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A microarray analysis of the rice transcriptome
and its comparison to Arabidopsis
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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
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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

1274 Genome Research
www.genome.org

15:1274-1283 ©2005 by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/05; www.genome.org



Rice and Arabidopsis transcriptomes

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
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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. 20095) 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
(8G), and 19,282 predicted gene models lacking experimental
support (UCG) (Fig. 1A).
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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
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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.

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).
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