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A collection of 10,096 indica rice full-length cDNAs reveals highly
expressed sequence divergence between Oryza sativa indica and

Jjaponica subspecies

Xiaohui Liu - Tingting Lu - Shuliang Yu - Ying Li - Yuchen Huang -

Tao Huang ‘- Lei Zhang * Jingjie Zhu - Qiang Zhao * Danlin Fan

Jie Mu * Yingying Shangguan - Qi Feng ‘- Jianping Guan - Kai Ying -

Yu Zhang + Zhixin Lin + Zongxiu Sun * Qian Qian * Yuping Lu * Bin Han

Received: 9 February 2007/ Accepted: 13 April 2007/ Published online: 24 May 2007

© Springer Science+Business Media B.V. 2007

Abstract Relatively few indica rice full-length cDNAs
were available to aid in the annotation of rice genes. The
data presented here described the sequencing and analysis
of 10,096 full-length cDNAs from Oryza sativa subspecies
indica Guangluai 4. Of them, 9,029 matched rice genomic
sequences in publicly-available databases, and 1,200 were
identified as new rice genes. Comparison with the knowl-
edge-based Oryza Molecular Biological Encyclopedia
Jjaponica cDNA collection indicated that 3,316 (41.6%) of
the 7,965 indica-japonica cDNA pairs showed no distinct
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variations at protein level (2,117 indica-japonica cDNA
pairs showed fully identical and 1,199 indica-japonica
cDNA pairs showed no frame shift). Moreover, 3,645
(45.8%) of the indica-japonica pairs showed substantial
differences at the protein level due to single nucleotide
polymorphisms (SNPs), insertions or deletions, and se-
quence-segment variations between indica and japonica
subspecies. Further experimental verifications using PCR
screening and quantitative reverse transcriptional PCR
revealed unique transcripts for indica subspecies. Com-
parative analysis also showed that most of rice genes were
evolved under purifying selection. These variations might
distinguish the phenotypic changes of the two cultivated
rice subspecies indica and japonica. Analysis of these
cDNAs extends known rice genes and identifies new ones
in rice.

Keywords Comparative analysis - Full-length cDNA -
Indica and japonica rice - Oryza sativa - Transcriptome

Introduction

Rice is a major crop that feeds about half the world’s
population. Rice is also a model plant for molecular bio-
logical and genomic research because of its relatively small
genome size, transformability and completion of genome
sequencing. There is a well-established divergence be-
tween the two major Asian cultivated rice (Oryza sativa L.)
subspecies, indica and japonica, but finer levels of genetic
structure are suggested by the breeding history (Panaud
et al. 2002; Garris et al. 2005). Indica and japonica rice
diverged about approximately 0.2 ~ 0.44 million years ago
(Ma and Bennetzen 2004; Vitte et al. 2004). Indica and
japonica rice had a polyphyletic origin. Indicas were
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probably domesticated in the foothills of Himalayas in
Eastern India and japonicas somewhere in South China
(Khush 1997). The indica subspecies of rice is the most
widely cultivated subspecies in China, India and most of
the rest of Asia, while the japonica rice subspecies is fa-
vored in Japan and other countries with temperate climates.

The entire rice genome sequence of Oryza sativa ssp.
Jjaponica Nipponbare, which is a typical japonica inbred
variety, was completed by the International Rice Genome
Sequencing Project (IRGSP) using a map-based sequenc-
ing strategy (Feng et al. 2002; Sasaki et al. 2002; The Rice
Chromosome 10 Sequencing Consortium 2003; Interna-
tional Rice Genome Sequencing Project 2005). The draft
genome sequences of the japonica Nipponbare and indica
variety 93-11 have also been made available using a whole-
genome shotgun sequencing approach (Goff et al. 2002;
Yu et al. 2002, 2005). Overall synteny at the genome-wide
level was reported previously using intra-specific genomic
sequence comparisons (Feng et al. 2002; Han and Xue
2003; Ma and Bennetzen 2004; Yu et al. 2005), while
comparison of the indica rice genome sequence with the
Jjaponica data provided insights into rice genetic diversity
(Bennetzen 2002).

Full-length complementary DNA (cDNA) clones are
important, not only for gene annotation and the determi-
nation of transcriptional start sites, but also for functional
analyses (Suzuki et al. 2001; Wang and Brendel 2006).
The methods for preferential cloning of cDNA that corre-
sponds to full-length mRNAs with 5’-end-proximal cap
structures (Kristiansen and Pandey 2002) have been
developed and used in large-scale analyses of transcripts
from human (Suzuki et al. 2002; Ota et al. 2004), mouse
(Konno et al. 2001; The RIKEN Genome Exploration
Research Group Phase II Team and the FANTOM Con-
sortium 2001; Osato et al. 2002; Carninci 2003), fruit fly
(Stapleton et al. 2002), Arabidopsis thaliana (Seki et al.
2002), and rice (The Rice Full-Length cDNA Consortium
2003; Osato et al. 2003). Genomic comparisons of Bras-
sica oleracea and Arabidopsis thaliana reveal gene loss,
fragmentation, and dispersal after polyploidy (Town et al.
2006). Similarly, Expressed Sequence Tag (EST) and
cDNA sequences are also used for comparative genome
analysis. The moss Physcomitrella patens transcriptome
has been compared with the A.thaliana genome, revealing
a large number of putative transcripts with high levels of
similarity to vascular plant genes (Nishiyama et al. 2003).
A unique set of 11,008 onion ESTs was used to assess the
genomic differences between the Asparagales and Poales
(Kuhl et al. 2004).

Computational annotation of the rice genome has been
reported (Yuan et al. 2003) and collections of cDNAs and
ESTs have provided valuable information toward our
understanding of gene structure and genome coding
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capacity (Wu et al. 2002; The Rice Full-Length cDNA
Consortium 2003; Rensink and Buell 2004; Zhang et al.
2005). Expression profiling of the rice genome using DNA
microarrays has provided information on the coding
potential and expression patterns of the chromosome 4 and
the entire genome (Jiao et al. 2005; Li et al. 2006).
Although 1,211,078 rice ESTs (http://www.ncbi.nlm.nih.
gov/dbEST/dbEST) are presented in publicly-available
databases, a large number of them is redundant. The Rice
Full-Length ¢cDNA Consortium has collected 28,469 un-
ique full-length cDNA sequences from the japonica variety
Nipponbare and provided a detailed description of the rice
transcriptome (The Rice Full-Length ¢cDNA Consortium
2003). The total number of rice full-length cDNA of pub-
licly available KOME database is about 32,127 (Osato
et al. 2003). These cDNAs provide the complete coding
region of the encoded protein and complete 5°, 3’
untranslated regions (UTRs) that define the boundary of
transcriptional unit and provide a functional resource for
biological function verification. As part of the National
Rice Functional Genomics Project in China, collection of
17,835 unique ESTs and 10,828 putative full-length
cDNAs from indica variety Minghui 63 have been
achieved (Xie et al. 2005; Zhang et al. 2005). Overall, the
cDNA resources of the publicly available databases are still
incomplete as it has been estimated that there are
37,500 ~ 43,000 genes predicted in the rice genome
(International Rice Genome Sequencing Project 2005;
Paterson et al. 2005). Comparative analysis of indica and
Japonica genomes at the expression level is likely to reveal
some details of intra-specific variations as sequence poly-
morphisms in coding regions might influence the expres-
sion of genes and thus result in the phenotypic variations
(Windsor and Mitchell-Olds 2006). In addition, gene
structure as predicted by ab initio gene finders is never
100% accurate. Thus, a whole-genome full-length cDNA
collection is a powerful resource for accurate gene
prediction and comparative transcriptome analysis.

In this study, we constructed five full-length cDNA
libraries from different indica rice tissues and various
developmental stages including various stress treatments.
In total, we collected and sequenced 10,096 unique
full-length ¢cDNA clones from a typical indica variety
Guangluai 4 (Lin and Min 1991). Through transcriptome
comparative analysis, we found that the overall number of
polymorphisms, including insertions or deletions, single
nucleotide polymorphisms (SNPs) and sequence poly-
morphisms between indica and japonica subspecies was
very high. Further experimental verifications from quan-
titative reverse transcriptional (RT) PCR and Southern
blotting hybridization analyses revealed unique transcripts
in indica and japonica rice. These full-length cDNA
clones also serve as a resource for further protein function



Plant Mol Biol (2007) 65:403-415

405

verification and the cDNA clones will be distributed upon
request.

Materials and methods
Plant materials

Five cDNA libraries of Oryza sativa ssp. indica Guangluai
4 were constructed from five different tissues or at various
developmental stages: (1) Two-day germinated shoots and
roots were collected when roots reached 1-2 cm long; (2)
Rice seedlings were grown in plant growth chamber with a
cycle of 16 h light/8 h dark at 30°C. Seedling shoots and
roots were harvested 2 weeks after germination; (3) Pani-
cles were harvested from rice grown in paddy fields; (4)
Two-week seedlings treated individually with various
stresses, such as high-salinity (100 mM NaCl, treated for
20 min, 3, 12, 24, 48 h, 3 days and recovered for 72 h),
dehydration (15% PEG-4000, treated for the same time
duration as high-salinity), cold (6°C for 1, 12, 24, 48 h,
3 days and recovered for 72 h), heat (45°C, for the same
time duration as cold), or immersion under water (for 1, 12,
24, 48 h, 3, 5 days) were harvested, and equimolar
amounts of poly(A+) mRNA from the five tissues under
stress treatments were combined for synthesis of cDNA.

Genomic DNA of the three indica (Guangluai 4, 93-11
and Nanjing 11) and five japonica (Nipponbare, Lansheng,
Zhonghua 11, Xiushui 4 and Chunjiang 6) varieties were
prepared from two-week rice seedling shoots. Classifica-
tion and genealogy of Guangluai 4, Nanjing 11 and Xiushui
4 varieties were described by Lin and Min (1991). The
japonica Chunjiang 6 variety was described by Sogawa
et al. (2003).

Construction of full-length cDNA libraries

We utilized the Cap-Tagging method from the Oligo-Cap-
ping technique for full-length cDNA library construction
(Suzuki et al. 2001). The 5’Cap-Tagging method utilizes the
5’Cap capture technique through the combined treatments of
calf intestinal phosphatase (CIP) and tobacco acid pyro-
phosphatase (TAP) so that only the full-length cDNA was
targeted for library construction (as outlined in Supple-
mentary Fig. S1). Normalization and subtraction procedures
were applied to reduce the frequency of highly expressed
mRNA in the library and to enhance the discovery of new
cDNAs (Carninci et al. 2000). Subtraction procedures were
based on hybridization of the single-stranded DNA with
RNA drivers from previously sequenced cDNAs or DNA
primers designed from already known japonica cDNAs.
Total RNA was extracted with Trizol, and mRNA was
purified with oligotex mRNA kit (Qiagen). mRNA was

treated with CIP to remove the phosphate from truncated
mRNA while the 5capped full-length mRNA was not af-
fected. Dephosphated mRNA was ligated with the first
adapter (blocking tag) to block phosphate terminus residue
of mRNA. The top strand sequence of the blocking tag is
5’-GGAATGATCCAG-3’ and bottom strand sequence is
5’-NNNCTGGATCATTCC-3" (N=G, A, T, C). After
purification, mRNA was treated at 37°C for 1 h with
50 units TAP (Epicentre) to remove the 5’cap from a
full-length mRNA. De-capped mRNA was ligated to the
second adapter (cap tag). The top and low strand adapter
sequences are 5-TAGGCCTTCCAGGCCAGTCGAGAC
GACGTGA-3" and 5-NNNTCGCGTCGTCTCGACTGG
CCTGGAAGGCCTA-3 N =G, A, T, C), respectively.
First-strand cDNA was synthesized by superscript II RNase
H- reverse transcriptase (Invitrogen) with oligo dT20VN
carriying a Xhol site (5'-AGCTAATCGGTCTCCTCGAG
GCCAAGCTGGCC(T)20VN-3) (V=G, A,C; N =G, A,
T, O).

Enrichment of full-length cDNA was utilized by biotin-
labelling and magnetic porous glass (MPG)-streptavidin
(CPG) sorting. Biotin-dCTP and random primer 5’-NNNN
NNVVVVV-3"(V=A,G,C;N =G, A, T, C) were added
to the reverse transcription for additional 1-hour incubation
at 42°C. Then, partial cDNA incorporated with biotin-
dCTP was removed by MPG-streptavidin beads. Second-
strand cDNA was synthesized with primer carrying a
EcoRI site (5-GTAGTACGGGTCTCGAATTCGGTAGG
CCTTCCAGGCCAGTCGAG-3’) using cycling conditions
of denature at 95°C for 2 min; 10 cycles of 45°C, 1 min,
55°C, 1 min, 68°C, 10 min and a final extension at 68°C
for 10 min.

Double-stranded cDNA was digested with EcoRI and
Xhol, and cDNA fragments of >2 kb, 1-2 kb, 0.5-1 kb and
<0.5 kb were subsequently size-fractioned through an
agarose gel electrophoresis. cDNAs were then cloned
directionally into the EcoRI and Xhol sites of vector
pBluescript SK+ (Strategene) and transformed into E.coli
DHI10B competent cells (Invitrogen).

Subtraction of full-length cDNA libraries

Two sources of subtraction drivers were utilized for cDNA
library subtraction to increase novel cDNA discovery. One
was the in vitro transcribed RNA originated from 5’-end
sequenced 20,000 clones. The other was the 6,000 primers
designed from 6,000 japonica Nipponbare non-redundant
cDNA 3’-UTR sequences.

The in vitro transcribed driver cRNA was produced
from 20,000-pooled plasmid DNAs. The tester single-
stranded DNA (ssDNA) (+) was prepared from entire
cDNA library with the help of the M13 helper phage.
ssDNA was then enriched by means of hydroxyapatite
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(HAP) column chromatography and Pvull digestion to
eliminate double stranded plasmid DNA.

Hybridization was performed in 15-pl volume hybrid-
ization buffer (50% deionized formamide, 250 mM NaCl,
0.1% SDS and 5 mM EDTA) with 5-pg driver cRNA and
50-ng ssDNA (+) at 30°C for 70 h. After hybridization,
non-hybrid ssDNA (+) was separated from hybrid ssDNA
(+)-cRNA through HAP column chromatography and
converted into dsDNA for transformation. The clones of
subtracted libraries were sequenced at 5’ends to verify the
subtraction efficiency.

Six thousand primers (sense strand, 30 bases long) were
designed from 6,000 japonica Nipponbare non-redundant
cDNA 3’-UTR sequence. They were pooled together and
used as subtraction drivers. Tester ssDNA (—) was prepared
from plasmid pool by the combined action of Gene II and
Exo III (GeneTrapper kit, Invitrogen). The 6,000 primers
were annealed with tester ssDNA and biotin labeled
through primer extension. Biotin labeled ssDNA (-) was
removed by MPG-streptavidin beads. Non-labeled ssDNA
(-) was converted into double-stranded DNA, transformed
into E.coli DH10B competent cells and sequenced at
5’ends to verify the subtraction efficiency.

DNA sequencing

DNA sequencing was carried out on ABI3730 sequencers.
The clones were sequenced from both ends by the dideoxy
chain termination method using BigDye Terminator Cycle
sequencing V2.0 Ready Reaction (Applied Biosystems).
The sequences were assembled using the PHRED and
PHRAP programs (Ewing and Green 1998). Manual edit-
ing was utilized to validate the accuracy of the assembly.

Strategy of four sequencing phases of full-length
cDNAs

One hundred and eighty thousand cDNA clones were se-
quenced at 5’ends and clustered into 21,690 non-redundant
groups using the Lucy (Chou and Holmes 2001), TGICL
(Pertea et al. 2003) and CAP3 programs (Huang and
Madan 1999). One representative clone from each group
was completely sequenced through four phases as follow-
ing. Phase I: 5’end sequencing. Phase II: 3’end sequencing.
Phase III: primer walking to obtain the full-length
sequence. Phase IV: cDNA two strands were sequenced
from both directions to get the solid sequence.

Quantitative RT-PCR
Gene expression variation between indica Guangluai 4 and

Jjaponica Nipponbare was verified by quantitative RT-PCR.
First-strand cDNA was synthesized by superscript III

@ Springer

RNase H™ reverse transcriptase (Invitrogen) with random
9 mers. Quantitative PCR was performed on the Applied
Biosystems 7,500 real time PCR System using SYBR
green (TaKaRa) as the reporter dye. The PCR thermal
cycle conditions were as following: denature at 95°C for
1 min and 40 cycles for 95°C, 15 s; 60°C, 1 min. Then, the
dissociation-curve analysis was performed to detect
nonspecific products.

Annotation and comparative sequence analysis

Similarity searches against other cDNA and genomic
sequences and proteins in the publicly-available databases
(NCBI GenBank nt DB, est-other DB, rice japonica genomic
sequence http://www.rgp.dna.affrc.go.jp/IRGSP/) were per-
formed using BLAST program with the thresholds of E-value
less than 1e-30 and le-10, respectively. We aligned cDNAs
to genomic sequences by using ‘‘est2genome’’ program from
EMBOSS package. Open reading frames (ORF) were
determined by using ‘getorf”’ program of EMBOSS package
(Rice et al. 2000). To calculate Ka, Ks values, a program of
“PAL2NAL’’ (version: v11) was used (Suyama et al. 20006).
The conserved sequences, polymorphic segments, indels, and
SNPs in the collinear regions of indica and japonica were
identified by using ‘‘diffseq’’ program of EMBOSS package.
Multiple-sequence alignments were done using the ClustalW
(version 1.81) program.

Accession numbers for submitted data in EMBL
database

For Oryza sativa ssp. indica cv. Guangluai 4 full-length
cDNAs (10,096) CT827960-CT834770, CT836522-
CT836598, CT837477-CT837976, CT834771-CT836521,
CT827880-CT827943, CT836599-CT837476 For Oryza
sativa ssp. indica cv. Guangluai 4 unique-ESTs (21, 686):
CT842009-CT842118, CT842120-CT842121, CT842123-
CT842130, CT842132-CT842147, CT842149-CT842158,
CT842160-CT842178, CT842180-CT842181, CT842183-
CT842515, CT842516, CT842518-CT842528, CT842530-
CT842531, CT842533-CT842540, CT842542-CT842595,
CT842597-CT854325, CT854327-CT857270, CT857272-
CT859335, CT859337-CT863709.

Results

Cloning and sequencing of full-length cDNAs
of O. sativa ssp. indica Guangluai 4

Five full-length enriched cDNA libraries of O. sativa ssp.
indica variety Guangluai 4 were constructed from tissues
of 2-day germinated shoots and roots, seedling shoots and
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roots, and panicles using an advanced 5’Cap-Tagging
method. Initially, we completed 180,000 single-pass
sequencing reactions on the selected clones from the nor-
malized libraries. A total of 149,857 clones comprised of at
least 100 contiguous nucleotides with a Phred score above
20 were obtained after eliminating low-quality sequences
and vector trimming (Chou and Holmes 2001). These se-
quences were assembled into 21,690 unique ESTs (uni-
ESTs) using the TGICL (Pertea et al. 2003) and CAP3
Sequence Assembly program (Huang and Madan 1999).
We further selected potential full-length cDNA clones for
completely sequencing through 3’end sequencing and
primer-walking. In total, 10,096 full-length cDNAs were
identified with an average length of 1,042 base pairs (bp);
the longest clone sequence was 3,173 bp. We estimated
that the average accuracy of the cDNA sequences was
99.9%. All sequences have been submitted to public
EMBL sequence database with the accession numbers as
described in the Materials and Methods. The sequences are
also available at the National Center for Gene Research
(NCGR) website (http://www.ncgr.ac.cn/cDNAs/). Here,
we refer to these data resources of indica cDNAs and ESTs
as the NCGR cDNA database.

We analyzed the proportion of full-length cDNA clones
that contained mRINA start sites. As transcription usually
starts at a purine base (Lewin 2000; Nishiyama 2003), we
detected the base composition of first and subsequent
nucleotides at the 5" ends of the 21,690 ESTs. The first
nucleotide showed a strong bias for purine (78% G or A;
Table 1), whereas the 2-6th nucleotides showed much
lower percentage of purine (42-51%). In the 5’end
sequence data, the T/C ratio at the first position (0.68)
differed from that at the second (1.45) and subsequent
(0.8-0.98) positions (the third to the sixth ones) (Table 1).

Characterization of indica full-length cDNAs

To determine whether the cDNAs span the entire coding
sequence, we used the BLASTN and BLASTX programs
for comparing our sequences with the Knowledge-based
Oryza Molecular Biological Encyclopedia (KOME, http://
www.cdnaOl.dna.affrc.go.jp/cDNA) cDNA collection, the

NCBI protein database, and the rice japonica (http://
www.rgp.dna.affrc.go.jp/IRGSP/) and indica (http://
www.rise.genomics.org.cn/rice/index2.jsp) genomic se-
quences. Of the 21,690 uni-ESTs, 13,509 matched cDNAs
in the KOME database, 13,940 matched publicly-available
rice ESTs, and 16,504 matched rice genomic sequences
leaving 2,564 novel rice uni-ESTs. The remaining 5,286
uni-ESTs failed to match rice sequences in publicly-
available databases (Fig. 1).

Among 10,096 full-length cDNAs, 7,965 (78.9%) mat-
ched KOME cDNAs (with >280% identity and at least 100-
bp continuous hits). The remaining 2,131 indica cDNAs
failed to match the KOME entries, but 1,200 of them
matched the rice indica and japonica genomic sequences in
publicly-available databases (with >=80% identity and
>60% length coverage), and these sequences were there-
fore identified to be novel rice full-length cDNAs. Among
the remaining 931 cDNAs, 131 matched EST entries in the
NCBI dbest, and 800 had no hits in the publicly-available
databases (Fig. 1).

Of the 10,096 indica full-length cDNAs, 9,029 (89.4%)
were mapped onto rice genome, and these cDNAs were
distributed throughout the 12 rice chromosomes. To further
analyze the indica and japonica genomic sequence hits, we
found that 12 indica full-length cDNAs failed to map onto
the japonica Nipponbare genome, while they could be fully
matched KOME cDNAs, rice ESTs and the indica 93-11
genomic sequences. These clones were therefore deduced
to be located in the gap of the current japonica Nipponbare
genomic sequences (Supplementary Table S1). Our data
also showed that 58 indica full-length cDNAs specifically
mapped to the indica 93-11 genomic sequences, indicating
that some of the 58 indica cDNAs might be indica-specific
genes or they may map to the gaps in the japonica genome
sequence.

We analyzed guanine plus cytosine (GC) composition of
5’- and 3’- untranslated regions (UTRs) and open reading
frames (ORFs) of indica cDNAs (Fig. 2). Mean GC values
for 5'UTRs (54.4%) and ORFs (56.1%) were equal,
whereas mean GC content of 3’UTRs was very low
(38.5%). The GC content of most of the 5UTR and ORF
sequences ranged from 35% to 75%; however, the GC

Table 1 The purine and T/C contents of the first six nucleotides of the NCGR cDNAs

A T C G Total AG% T/C
1 12,235 1,920 2,825 4,514 21,494 0.77924 0.67965
2 6,659 7,282 5,019 2,587 21,547 0.42911 1.45089
3 6,344 4,838 6,030 4,342 21,554 0.49578 0.80232
4 6,873 5,142 5,230 4,307 21,552 0.51875 0.98317
5 6,336 5,528 5,878 3,797 21,539 0.47045 0.94046
6 5,662 5,300 6,226 3,854 21,542 0.44174 0.93158
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Hit NCGR uni-ESTs

Unmatched KOME 21,678 (61.6%) 13,509 (38.4%)

KOME full-length cDNAs (35,187)

Unmatched NCGR
Hit KOME fulllength cONA -
13,500 (62.3%) 6 1';‘1"{53?;%’ NCGR uni-5'ESTs (21,690)
HtKOME £ 2
FLDNA £ NCGR full-length cDNA (10,096)
0 EBE

Unmatched KOME dones

-
overlapped clones

Fig. 1 Comparison of NCGR (Indica Guangluai 4) and KOME
(Japonica Nipponbare) cDNA sequences. The total numbers of the
KOME full-length ¢cDNAs (35,187) and the NCGR full-length
cDNAs (10,096) and the NCGR uni-ESTs (21,690) are indicated.

content of most of the 3’UTR sequences only ranged from
25% to 55% (Fig. 2A). Similar results were obtained for
the analysis of 35,187 KOME japonica full-length cDNAs.
The GC content of most 5UTR and ORF sequences in
Jjaponica ranged from 35% to 75% and the GC content of
3’UTRs in japonica ranged from 25% to 55% (Fig. 2B).

Alternative splicing (AS) and antisense transcripts

Alternative splicing is widespread in both rice and Ara-
bidopsis and these species share many common features
(Campbell et al. 2006). Mapping of the full-length cDNAs
to rice genome showed that 9,029 cDNAs represented
7,372 transcription units (TUs) in the rice genome. We
identified 1,382 indica alternative splicing transcripts cor-
responding to 540 TUs. The conserved AS events corre-
sponding to 93 TUs were identified in both indica and
Jjaponica subspecies. The other 447 TUs showed no AS

Fig. 2 Graphics showing the (A)

- -
Unmatchod NCGR cionas

The total numbers of overlapped cDNA clones between the KOME
and the NCGR cDNA collection were indicated in the orange and
yellow boxes respectively. The number of novel indica cDNAs were
indicated in the blue and light blue boxes.

events in japonica. Assigned functions of the 93 TUs
between indica and japonica were assessed using searching
against the PFAM protein family database (Apweiler et al.
2001; Bateman et al. 2004; http://www.sanger.ac.uk/Soft-
ware/Pfam/). The results showed that 53 TUs had similarity
with 45 PFAM protein families (P-score below le-10)
(Supplementary Table S2).

Antisense RNAs are pairs of transcripts that are
transcripted bi-directionally from an overlapping genome
region. Among the 7,965 indica cDNAs that matched
KOME cDNAs, 179 were identified to have japonica
cDNA hits on the opposing strand, and therefore these
cDNAs were annotated as anti-sense sequences. Addi-
tionally, we found 34 pairs of internal anti-sense transcripts
in the NCGR indica cDNAs. Twenty-three of the 34 pairs
were found to be pairs of internal anti-sense transcripts in
the KOME japonica cDNAs and thus conserved in the two
rice subspecies (Supplementary Table S3).
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Transcriptome comparison between indica and
Jjaponica

We extracted the ORF of each full-length cDNA sequence
using ‘‘getorf’” program. Among 7,965 NCGR-KOME
cDNA homologue pairs, 7,918 were predicted to have
ORFs. Comparison of these indica and japonica ORFs
revealed that 3,316 (41.6%) had no distinct variations at
protein levels. Among these, 2,117 (26.6%) indica-japon-
ica pairs were identical at protein level (designated as
Identity protein), and 1,199 (15.1%) pairs were highly
conserved with more than 96% identity at protein level
(designated as Non-Frame Shift (NFS) proteins). Addi-
tionally, 3,645 (45.8%) NCGR-KOME cDNA pairs
showed variations at protein level due to SNPs, insertions
and deletions, non-homologous sequences and alternative
splicing (designated as Variations).

We searched the NCGR-KOME cDNA pairs against the
PFAM database. Overall, we found that 2,776 (39.9%) of
these cDNAs showed similarity with 1,143 PFAM protein
families (P-score below le-10). Of them, 789 NCGR-
KOME pairs were classified into 30 major FPAM families
after excluding the ‘‘Domain of unknown Function
(DUF)”’ and ‘‘Uncharacterized Protein Family (UPF)”’
PFAM families (Fig. 3 and Table 2). Furthermore, we
calculated these 789 pairs with the rate of non-synonymous
(Ka) and synonymous (Ks) changes (41). Generally, the
ratio of Ka/Ks provides a measure of evolutionary con-
strains (Ka/Ks = 1 neutral evolution, Ka/Ks > 1 positive
selection, and Ka/Ks < 1 negative selection), while Ks
represents the age of divergence between two homologous
sequences. Percentages of the calculated Ka, Ks and Ka/Ks
were shown in Table 2 and Fig. 3. Most of the rice genes
have evolved under purifying and neutral selections.
However, 136 genes showed Ka/Ks > 1, indicating that
these indica and japonica genes were diverged under
positive selections. Some proteins were highly diverged
between the two subspecies. The average rate of the
percentage of the protein with Ka/Ks > 1 in all protein
categories was 17.2%. However, relatively high percent-
ages of the proteins with Ka/Ks > 1 were found in some
protein categories of ‘‘Biotin_lipoyl’’ (62.5%), ‘“‘RRM_1"’
(43.6%) and ‘‘Metallothio_2’’ (36.8%) (Table 2). In
contrast, other proteins seemed highly conserved between
indica and japonica, which included ribosomal, ‘‘peroxi-
dase’’, ‘“‘Tryp_alpha_amyl’’, ““MIP”’ and ‘‘GH3”’, as
higher proportions of these identical proteins were found in
each category.

In addition, we searched 1,200 novel NCGR cDNAs
against the PFAM protein database. The results showed
that only 8.5% (102) of the 1,200 novel cDNAs matched
proteins in PFAM database (p-score below le-10). As
mentioned above, 39.9% (2,776) of the NCGR-KOME

cDNA pairs matched PFAM proteins. Obviously, the novel
indica cDNAs identified in this study showed significant
higher percentage of unknown functions.

Comparative analysis of the chromosome 4 cDNAs
from two subspecies

As a total of 22.1-Mb chromosome 4 of indica Guangluai 4
has been sequenced (in publicly-available databases), we
used the 23.2-Mb chromosome 4 collinear sequence of the
Jjaponica Nipponbare to compare exon-intron organization
between indica and japonica (Table 3). Among 10,096
indica full-length cDNAs, 523 were mapped onto the in-
dica 22.1-Mb region. Only five of them were not mapped
on the 23.2-Mb japonica collinear region. We selected 361
NCGR-KOME collinear cDNAs for identifying exon-in-
tron organizations in the two subspecies. We aligned the
NCGR indica and KOME japonica cDNAs on the GLA4
and Nipponbare chromosome 4 collinear regions,
respectively. Table 3 showed that mean exon sizes between
indica Guangluai 4 (301 bp) and japonica Nipponbare
(307 bp) were similar, but mean intron sizes between
GLA4 (415 bp) and Nipponbare (461 bp) were different.
These results were slightly different from the previous
studies (Han and Xue 2003; International Rice Genome
Sequencing Project 2005). Introns can be classified into
phases 0, 1 and 2 depending on their position relative to the
reading frame of the gene. Intron may interrupt the reading
frame of a gene between two consecutive codons (phase 0
introns), between the first and second nucleotide of a codon
(phase 1 introns), or between the second and the third
nucleotide (phase 2 introns). In order to detect whether
intron-phase variation existed between the two subspecies,
we compared 56 identical NCGR-KOME transcripts
referring to their corresponding chromosome 4 genomic
sequences. The result showed no intron-phase variations
observed. We scanned the unspliced mRNA (Supplemen-
tary Table S4). Thirty-two pairs of 361 NCGR-KOME
cDNAs were found to be single exon in both subspecies.
However, eight pairs of them were found to be single exon
in indica but multiple exons in japonica, and four pairs of
them were found to be single exon in japonica but multiple
exons in indica.

Real time PCR analysis of the subspecific expressions

As described above, 12 indica cDNAs (assigned as Type I
cDNAs) were assumed to be located in the gaps of the
current japonica Nipponbare genome sequence, and 58
indica full-length cDNAs (assigned as Type II) were only
aligned to indica 93-11 genomic sequences. Expression
analysis of type I and type Il cDNAs were carried out by
real time RT-PCR. The results were shown in Fig. 4 and
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Fig. 3 Comparison of the percentages of conservations and varia-
tions at each InterPro classified NCGR-KOME homologous protein
category. A total of 30 major categories were shown. Blue represents
the percentage of identical protein (Identity). Red represents the
percentage of Non-Frame Shift proteins (NFS). Green represents the

Supplementary Table S5. Six of the Type I cDNAs were
randomly selected for real time RT-PCR verification. All of
these genes were expressed in both indica Guangluai 4 and
Jjaponica Nipponbare. Twenty-two type II cDNAs were
only expressed in indica Guangluai 4, not in japonica
Nipponbare (Supplementary Table S5) and may be indica-
specific genes. We further detected whether the Type-II
transcripts are present in the genomes of other indica and
japonica varieties using PCR. The specific primers were
designed for screening the type II genes in three indica
varieties (Guangluai 4, 93-11 and Nanjingl1l) and four
Jjaponica varieties (Nipponbare, Lansheng, Zhonghua 11
and Chunjiang). Twenty-seven of the Type II genes were
only detected in the indica varieties, indicating they are
unique genome to indica varieties. The results were shown
in Fig. 5. Further evidence was obtained from the real time
RT-PCR analysis. Among the 58 Type II cDNAs, 27
appeared to be expressed only in indica.

Discussion

The domesticated Asian rice Oryza sativa indica subspe-
cies represents the largest amount of rice production in the
world. Although a collection of indica rice ESTs has been
performed, large-scale indica rice full-length cDNA col-
lection has not been available in public databases. In this
study, we collected and completely sequenced 10,096 full-
length cDNA clones and identified 21,690 indica uni-ESTs
from Oryza sativa ssp. indica cv. Guangluai 4 to aid in the
annotation of rice indica genes. This indica cDNA resource
increased the number of publicly available rice expressed
sequences and provided a platform for genome-wide
comparison of two subspecies both in gene structure and
further biological function verification.
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percentage of variation protein resulted from SNPs, insertions/
deletions and non-homologous sequences (Variations). Within each
protein category, the percentages of the proteins with Ka/Ks > 1, Ka/
Ks <0.25 and 0.25 < Ka/Ks <1 were indicated by the orange,
brown, and light green curves, respectively

We collected indica EST or mRNA sequences using a
5’Cap-Tagging approach to randomly select cDNA clones.
This approach for rapid collecting of most transcript
sequences from a novel genome was highly efficient. Other
approaches such as ORFeome which is relying on large-
scale PCR amplification of specific cDNAs followed by
sequencing of the amplifications have been used to amplify
cDNAs (Guigo et al. 2003; Wei et al. 2005). This method
needs reasonably accurate gene predictions to use for PCR
primer design. It will be much efficient through significant
improvements in de novo gene prediction and optimizing
and automating both the informatics and wet lab compo-
nents of large-scale RT-PCR (Brent 2005).

Comparative genomics provides a powerful tool to study
gene structure and the evolution of gene function and
regulation (Soltis and Soltis 2003; Castelli et al. 2004;
Katari et al. 2005; Odenwald et al. 2005). A recent study of
exploring the plant transcriptome through phylogenetic
profiling provides strong evidence for the existence of at
least 33,700 genes in rice (Vandepoele and Van de Peer
2005). Among 7,965 indica-japonica (NCGR-KOME)
homologue pairs, 3,316 (41.6%) showed no distinct vari-
ations at the protein level between indica and japonica
subspecies, but 3,645 (45.8%) of the indica-japonica pairs
showed large differences at protein level because of SNPs,
insertions or deletions, and sequence-segment variations
between indica and japonica subspecies. These variations
might distinguish the phenotypic changes of the two cul-
tivated rice subspecies, indica and japonica. The evidence
for supporting this hypothesis was obtained from a recent
cloning of the GS3 gene in rice (Fan et al. 2006). Rice
grain size is a highly important quality trait. The long and
slender grain is generally characteristics for indica rice,
and short and round grain is for japonica rice. A recent
report showed that the GS3 gene, which is controlling a
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Table 2 PFAM categories

Pfam Acc. Description Identity NFS Variations Ka/Ks < 0.25 0.25<Ka/Ks < 1 Ka/Ks > 1
null Ribosomal protein 120 36 30 94 (50.5%) 64 28
PF00234 Tryp_alpha_amyl 22 1 5 18 (64.3%) 8 2
PF00076 RRM_1 18 6 15 5 17 17 (43.6%)
PF00141 Peroxidase 16 11 18 28 (62.2%) 14 3
PF01439 Metallothio_2 16 2 1 3 9 7 (36.8%)
PF00230 MIP 15 2 3 18 (90%) 1 1
PF00179 UQ_con 13 6 2 8 10 3
PF00160 Pro_isomerase 13 2 0 12 (80%) 3 0
PF00085 Thioredoxin 12 3 3 8 8 2
PF00071 Ras 11 3 9 8 8 7
PF01423 LSM 11 2 3 2 11 (68.8%) 3
PFOO111 Fer2 11 0 2 5 8 (61.5%) 0
PF00504 Chloroa_b-bind 11 6 5 17 (77.3%) 3 2
PF07320 Hinl 10 4 3 9 (52.9%) 4 4
PF00069 Pkinase 10 27 36 33 22 18
PF02798 GST_N 8 9 7 11 9 4
PF00582 Usp 5 8 1 3 6 5
PF00847 AP2 5 5 14 12 8 4
PF02365 NAM 4 9 10 8 11 4
PF00046 Homeobox 3 1 9 9 (69.2%) 3 1
PF02453 Reticulon 2 7 2 6 (54.5%) 3 2
PF03171 20G-Fell_Oxy 2 4 11 11 (64.7%) 3 3
PF00249 Myb_DNA-binding 2 4 11 10 (58.8%) 6 1
PF03106 WRKY 2 3 9 4 7 (50%) 3
PF00170 bZIP 2 1 9 5 5 2
PF00364 Biotin_lipoyl 1 7 0 1 2 5 (62.5%)
PF00182 Glyco_hydro_19 1 7 1 5 2 2
PF03321 GH3 0 16 5 18 (85.7%) 1 2
PF00205 TPP_enzyme_M 0 13 3 14 (87.5%) 2 0
PF03000 NPH3 0 1 10 8 2 1

Conservations and variations of NCGR-KOME homologous proteins were classified into 30 major categories of PFAM protein families. In each
category, numbers of identical protein (Identity), >=96% identity with no frame shift (NFS) or Variations from insertion/deletion and non-
homologous sequences were shown, numbers of the proteins with Ka/Ks > 1, 0.25< Ka/Ks < 1 and Ka/Ks < 1 were also shown in each column

major QTL for grain length, is identified to encode a
putative transmembrane protein. Comparative sequencing
analysis identified a nonsense mutation, shared among all
the large-grain varieties (mostly are indica varieties) tested
in comparison with the small grain varieties (mostly are
Japonica varieties), in the second exon of the putative GS3
gene. This mutation causes a 178-aa truncation in the C-
terminus of the predicted protein, suggesting that GS3 may
function as a negative regulator for grain size.

The large number of rice sense-antisense transcript pairs
has been identified (Osato et al. 2003). We identified 179
rice antisense transcript pairs through comparative analysis
of indica and japonica transcripts. Thirty-four sense-anti-
sense transcript pairs were identified in the NCGR indica
internal sequences, and 23 of them were also identified in

the KOME japonica internal sequences. Clearly, conserved
antisense transcripts in indica and japonica must play some
roles in gene regulation in rice. Alternative spicing enables
one gene to specify several proteins. We identified 1,382
indica alternative splicing transcripts corresponding to 540
predicted genes. Ninety-three genes of them were identified
to have conserved AS events in both indica and japonica
subspecies, but only 53 genes matched proteins in 45
PFAM protein families. The function of rice antisense
transcripts and alternative splicing events should be carried
out by experimental studies. In addition, collection of no-
polyA transcripts from rice should be carried out for
transcriptome analyses in rice.

Calculation of the Ka and Ks values showed that some
gene families were highly diverged between indica and
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Table 3 Characteristics of exon-intron organization in indica

Guangluai 4 and japonica Nipponbare varieties

Indica (cv. Japonica (cv.
Guangluai 4) Nipponbare)
cDNA 361 361
No. of exon 1,288 1,548
Mean No. of exon 3.6 4.3
Mean exon size(bp) 301 (281)* 307 (306)* (254)°
Mean Ist exon size (bp) 434 476
Mean last exon size (bp) 578 658
No. of intron 927 1,187
Mean intron size (bp) 415 (320)* 461 (316)* (413)b

The analyzed cDNAs were NCGR-KOME homology pairs to have
been mapped on the indica and japonica chromosome 4. The data
from the previous studies were indicated by a (Han and Xue 2003)
and b (IRGSP 2005) individually

japonica. Of 789 indica-japonica gene pairs, 136 genes
(Ka/Ks > 1) showed significant divergence between indica
and japonica. These genes might be evolved under positive

selection. We estimated that about 26.6% of the rice genes
were identically conserved in the two indica and one
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Jjaponica varieties, revealing that there were about 11,400
identity genes in total between indica and japonica sub-
species. The large amount of the identity genes between the
two subspecies indicated that indica and japonica were
very closely related subspecies, and were not diverged for
very long.

The expressions of novel indica cDNAs were detected
by real time RT-PCR analysis. Our results indicated that
Type I of the novel cDNAs seemed to be expressed in both
indica and japonica variety, but their expression varies
among two subspecies. However, the Type II genes were
specifically expressed in indica Guangluai 4, indicating
that these might be indica specific genes. Most of the Type
II genes were only detected in indica varieties (Fig. 4).
These results were in good accordance with the BLAST
searching results against rice genomic sequences. In addi-
tion, 6 indica cDNAs that had no matches in Nipponbare
genome were expressed in both Guangluai 4 and Nippon-
bare varieties, revealing their existence in Nipponbare
genome sequences. As known that 95% of Nipponbare
genome sequences had been finished, but still about 5% of
Nipponbare genome sequences were uncompleted. These

m expression in Guangluai 4
mexpression in Nipponbare
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Type | Type 1T
Type |: NCGR cDNAs unmatched to Nipponbare genomic sequence while matched to KOME cDNAs and indica 93-11 genomic sequences.
Type |l NCGR cDNAs only matched to indica 93-11 genomic sequences.

Fig. 4 Expression analysis of Type I and Type II novel cDNAs in
indica Guangluai 4 and japonica Nipponbare. Type 1 represent the
NCGR indica cDNAs that unmatched to japonica Nipponbare
genomic sequence, but matched to the KOME c¢DNAs and indica
93-11 genomic sequences. Type II represent the NCGR indica cDNAs
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that only matched to indica 93-11 genomic sequences. Red represents
cDNA expression level in japonica Nipponbare. Blue represents
cDNA expression level in indica Guangluai 4. The relative
quantification was calculated against the reference gene actin 1
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Fig. 5 Detection of the 58 Type II genes in 3 indica and 5 japonica varieties using PCR. The Type II cDNA clones and the varieties were
indicated. The solid and empty boxes represent positive and negative results, respectively
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genes were believed to be located in the Nipponbare
sequence gaps, and could be used as probes for identifying
the genomic bacterial artificial chromosomes (BACs) to fill
the rice genome sequencing gaps. We identified a number
of indica specific transcripts through PCR and real time
RT-PCR analysis. Among the 58 Type II cDNAs, 27
seemed to be indica specific, indicating the proportion of
the indica specific ones in 9,029 ¢cDNAs was 3%. We
would then estimate that there were about 130 indica
specific transcripts in the 43,000 rice genes.

So, large-scale comparative analysis of indica and
japonica full-length cDNAs showed gene expression
variations that might lead to the discovery of molecular
mechanism for phenotypic difference between two sub-
species and will make impact on rice molecular breeding.
Comprehensive analysis of the genomes, transcriptomes
and proteomes of the rice indica and japonica subspecies
will lead to a better understanding of the intra-specific
divergence and functions of rice genes.
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