspension cultured cells (as a common control). The ge-
nome expression profiles for these organs were obtained by hy-
bridization of the cDNA probes derived from each of the above-
mentioned organs and cultured cells to a similar 70-mer oligo
microarray covering 25,676 unique Arabidopsis gene models (Ma
et al. 2005). A comparative analysis of the transcriptomes of simi-
lar organ types from rice and Arabidopsis indicated that the pro-
portion of the genome expressed in at least one of the selected
organs or cultured cells (expression-detectable gene models), and
in all selected organs and cultured cells (commonly expressed
gene models) was very similar between rice and Arabidopsis. Ex-
pression was detected for 86.2% of rice gene models and 85.5% of
Arabidopsis gene models, while 34.8% of rice gene models and
32.4% of Arabidopsis gene models were found to be commonly
expressed gene models. The percentages of the Arabidopsis HH
and LH gene models with detectable expression were also very

similar to those of rice (Fig. 4A). The average expression level for
HH gene models was higher than that of LH gene models in most
organs in both rice and Arabidopsis (Fig. 4B,C). However, HH and
LH gene models showed similar expression levels in root tissue
from both rice and Arabidopsis (Fig. 4B,C). HH and LH gene mod-
els also showed similar expression levels in Arabidopsis seedlings
and in rice filling-stage panicles (Fig. 4B,C).

The expression patterns of orthologous gene groups are
conserved to different degrees between Arabidopsis and rice

We next examined whether corresponding organs from rice and
Arabidopsis express similar sets of gene models and whether those
gene models have similar expression levels. For this purpose, the
best-matched homologous gene model pairs (potentially en-
riched for orthologous gene models) between the two plants were
compared. The best-matched gene model pairs from the two ge-
nomes were basically the closest homologs in the reciprocal ho-
mology searches using the above-mentioned homology cut-off
criterion. A total of 6314 best-matched pairs of gene models be-
tween rice and Arabidopsis were identified (Supplemental Table
5). The GO functional categories for those best-matched gene
model pairs are shown in Figure 4D. Among them, there were

Figure 3. Summary of the gene models whose expression levels are
enriched in various rice organs. (A) The number of all organ-specific
enriched gene models, high-homology (HH) gene models, and low-
homology (LH) gene models among all representative organ types.
(B) The average expression level of all organ-specific enriched gene mod-
els, HH gene models, and LH gene models among all representative
organ types.

Figure 4. Comparative analysis of whole-genome transcription be-
tween rice and Arabidopsis. (A) The portion of high-homology (HH) and
low-homology (LH) gene models and their expressed percentages in rice
and Arabidopsis. (B,C) The average expression levels of HH and LH gene
models in rice (B) and Arabidopsis (C). (D) GO categories of the best-
matched gene model pair collection between rice and Arabidopsis. The de-
tails for gene models included in D can be found in Supplemental Table 5.
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415 transcription factor gene models, 321 signal transduction
gene models, 270 gene models encoding proteins in the ubiqui-
tin–proteasome pathway, and 198 gene models encoding pro-
teins involved in protein biosynthesis. In addition, gene models
involved in plant hormone biosynthesis, including auxin, cyto-
kinin, abscisic acid, gibberellin, ethylene, brassinosteroids, jas-
monate, salicylic acid, and polyamine, were all included in the
best-matched gene model pairs collection. In all of the corre-
sponding organs of rice and Arabidopsis that were compared, a
large overlap (76%–88%) in the expression of the best-matched
gene model pairs was observed (Supplemental Figure 3). One po-
tential pitfall for only analyzing the best-matched gene pairs is
that there are cases where a gene from one organism can have
more than one very closely matched homolog that is potentially
functionally indistinguishable. To evaluate the extent of such
cases in rice and Arabidopsis, for each rice gene we obtained and
examined, the two best homologous Arabidopsis genes (the best
and the second best-matched genes). Among 6314 best-matched
rice and Arabidopsis gene pairs, there are 1118 or 531 cases where
the second best-matched Arabidopsis genes exhibited high-
sequence identity (with 70% or 80% identity as the cutoff for the
matched sequence in a stretch of not less than 100 amino acids)
to the best-matched Arabidopsis genes. The presence of more
than one potentially functional redundant ortholog for each rice
gene could lead to underestimation of expression conservation in
our best-matched pair analysis, however, this impact should be
limited due to the relatively small fraction of these in the total
population analyzed.

We further examined the expression level of individual best-
matched gene model pairs in the corresponding organs of rice
and Arabidopsis. We used both one-channel intensity and relative
expression ratio (a given organ vs. cultured cells) to calculate the
correlation of expression between organs, and obtained similar
results using each method. We found that the expression level of
best-matched gene model pairs in rice and Arabidopsis was highly
correlated, with significant P values. The overall correlation of
expression level, calculated based on the one-channel expression
level for all the best-matched gene model pairs as a whole, among
selected organs between the two species, is summarized in Table 1.
The correlation coefficient is relatively low, but it is at a similar
level to that from a Caenorhabditis elegans and Drosophila mela-
nogaster comparison (McCarroll et al. 2004). This result suggested
that the expression change for most of the best-matched gene
pairs is species specific, but that the expression for some of these
gene pairs (roughly several hundred) was evidently conserved
between the two species. These gene pairs were likely involved in
the conserved pathways. We found that there was no significant

difference in the correlation coefficient between these different
homologous organ pairs between the two species, however, the
correlation coefficient values decrease when noncorrespond-
ing organ types were compared between rice and Arabidopsis
(Table 1).

The correlation of expression levels for different categories
of the best-matched gene model pairs between the two species
was further examined. As shown in Table 2, in general, the cor-
relation of the expression level for the best-matched gene models
encoding proteins involved in the ubiquitin–proteasome path-
way was higher than those of the best-matched gene models
encoding proteins involved in signal transduction, whereas there
is no significant correlation for genes encoding components of
the protein biosynthesis pathway and the transcription factor
group between the corresponding organs from the two species
(Table 2). These results suggest that the expression pattern for
gene models encoding ubiquitin–proteasome pathway proteins
are the most conserved between the two model plant species.

A large proportion of LH genes are expressed in rice

As shown in Figure 4A, expression of about 82.4% of rice LH gene
models was detected in the examined organs or cultured cells
using our experimental conditions. Among the organ-specific en-
riched rice gene models, there are both HH and LH gene models
in all five organs, and, in general, the HH gene models are more
numerous than the LH gene models in most organs (Fig. 3A).
However, the organ-specific enriched gene models in filling-stage
panicles and tillering-stage roots contain similar numbers of HH
and LH gene models (Fig. 3A). Among the gene models specifi-
cally enriched in different rice organs, the average expression
level of LH gene models is similar to that of the HH gene models
in shoots and filling-stage panicles, and is higher than that of HH
gene models in other organs (Fig. 3B). A significant fraction of
the LH gene models exhibited high expression levels in one or
more organs. Because panicles and roots expressed a higher pro-
portion of LH gene models than other organs, we examined the
possible function of those highly expressed LH gene models in
both panicles and roots. The panicle-specific enriched LH gene
models included those encoding seed-storage proteins and pro-
tease inhibitors, proteins involved in amino acid biosynthesis
and secondary metabolite (e.g., nicotinate, nicotinamide, py-
rimidine, and purine etc.) biosynthesis. Root-specific, highly ex-
pressed LH gene models included those encoding metal-binding
proteins and transporters, presumably functioning in nutrient
absorption and transportation. These results indicate that a large
proportion of LH gene models are expressed, and imply that
some of these highly expressed LH gene models in rice may have
developed specific functions that underlie agriculturally and eco-
nomically important traits.

A significant fraction of neighboring genes show
a coexpression pattern in the rice genome

Recent results suggest that the regulation of genome expression
in some species involves coordinated regulation of adjacent gene
models in chromosomal regions defined as chromatin domains
(Hurst et al. 2004). In order to investigate whether this is also the
case in rice, we monitored the coexpression patterns for adjacent
gene models in the rice genome using all of the expression ratio
data sets for each organ vs. cultured cells. We calculated the num-
ber of coexpressed adjacent gene models in different window
sizes along the chromosomes using the method described by

Table 1. The correlation of best-matched gene model pairs’
expression levels between rice and Arabidopsis organ types

Rice
Arabidopsis Seedling Shoot Root

Heading
stage

panicle

Filling
stage

panicle

Seedling 0.207*** 0.221*** 0.149*** 0.182*** 0.116*
Cauline leaf 0.221*** 0.243*** 0.150*** 0.192*** 0.119**
Root 0.138*** 0.143*** 0.212*** 0.186*** 0.136***
Flower 0.199*** 0.211*** 0.152*** 0.195*** 0.117*
Silique 0.190*** 0.198*** 0.139*** 0.186*** 0.112*

The significance of the correlation was classified into the three categories:
*P-value of <1.5E-20, **P-value of <2.8E-21, ***P-value of <2.8E-23 by the
t-Test.

Ma et al.

1278 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on November 4, 2015 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Spellman and Rubin (2002). As the window size increased from
two to 11, the net number of coexpressed gene models increased
proportionally. The net number of gene models began to plateau
at a window size of 11 (Fig. 5A), suggesting that most of the
coordinately expressed gene model groups include about 11 gene
models. We also found that most of the coordinately expressed
adjacent gene model clusters are about 100 kp of genomic se-
quence in length (Fig. 5B). The adjacent genes that can be orga-
nized into a coexpression group are shown in Supplemental
Table 6. We considered that the rice genome contains many tan-
dem-repeat gene models as well and excluded them from this
calculation. Overall, our result suggests that about 10% of the rice
genome shows a coordinated expression pattern (Table 3; Supple-
mental Table 6) and is, therefore, likely organized into so-called
coexpressed chromosomal regions.

Discussion
In addition to providing expression data for many computer-
predicted gene models in the rice genome, this study also de-
scribes the genome expression pattern for several representative
rice organs. A whole-genome comparative analysis of expression
between the monocot model rice and the dicot model Arabidopsis
provides expression evidence for the majority of LH gene models,
and reveals a trend of changes in expression patterns of best-
matched gene model pairs during plant evolution. This funda-
mental knowledge should provide a valuable basis for a more
complete description of the rice genome.

It is worth noting that various methods may be used to
define whether a given gene model is expressed or not, using
microarray analysis. Although no universal criterion for this pur-
pose is available so far, several common approaches have been
described. For example, determination of gene-model expression
has been based on the reproducibility of a detectable expression
level among replicates (Rinn et al. 2003), on the expression signal
level compared with the background signal (Kim et al. 2003), or
by relying on internal negative controls (Kapranov et al. 2002).
In the current study, we considered all of these factors together.
We first determined the gene expression status based on the in-
ternal negative and positive controls in each replicate, and
checked its reproducibility among the replicates. We scored the
gene model as expressed only when it reproducibly exhibited a
signal higher than both background and negative controls with a
90% confidence in three replicates. This means that our estima-
tion could have an upper limit of a 10% false positive rate. Given
that about 85% of rice genes were considered to be expressed in
our microarray analysis (Fig. 1A), the expressed portion of the

total number of rice gene models is
estimated to be at least between
77% and 85% in the organs/tissues
examined. Although different mi-
croarray systems were used to de-
tect the expressed portion of the ge-
nome between our present work
and the work from Kim et al. (2003)
on Arabidopsis chromosome 2, the
number for the portion of expressed
genes in the present study is consis-
tent with the number from Arabi-
dopsis chromosome 2 gene models
in their report (Kim et al. 2003).

Analysis of rice transcriptome provides support
for the expression of the majority of those predicted
gene models without prior expression support

About half of the computer-based annotated gene models in the
rice genome have full-length cDNA or EST support, while the
other half do not. In the present study, expression of 93% of the
full-length cDNA or EST-supported genes could be experimen-
tally detected (Fig. 1A), suggesting that our microarray system is
sensitive and accurate for detection of transcripts in rice tissue.
Thus, the results obtained by microarray analysis can be used to
evaluate the accuracy of the rice genome annotation, especially
for those gene models lacking experimental support by examin-
ing the presence of their transcripts. In this regard, we found that
about 86% of the total known and predicted genes in the rice

Figure 5. Summary of the chromosomal regions with coexpressed
gene models in the rice genome. (A) The total number of coexpressed
adjacent gene models obtained using different window sizes for estima-
tion. The number of net gene models is the total number of gene models
from the rice genome showing a coexpression pattern. Window size is the
average number of gene models that are coexpressed in one group. (B)
The length of genomic DNA sequence for the coexpressed adjacent gene
models. The x-axis represents the genomic DNA length along the chro-
mosome, and the y-axis represents the distribution of coexpressed gene
models within a specific length of chromosome.

Table 2. The correlation of expression for different functional categories of rice and Arabidopsis
best-matched gene model pairs from corresponding organs

Arabidopsis/Rice
Seedling/
seedling

Cauline
leaf/shoot

Root/
root

Flower/heading
stage panicle

Silique/filling
stage panicle

Transcription factor 0.134a 0.197 0.141 0.077 0.076
(0.006)b (5.3E-05) (0.004) (0.118) (0.123)

Proteasome pathway 0.259 0.321 0.240 0.285 0.165
(1.7E-5) (7.3E-8) (6.8E-5) (1.97E-6) (6.0E-4)

Protein synthesis pathway 0.024 0.067 0.223 0.049 0.098
(0.736) (0.345) (0.02) (0.494) (0.172)

Signal transduction 0.168 0.213 0.202 0.251 0.180
(0.03) (0.001) (0.0002) (5.1E-6) (0.01)

aCorrelation coefficient; bt-test significance P-value.
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genome had detectable transcripts in the six organ and cell types
examined (Fig. 1A). For those purely predicted gene models, 77%
were found to be transcribed (Fig. 1A). Therefore, our results in-
dicate that most of the predicted rice gene models are expressed,
at least in terms of producing detectable RNA transcripts.

LH gene models have been suggested to be the byproduct of
the process of genome evolution by gene duplication (Prince and
Pickett 2002; Kellogg 2003; Yu et al. 2005). A further hypothesis
is that these duplicated genes may take on different fates—some
dying in the process of nonfunctionalization, while others may
be fast evolving, resulting in new functions (Prince and Pickett
2002; Domazet-Loso and Tautz 2003). Alternatively, it has been
suggested that the majority of LH genes might not be real genes,
but instead are derived from highly diverged or truncated trans-
posons (Bennetzen et al. 2004; Jiang et al. 2004). In the present
study, we found that 82% of the LH gene models in rice were
transcribed, compared with 89% of the HH gene models (Fig. 4A).
Furthermore, the average expression level for the LH gene models
was similar to the HH gene models in rice roots and panicles
(Figs, 3B, 4B). Thus, our results suggest that a large proportion of
rice LH gene models are expressed at the transcript level. It may
be true then that at least a portion of these LH group gene models
are potentially functional genes in rice. Further analysis of the
expressed LH genes might provide insights into the rice genome.

The ubiquitin–proteasome pathway has fundamental roles
in plant development and evolution

Regulated proteolysis of individual proteins plays an essential
role in the development of all organisms. In eukaryotes, this is
achieved by the tagging of proteins with ubiquitin and their sub-
sequent recognition and degradation by the 26S proteasome
(Pickart and Cohen 2004). In plants, the ubiquitin–proteasome
pathway is involved in degrading a wide range of proteins (Sul-
livan et al. 2003; Vierstra 2003). Recent studies have indicated
that the ubiquitin–proteasome pathway is involved in the con-
trol of diverse developmental processes, including floral devel-
opment, responses to plant hormones and pathogens, and the
regulation of photomorphogenesis (Hellmann and Estelle 2002;
Serino and Deng 2003; Sullivan et al. 2003).

In the Arabidopsis genome, ∼5% (1350) of the genome en-
codes for components of the ubiquitin-proteasome pathway (The
Arabidopsis Genome Initiative 2000). Among these 1350 gene
models, 270 have best-matched pairs in rice (this proportion is
very similar to the proportion of best-matched gene model pairs
versus the number of total gene models in Arabidopsis) (Supple-
mental Table 3). Of the four functional groups of gene models we
considered (those coding for transcription factors, proteins in-

volved in protein biosynthesis, proteins involved in signal trans-
duction, and those involved in the ubiquitin-proteasome path-
way), the best-matched gene model pairs for the ubiquitin–
proteasome pathway had the highest correlation coefficients in
general, meaning that their expression patterns are the most
similar between the two species (Table 2).

In an attempt to test whether the highly correlated gene
model expression pattern in this pathway between the two spe-
cies is due to evolutionary conservation, we examined the ex-
pression pattern for all gene models involved in the above-
mentioned four pathways among all organs from Arabidopsis and
rice. We found that a high proportion of the gene models in-
volved in the ubiquitin–proteasome pathway also showed differ-
ential expression between light- and dark-grown organs, or be-
tween different organs and cell-type pairs (organ vs. cultured cell)
in the same species. Furthermore, the proportion and the average
fold change of differentially expressed gene models are similar to
those of gene models involved in the remaining three pathways
(data not shown). Thus, the change in expression level for gene
models encoding proteins involved in the ubiquitin–proteasome
pathway is at a level similar to that of the other pathway genes in
response to environmental or developmental signals. Strikingly,
we find that the variation in expression level among best-
matched gene model pairs encoding proteins involved in the
ubiquitin–proteasome pathway in each organ or cell type is the
smallest. This suggests that the expression patterns for the gene
models encoding proteins involved in the ubiquitin–proteasome
pathway might be more conserved during plant evolution. Thus,
our genomic evidence indicates that proteolysis has a crucial
regulatory role throughout both the individual plant life cycle
and plant evolution.

The possible mechanism of coexpression in neighboring
gene models

Recent results from human (Caron et al. 2001; Lercher et al.
2002), Drosophila (Spellman and Rubin 2002), Arabidopsis (Birn-
baum et al. 2003; Ma et al. 2005), and yeast (Cohen et al. 2000)
studies suggest that the regulation of genome expression in-
volves coordinated regulation of adjacent genes or gene models
in so-called chromatin domains. However, the physical size of
these coexpression clusters varies from species to species, ranging
from a few kilobases (kb) in yeast to several megabases in mam-
mals, and the size seems to be correlated to the organismal com-
plexity and evolutionary scale (Cohen et al. 2000; Lercher et al.
2002; Hurst et al. 2004). Our result suggests that ∼10% of the rice
genome shows a coexpression pattern (Table 3; Supplemental
Table 6), and that most of these coexpression clusters include 11
gene models and are about 100 kb of genomic sequence in length
(Fig. 5A,B; Supplemental Table 6). Given that the structure of
chromosomes is generally organized into loops of roughly 50–
100 kb of genomic sequence (Alberts et al. 2002), each coexpres-
sion chromosomal region in rice covers about one to two loops of
DNA in a given chromosome.

Still, the mechanism for this coexpression pattern in the
genome is not clear. One reasonable possibility is the involve-
ment of a chromatin-level modification mechanism in the coex-
pressed gene model clusters. When core histones in the nucleo-
somes around one gene model are covalently modified (e.g.,
acetylation) by chromatin remodeling mediators, according to a
given signal, chromatin opening is initiated, and this modifica-
tion spreads along a chromosome until it reaches a boundary

Table 3. The total number of gene models identified as being
within a coexpression chromosomal region, with genes ordered in
their native chromosomal locations (ordered genes) compared
with the situation where all genes are randomized in their relative
positions (randomized genes), at various significance levels

Significance
(P-value)

Ordered
gene models

Randomized
gene models

0.001 558 95
0.005 1981 695
0.01 3324 1350

Calculation of the chromosomal regions is based on a recently reported
method (Spellman and Rubin 2002) with a chromosomal region window
size of 11 gene models and is detailed in Supplemental Table 6.

Ma et al.

1280 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on November 4, 2015 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


element (Labrador and Corces 2002). In this way, all of the genes
within the whole chromatin domain within the boundary may
be expressed in a similar manner. To understand the mechanism
involved, further genome-wide analysis will be necessary to sort
out the possible effects of histone acetylation or methylation
states, regulatory protein/chromosome-binding patterns from
representative rice organs, or responses to a given signal.

Methods

Plant materials
The rice subspecies used in this study was the cultivar of Oryza
sativa L. ssp indica 93-11. The seeds were grown in soil in a green
house until the seedling stage. The seedlings were then trans-
ferred to the field. The upper part of the seedlings was collected
from 7-d-old plants, the shoot was collected from fourth tillering-
stage plants, and panicles were collected from both heading- and
filling-stage plants. Roots were collected from fourth tillering-
stage plants.

Arabidopsis tissue was collected from plants of the ecotype
Columbia. Seedlings were grown on growth medium (GM) agar
plates. The seedlings were grown in a plant growth chamber un-
der continuous white light for 6 d. The white light intensity used
was 150 mol m�2sec�1. Adult Arabidopsis plants were grown in
soil in a walk-in Environmental Growth Chamber under con-
tinuous white light (250 mol m�2sec�1). Siliques were collected
3 d post-pollination.

The suspension rice culture cells were prepared in a liquid
medium containing 2 mg/mL 2,4-D and 0.2 mg/mL 6-BA (Nojiri
et al. 1996). Suspension Arabidopsis culture cells were prepared as
described by Martinez-Zapater and Salinas (1998). The cultured
cells used for RNA isolation were collected at the logarithmic
growth phase.

Oligo microarray design and production
Based on a phase II rice genome assembly version available in
October, 2002 (http://rise.genomics.org.cn), which was signifi-
cantly improved from the initial draft version (Yu et al. 2002),
and on the available full-length cDNAs (Kikuchi et al. 2003) and
all available EST information, we chose 61,123 unique known
and predicted gene models to be included in our microarray de-
sign. A 70-mer oligo corresponding to the sequence within the
coding region of each of those 61,123 gene models was designed.
After correcting for such factors as oligo cross-hybridization, uni-
form TM value, GC content, and hairpin/stem nucleotide num-
ber (Sengupta and Tompa 2002), a total of 58,404 70-mer oligos
were retained. After the release of the complete gene centric map
(Zhao et al. 2004; Yu et al. 2005), we remapped these oligos to the
new version of the complete Oryza sativa L. ssp indica genome. A
total of 41,122 oligos were matched to 41,754 known and pre-
dicted nontransposable element gene models (Zhao et al. 2004;
Yu et al. 2005). Therefore, our current oligo set includes 41,122
physically mapped oligos, representing a set of 41,754 annotated
nontransposable element rice gene models with or without ex-
perimental support. This gene model set includes 16,504 full-
length cDNA-supported gene models (CG), 5968 EST-supported
gene models (SG), and 19,282 predicted gene models lacking ex-
perimental support (UCG) (Fig. 1A). Among this current oligo
set, there were 37,132 oligos, for which each oligo matched to
one unique gene model with a 70% or higher identity (Supple-
mental Table 1), while the remaining 3990 oligos might have
potential cross-hybridization to more than one gene model in
the rice genome at a 70% or higher identity (Supplemental Table

2). We did all analyses in the study with gene models represented
by the 37,132 cross-hybridization-free set of oligos. Only for cal-
culating the experimentally detectable gene model number
shown in Figure 1A did we include the gene expression numbers
from the 3990 oligos with possible cross-hybridization based on
the gene model composition covered by this subset of oligos. The
oligo set was synthesized by Qiagen/Operon, and all oligos were
randomized with respect to their genome location before print-
ing onto polylysine-coated microscope slides in the DNA micro-
array laboratory at Yale University (http://info.med.yale.edu/
wmkeck/dna_arrays.htm) and at the Institute of Human Genet-
ics, University of Aarhus. For more details for the rice and
Arabidopsis slides used in this study, please check the Supplemen-
tal Methods.

To check whether this Oryza sativa L. ssp indica-derived oligo
set can effectively represent the gene models in Oryza sativa L. ssp
japonica, we further aligned these 37,132 unique oligos to the
Syngenta Oryza sativa L. ssp japonica (Goff et al. 2002) and the
IRGSP Oryza sativa L. ssp japonica (Japan Rice Genome Program;
http://rgp.dna.affrc.go.jp/index.html) sequences, and found that
92% (34,248) of the oligos matched to the Oryza sativa L. ssp
japonica genome sequences (see Methods). This analysis suggests
that, as intended, our genome-wide oligo set can be used for
examining the transcriptomes of both the Oryza sativa L. ssp
indica and japonica subspecies. For more details on the oligo de-
sign and coverage, please check the Supplemental Methods.

RNA isolation, probe labeling, and hybridization
RNA preparation, fluorescent labeling of the probe, slide hybrid-
ization, washing, and scanning were performed as described pre-
viously (Ma et al. 2001, 2002).

Data processing and normalization
Spot intensities were quantified using Axon GenePix Pro 3.0 im-
age analysis software.

To determine the threshold for expression, we followed a
commonly used strategy (Kim et al. 2003; Rinn et al. 2003) with
minor adjustments. For more details for the data analysis, please
check the Supplemental Methods.

Homology search and transcription correlation analysis
between rice and Arabidopsis
We searched the sequences of the rice genome (Yu et al. 2005)
and the sequences of the Arabidopsis genome (March 20, 2003
version) by means of TBLASTN (Altschul and Gish 1996). The
expectation value cutoff was set to 1E-7, and the blast hit length
is no less than 100 amino acids or 50% of the full-length protein
(for those deduced proteins that are <200 amino acids in length).
For the best-matched gene pair search, we used the same criteria
to search the rice and Arabidopsis genomes.

Correlation analysis
The correlation for gene expression levels between correspond-
ing organs from rice and Arabidopsis was analyzed using SPSS
(version 10.0) software with the function of bivariate Pearson
correlations and the two-tailed test of significance analysis.

Calculation of chromosomal regions with coexpressed adjacent
gene models
We used the method reported by Spellman and Rubin (2002) to
identify coregulated, adjacent gene models.
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