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Collection, Mapping, and
Annotation of Over 28,000 cDNA

Clones from japonica Rice
The Rice Full-Length cDNA Consortium
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We collected and completely sequenced 28,469 full-length complementary
DNA clones from Oryza sativa L. ssp. japonica cv. Nipponbare. Through ho-
mology searches of publicly available sequence data, we assigned tentative
protein functions to 21,596 clones (75.86%). Mapping of the cDNA clones to
genomic DNA revealed that there are 19,000 to 20,500 transcription units in
the rice genome. Protein informatics analysis against the InterPro database
revealed the existence of proteins presented in rice but not in Arabidopsis.
Sixty-four percent of our cDNAs are homologous to Arabidopsis proteins.

Rice (Oryza sativa) is an important food crop; it
is also a good model for studies of monocot
plants because its genome (430 Mb) is small
relative to other crop plants of the Poaceae
species. Draft sequences of the Oryza sativa L.
ssp. indica (1) and japonica (2) genomes by the
“whole-genome shotgun” sequencing method
have been published, as have essentially com-
plete sequences of chromosomes 1 and 4 by a
physical mapping (“clone-by-clone”) method
(3, 4). In addition to genomic data, full-length
cDNA clones are necessary to identify exon-
intron boundaries and gene-coding regions
within genomic sequences and for comprehen-
sive gene-function analyses at the transcription-
al (transcriptomic) and translational (protein
informatic) (5) levels.

Here we describe the collection, group-
ing, sequencing (6 ), mapping, and func-
tional annotation of full-length cDNA (FL-
cDNA) clones from ssp. japonica (cv. Nip-
ponbare). All the data we present are
available to the public through our Web
site, the Knowledge-based Oryza Mole-
cular Biological Encyclopedia (KOME,
http://cdna01.dna.affrc.go.jp/cDNA), and the
28,469 complete sequences have been assigned
GenBank accession numbers AK058203
through AK074028 and AK98843 through
AK111488. (An example of a KOME re-
port is in fig. S1.) Clones will be distribut-
ed (www.rgrc.dna.affrc.go.jp/) from the
Rice Genome Resource Center (Tsukuba,
Japan).

We used the BLASTN and BLASTX pro-
grams (both of which use the Basic Local
Alignment Search Tool) for the gene homol-
ogy searches between monocot and dicot
plants (6). We found 2603 cDNA clones that
were identical to already-known rice genes.
We identified 5607 clones as gene products
from paralogs to already-known rice genes.
Of the rice FL-cDNA clones, 12,527 were
homologous to already-known genes of other
plants, and 859 were homologous to already-
known genes in organisms other than plants.
In total, these homology searches enabled us
to assign potential functions to 21,596
(75.86%) of our FL-cDNA clones. Homolo-
gy-based comparative analysis of calcium
signal-transduction proteins between plants
and animals suggested that some important
families, such as voltage-dependent calcium
channel proteins, do not exist in plants (7).

We mapped the 28,469 FL-cDNA clones
to the rice genome sequences—the indica
draft genome sequence (1), the japonica
draft genome sequence (2), and the ja-
ponica BAC/PAC (bacterial artificial chro-
mosome and P1-derived artificial chromo-
some) clones (6 ) (Table 1). More than 94%
of our FL-cDNA clones could be mapped to
rice genomic (japonica and indica) se-
quences. Mapping results of our japonica-
originated clones to the indica genome
show that the nucleotide sequences of the
gene-coding regions are very similar in
these two subspecies. Genome sequence
alone could not correctly identify the gene
structure, but mapping of cDNA clones and
comparison of genome sequences indicate
the correct structure of the genes in rice.
Rice FL-cDNA clones are useful not only
to determine rice gene structure but also to
understand gene structure in other Poaceae
species by the integrative analyses with the
expressed sequence tag (EST) clones of
these species.
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Of the 18,933 transcription units (TUs)
located on the Syngenta genome sequence
(2), 5045 are multi-exon TUs that contain
two or more transcripts. We searched for
alternative forms in those 5045 loci. By pair-
wise comparison of transcripts mapped to a
given locus, we identified alternative 5� or 3�
ends, cryptic exons (exons present in one
transcript and entirely absent from another),
and those exons flanked by alternative donor/
acceptor sites (Table 2). We identified puta-
tive alternative transcripts in 2471 loci
(45.6% of the redundant TUs and 13.1% of
the total TUs). This is notable variability,
given that our strategy selects against alter-
native forms. Alternative initiation sites were
shown by 1673 loci (8.8%), whereas varia-
tion of termination sites was observed at only
853 loci (4.5%). This imbalance occurred
despite the fact that our having used 3� sin-
gle-pass sequences in clustering clones to
select a single representative for the full-
length sequencing; this result implies more
frequent variation in initiation sites than in
termination sites in the rice genome. We de-
tected alternatively spliced internal exons in
94 (0.5%) TUs. Exons were spliced at inter-
nal donor and acceptor sites in 180 (1.0%)
and 241 (1.3%) loci, respectively. The alter-
native 5� or 3� ends, cryptic exons, and inter-
nal donor/acceptor sites occurred in coding
regions [the longest open reading frame

(ORF)] in 1937 (78.4%) loci, and these vari-
ations may lead to a functional change in the
coded proteins. (This estimate may be affect-
ed by our having used the longest ORF as the
coding region.)

Antisense RNA inhibits gene expression
(8) and genetic imprinting (9). To identify
antisense RNA genes, we searched for pairs
of transcripts that are transcribed bidirection-
ally from an overlapping genomic region. We
found 902 transcript pairs (1443 cDNA
clones), the exons of which overlap at least
one nucleotide on opposite strands. The clus-
tering patterns of the variants of the tran-
scripts on the same TU are shown on our
Web site. An example is in fig. S2.

From the 5�-end sequences of mRNAs,
the promoter sequences can be obtained by
comparison with the rice genomic sequenc-
es. In a search of the PLACE database, we
found cis-acting elements in genomic se-
quences 1000 base pairs upstream from the
5� termini of each mapped FL-cDNA clone
(10). The data are available on our Web site
(fig. S1). We identified 20,403 potential
promoters.

We searched the InterPro database (6, 11)
to compare the profiles of proteins encoded in
the rice genome with those in the Arabidopsis
genome. InterPro domains found in each
ORF amino acid sequence can be seen on the
KOME report page (fig. S1).

Protein domains found in rice but not in
Arabidopsis (table S2b) and those more fre-
quent in rice than in Arabidopsis (table S2c)
could be categorized as those from tissue-
specific proteins (e.g., pollen: major pollen
allergen Lol pI; seed: Bowman-Birk serine
protease inhibitor domain and BURP do-
main) or related to environmental stresses
(e.g., cold; antifreeze protein type I; and
drought; ABA/WDS–induced protein). The
abundance of these proteins may be charac-
teristic of rice. In contrast, domains found
more frequently in Arabidopsis than in rice
could be categorized into components of sig-
nal transduction (e.g., receptor; TIR do-
main; and diacylglycerol-related signal
transduction; DC1 domain) and transposon-
related proteins (e.g., putative plant trans-
poson protein, reverse transcriptase, retro-
transposon gag protein, integrase, catalytic
domain, and plant MuDR transposase). The
abundance of domains associated with
transposable element–related proteins is a
peculiarity of Arabidopsis.

Transcription factors are important pro-
teins in rice. Our InterPro search yielded 18
DNA binding domains related to 1336 tran-
scription factors (Table 3). Zinc finger–type
transcription factors are most numerous, fol-
lowed by Myb-type factors; these results are
similar to those for Arabidopsis (12). To an-
alyze membrane-spanning domains, cellular
localization, glycosylation sites, and phospho-
rylation sites, we used the Membrane Protein
Structure And Topology (MEMSAT) (13)
and PSORT (14, 15) programs (tables S4 and
S5). All the clone-by-clone results of analy-
ses by these programs can be seen on the
KOME report page.

To understand the profile and complexity of
rice proteins, we compared the 28,444 ORF
amino acid sequences from our clones with
27,288 predicted coding sequences (CDS) of
the Arabidopsis genome (using the same set of
data as in the InterPro analysis); (table S4). At
an Expect Value (E) E � 10�7 (BLASTP),
18,900 FL-cDNA clones (12,996 TUs; 64%)
showed homology to Arabidopsis-predicted
CDS, whereas 9544 (7263 TUs; 36%) did not
(Fig. 1). There were 20,473 Arabidopsis genes
(75%) that had a homolog in our rice FL-

Fig. 1. Homology be-
tween rice FL-cDNA
clones and Arabidopsis
genes. (A) Comparison
of the genes predicted
from FGeneSH in indi-
ca rice genome (1)
(53,398 genes) and
the annotated genes
from Arabidopsis (2)
(25,426 genes) at
BLASTP (E � 10�7).
We found that 49.4%
of predicted rice genes
had a homolog in A.
thaliana, and 80.6% of
A. thaliana genes had
a homolog in rice, as
described in (1). (B) A similar comparison from our FL-cDNA data (28,444 ORFs; 20,259 TU
clusters). Sixty-four percent of rice TUs had a homolog in A. thaliana (1), and 75% of A. thaliana
genes had a homolog in rice (2). Although it is still difficult to estimate the number of rice genes
from the genomic DNA sequence, and the result shown in the indica sequence paper (1) remains
to be determined, we still have to collect the genes specific to rice and the genes in common with
Arabidopsis, as indicated by the dotted rectangles.

Table 1. Results of mapping FL-cDNA clones to rice genomic sequences. Mbp, million base pairs.

Genomic sequence Source
Size
(Mbp)

No. of mapped
clones (%)

No. of
nonredundant

TUs

japonica draft genome (2) 390 26,930 (94.6) 18,933
indica draft genome (1) 363 26,784 (94.1) 19,036
BAC/PAC clones from
japonica

IRGSP 368 22,162 (77.8) 15,523

Table 2. Number of transcription units ( TUs) with
alternative structures. Data represent the 5045
multi-exon TUs that contain at least two tran-
scripts.

Alternative structure
No. (% of total) of

TUs with
alternative structure

Initiation sites 1673 (8.8%)
Internal exons 94 (0.5%)
Termination sites 853 (4.5%)
Splice donor sites 180 (1.0%)
Splice acceptor sites 241 (1.3%)
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cDNAs, whereas 6815 (25%) did not. For the
indica genome (1), when both cDNAs and pre-
dicted genes were compared against the genom-
ic sequence, 49.4% of predicted rice genes had
a homolog in Arabidopsis, and 80.6% of Ara-
bidopsis genes had a homolog in rice. If we
assume that the numbers of rice genes in the
japonica and indica genomes are nearly the

same, these results suggest that more than 5%
of Arabidopsis homologous genes (the differ-
ence between 80.6% and 75%) remain to be
collected and that the rice-specific genes to
be collected could reduce the fraction of
Arabidopsis-common TUs to 49.4%. It re-
mains difficult to estimate the correct num-
ber of rice genes from the genomic DNA
sequence, but this method of comparison
with data from other species might help us
to estimate the number of genes.

To classify the genes according to their
putative function, we used the Gene Ontolo-
gy (GO) term attached to the InterPro domain
names (Fig. 2). The InterPro GO assignment
yielded 9734 clones with GO terms associat-
ed with “biological processes.” The total
number of GO terms associated with “biolog-
ical processes” in our clones is 21,708; these
can be divided into 12 categories (Table 4).
The InterPro GO assignment yielded 12,346
FL-cDNA clones with GO terms associated
with “function.” The total number of GO
terms associated with “function” was
18,877. The number of terms that shared
the description “function” is shown in table
S6. Classification of protein kinases was
done by GO term (table S7). Finally, the
InterPro GO assignment yielded 4025 FL-
cDNA clones with GO terms associated
with “cellular component,” and the total
number of GO terms associated with “cel-
lular component” was 4051 (table S8). GO
terms attached to each clone can be seen at
the KOME page (fig. S1).

We compared the FgeneSH-predicted
genes for the whole indica genome with FL-
cDNA clones in terms of functional classifi-

cation. Updated InterPro and GO annotations
for the indica genome were downloaded from
the Bioverse Web site (16). The FgenesH-
predicted genes in each category and the
FL-cDNA clones in each category are nearly
equally distributed, thus demonstrating that
there were no functional biases in acquisi-
tion of the cDNA data (fig. S4). We also
compared the Bioverse annotations of the
predicted Arabidopsis genes with rice FL-
cDNA, and these also show a similar dis-
tribution among different functional cate-
gories (fig. S5).

Analysis of transcriptional products, as rep-
resented by cDNA clones, adds to a greater
understanding of genome function and contrib-
utes to improving gene prediction tools.
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Fig. 2. Flow chart of the classification of FL-
cDNA clones by GO term. We classified 21,708
FL-cDNA clones with InterPro GO terms ac-
cording to the accession number of the associ-
ated GO term “biological process.” The results
of the number of clones in each category are
shown in Table 4.

Table 3. Transcription factors identified through InterPro search. An InterPro search yielded 18 DNA-
binding domains related to 1336 transcription factors, and the proteins with these domains are shown.
Zinc finger–type transcription factors are most numerous, followed by Myb-type factors; these results are
similar to those for Arabidopsis (12).

Category of
domain

No. of
FL-cDNA clones

Comment

Zn finger 588 Including RING, C2H2, Cx8Cx5C3H,
Dof, GATA, CONSTANS, and NF-X1

Myb 158
ERF 83 Including one ERF
NAM 74
Homeobox 73 Including ELK, KNOX1, and KNOX2
bZIP 63 Not including Zn finger
AUX/IAA 47 Including four TFB3
WRKY 46
TFB3 27 Not including ERF or AUX/IAA
GRAS 27 Not including Zn finger
MADS 26
HSF 25
Tubby 24
BRCT 19 Not including Zn finger
Fungal TF 18
SBP 17
Jumonji 11 Including jmjC and JmjN;

not including Zn finger
TCP 10
Total 1336

Table 4. GO terms of FL-cDNAs with “biological
processes” associated with InterPro domains. The
total number of GO terms associated with “bio-
logical processes” in our clones is 21,708; they can
be exclusively classified into 12 categories. The
process of classification is as shown in Fig. 2.

Category
No. of

FL-cDNA clones
%

Unclassified 11,974 55.1
Metabolism 5,397 24.9
Transport 1,283 5.9
Translation 884 4.1
Transcription 640 2.9
Cell communication 556 2.6
Communication, defense 249 1.1
Energy 245 1.1
Cell growth/maintenance 207 1.0
Developmental process,

aging, death
130 0.6

DNA replication 107 0.5
Others 36 0.2
Total 21,708 100.0
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Altered Patterns of Sleep and
Behavioral Adaptability in
NPAS2-Deficient Mice

Carol A. Dudley,1 Claudia Erbel-Sieler,1 Sandi Jo Estill,1

Martin Reick,1 Paul Franken,2 SiNae Pitts,3 Steven L. McKnight1*

Animal behavior is synchronized to the 24-hour light:dark (LD) cycle by reg-
ulatory programs that produce circadian fluctuations in gene expression
throughout the body. In mammals, the transcription factor CLOCK controls
circadian oscillation in the suprachiasmatic nucleus of the brain; its paralog,
neuronal PAS domain protein 2 (NPAS2), performs a similar function in other
forebrain sites. To investigate the role of NPAS2 in behavioral manifestations
of circadian rhythm, we studied locomotor activity, sleep patterns, and adapt-
ability to both light- and restricted food–driven entrainment in NPAS2-
deficient mice. Our results indicate that NPAS2 plays a substantive role in
maintaining circadian behaviors in normal LD and feeding conditions and that
NPAS2 is critical for adaptability to food restriction.

Many and diverse organisms have dedicated
regulatory programs that switch genes on and
off as a function of the light:dark (LD) cycle
(1, 2). Remarkably, for reasons not well un-
derstood, these programs continue to operate
at or near a 24-hour cycle in the absence of
light (3, 4).

In mammals, a specialized region of the
brain termed the suprachiasmatic nucleus
(SCN) functions as the master pacemaker of
circadian rhythm (5, 6). The electrical and
metabolic activities of neurons in the SCN
fluctuate rhythmically over the LD cycle (7–
10). In both diurnal and nocturnal animals,
the SCN is “on” during the day and “off ” at
night. A heterodimeric, activating transcrip-
tion factor composed of the CLOCK and
BMAL1 polypeptides turns SCN gene ex-
pression on in the day (11–13). The CLOCK:
BMAL1 transcription factor directly induces
the expression of genes encoding negative
regulators, including the cryptochrome (Cry)
proteins, as well as modulatory proteins ex-

emplified by the products of the Period (Per)
genes (12–18). The circadian cycle of the
SCN is synchronized with the LD cycle by
neuronal input from the retina (19, 20).

Organismal rhythms in mammals are now
understood to be executed by the interplay
between a master SCN clock and molecular
clocks expressed in other parts of the body
(21–24). One of these peripheral clocks is
specified by a paralog of CLOCK, designated
neuronal PAS domain protein 2 (NPAS2).
CLOCK and NPAS2 are similar in amino
acid sequence, share BMAL1 as an obligate
heterodimeric partner, bind to the same DNA
recognition element, are suppressed by the
cryptochromes, and commonly depend on fa-
vorably reducing ratios of nicotinamide ade-
nine dinucleotide (NAD) cofactors (18, 25–
27). In contrast, the Clock and Npas2 genes
are expressed in regions of the body that
mostly do not overlap. The Clock gene is
expressed in the SCN (28, 29); Npas2 is not.
Instead, Npas2 is expressed in forebrain cor-
tices that process sensory information, as
well as regions of the basal ganglia and lim-
bic system involved in the control of anxiety
and emotion (30, 31).

To investigate whether CLOCK and
NPAS2 are functionally redundant or serve
distint roles in circadian behavior, we studied
NPAS2-deficient (–/–) mice generated by tar-
geted disruption (30) and backcrossed to the

C57BL/6J background over nine generations
to create a congenic strain comparable to that
used in analysis of CLOCK mice. We used
standard assays of wheel running activity to
examine circadian periodicity (32). When ex-
posed to a 12-hour:12-hour LD cycle, wild-
type mice run at night and rest in the daytime.
When released into constant darkness (DD),
mice continue to run during the period of
subjective darkness and to rest during the
period of subjective daylight. Each day, how-
ever, mice tend to initiate wheel running
slightly earlier, revealing an intrinsic period
(�) a bit shorter than 24 hours. NPAS2 het-
erozygous (�/–) and NPAS2 (–/–) mice dis-
played rhythmic locomotor activity largely
comparable to that of wild-type (�/�) litter-
mates under normal LD conditions (fig. S1).
Rhythmic oscillation of locomotor activity
persisted under DD conditions, with wild-
type and (�/–) mice both displaying periods
of 23.7 hours. NPAS2 (–/–) mice reproduc-
ibly displayed a shorter intrinsic period of
23.5 hours that persisted over at least 48 days
under conditions of constant darkness. In
sharp contrast, CLOCK (–/–) mice studied
under similar conditions show a lengthening
in period, followed by a rapid deterioration of
circadian rhythmicity (28, 33).

Closer inspection of actograms of wild-
type and NPAS2 (–/–) mice revealed a sub-
stantive difference in wheel running during
the active, nocturnal period of the circadian
cycle. In contrast to wild-type mice, which
displayed a prominent break during the mid-
dle of the night, NPAS2 (–/–) mice postponed
or completely skipped this break (Fig. 1A).
To quantify this difference in activity, we
generated aggregate activity profiles and cal-
culated half-maximal nocturnal activity (Fig.
1B). Both wild-type and NPAS2 (–/–) mice
exhibited high levels of running activity com-
mencing at lights off. However, at 6.6 hours
into the dark period [Zeitgeber time (ZT)
18.6], activity in wild-type and NPAS2 (–/–)
animals began to diverge. Wheel running ac-
tivity in wild-type mice began a steep decline,
reaching a half-maximal level at 7.8 hours
into the dark period (ZT 19.8). During this
same period, wheel running activity in
NPAS2 (–/–) mice was sustained at high
levels. Not until 9.8 hours into the dark peri-
od, or a full 2 hours after activity had sub-
sided to half- maximal in wild-type animals,
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ERRATUM

C O R R E C T I O N S A N D C L A R I F I C A T I O N S

RREEPPOORRTTSS:: “Collection, mapping, and annotation of over 28,000 cDNA

clones from japonica rice” by the Rice Full-Length cDNA Consortium

(18 July 2003, p. 376). Under the RIKEN part of the author list, three

of authors’ names were spelled incorrectly: Wataru Hashizume, not

Wataru Hashidume; Yoshiyuki Ishii, not Yoshiki Ishii; and Hideaki Kon-

no, not Hedeaki Konno. Also, one author name was missing: Ayako Ya-

sunishi. In the acknowledments in reference 17, the following names

should not have appeared: W. Hashizume, K. Imotani, A. Miyazaki, and

A. Yasunishi.
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