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Rice, one of the world’s most important food plants, has important syntenic relationships with the other cereal species
and is a model plant for the grasses. Here we present a map-based, finished quality sequence that covers 95% of the
389 Mb genome, including virtually all of the euchromatin and two complete centromeres. A total of 37,544 non-
transposable-element-related protein-coding genes were identified, of which 71% had a putative homologue in
Arabidopsis. In a reciprocal analysis, 90% of the Arabidopsis proteins had a putative homologue in the predicted rice
proteome. Twenty-nine per cent of the 37,544 predicted genes appear in clustered gene families. The number and
classes of transposable elements found in the rice genome are consistent with the expansion of syntenic regions in the
maize and sorghum genomes. We find evidence for widespread and recurrent gene transfer from the organelles to the
nuclear chromosomes. The map-based sequence has proven useful for the identification of genes underlying agronomic
traits. The additional single-nucleotide polymorphisms and simple sequence repeats identified in our study should
accelerate improvements in rice production.

Rice (Oryza sativa L.) is the most important food crop in the world
and feeds over half of the global population. As the first step in a
systematic and complete functional characterization of the rice
genome, the International Rice Genome Sequencing Project
(IRGSP) has generated and analysed a highly accurate finished
sequence of the rice genome that is anchored to the genetic map.
Our analysis has revealed several salient features of the rice
genome:
. We provide evidence for a genome size of 389Mb. This size
estimation is ,260Mb larger than the fully sequenced dicot plant
model Arabidopsis thaliana. We generated 370Mb of finished
sequence, representing 95% coverage of the genome and virtually
all of the euchromatic regions.
. A total of 37,544 non-transposable-element-related protein-cod-
ing sequences were detected, compared with ,28,000–29,000 in
Arabidopsis, with a lower gene density of one gene per 9.9 kb in
rice. A total of 2,859 genes seem to be unique to rice and the other
cereals, some of which might differentiate monocot and dicot
lineages.
. Gene knockouts are useful tools for determining gene function
and relating genes to phenotypes. We identified 11,487 Tos17 retro-
transposon insertion sites, of which 3,243 are in genes.
. Between 0.38 and 0.43% of the nuclear genome contains orga-
nellar DNA fragments, representing repeated and ongoing transfer of
organellar DNA to the nuclear genome.
. The transposon content of rice is at least 35% and is populated by
representatives from all known transposon superfamilies.
. We have identified 80,127 polymorphic sites that distinguish
between two cultivated rice subspecies, japonica and indica,
resulting in a high-resolution genetic map for rice. Single-nucleo-
tide polymorphism (SNP) frequency varies from 0.53 to 0.78%,
which is 20 times the frequency observed between the Columbia
and Landsberg erecta ecotypes of Arabidopsis.
. A comparison between the IRGSP genome sequence and the

6.3 £ indica and 6 £ japonica whole-genome shotgun sequence
assemblies revealed that the draft sequences provided coverage of
69% by indica and 78% by japonica relative to the map-based
sequence.
Rice has played a central role in human nutrition and culture for

the past 10,000 years. It has been estimated that world rice pro-
duction must increase by 30% over the next 20 years to meet
projected demands from population increase and economic devel-
opment1. Rice grown on the most productive irrigated land has
achieved nearly maximum production with current strains1.
Environmental degradation, including pollution, increase in night
time temperature due to global warming2, reductions in suitable
arable land, water, labour and energy-dependent fertilizer provide
additional constraints. These factors make steps to maximize rice
productivity particularly important. Increasing yield potential and
yield stability will come from a combination of biotechnology and
improved conventional breeding. Both will be dependent on a high-
quality rice genome sequence.
Rice benefits from having the smallest genome of themajor cereals,

dense genetic maps and relative ease of genetic transformation3. The
discovery of extensive genome colinearity among the Poaceae4 has
established rice as the model organism for the cereal grasses. These
properties, along with the finished sequence and other tools under
development, set the stage for a complete functional characterization
of the rice genome.

The International Rice Genome Sequencing Project

The IRGSP, formally established in 1998, pooled the resources of
sequencing groups in ten nations to obtain a complete finished
quality sequence of the rice genome (Oryza sativa L. ssp. japonica
cv. Nipponbare). Finished quality sequence is defined as containing
less than one error in 10,000 nucleotides, having resolved ambigu-
ities, and having made all state-of-the-art attempts to close gaps.
The IRGSP released a high-quality map-based draft sequence in
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December 2002. Three completely sequenced chromosomes have
been published5–7, as well as two completely sequenced centro-
meres8–10. As the IRGSP subscribed to an immediate-release policy,
high-quality map-based sequence has been public for some time.
This has permitted rice geneticists to identify several genes under-
lying traits, and revealed very large and previously unknown seg-
mental duplications that comprise 60% of the genome11–13. The
public sequence has also revealed new details about the syntenic
relationships and gene mobility between rice, maize and sor-
ghum13–15.

Physical maps, sequencing and coverage

The IRGSP sequenced the genome of a single inbred cultivar, Oryza
sativa ssp. japonica cv. Nipponbare, and adopted a hierarchical clone-
by-clonemethod using bacterial and P1 artificial chromosome clones
(BACs and PACs, respectively). This strategy used a high-density
genetic map16, expressed-sequence tags (ESTs)17, yeast artificial
chromosome (YAC)- and BAC-based physical maps18–20, BAC-end
sequences21 and two draft sequences22,23. A total of 3,401 BAC/PAC
clones (Table 1) were sequenced to approximately tenfold sequence
coverage, assembled, ordered and finished to a sequence quality of
less than one error per 10,000 bases. A majority of physical gaps in
the BAC/PAC tiling path were bridged using a variety of substrates,
including PCR fragments, 10-kb plasmids and 40-kb fosmid
clones. A total of 62 unsequenced physical gaps, including nine
centromere and 17 telomere gaps, remain on the 12 chromosomes
(Table 2). Chromosome arm and telomere gaps were measured,
and the nine centromere gaps were estimated on the basis of
CentO satellite DNA content. The remaining gaps are estimated to
total 18.1Mb.
Ninety-seven percent of the BAC/PACs and gap sequences (3,360)

have been submitted as finished quality in the PLN division of
GenBank/DDBJ/EMBL. These and the remaining draft-sequenced
clones were used to construct pseudomolecules representing the 12
chromosomes of rice (Fig. 1). The total nucleotide sequence of the 12
pseudomolecules is 370,733,456 bp, with an N-average continuous
sequence length of 6.9Mb (see Table 1 for a definition of N-average
length). Sequence quality was assessed by comparing 1.2Mb of
overlapping sequence produced by different laboratories. The overall
accuracy was calculated as 99.99% (Supplementary Table 2). The
statistics of sequenced PAC/BAC clones and pseudomolecules for
each chromosome are shown in Table 1.
The genome size of rice (O. sativa ssp. japonica cv. Nipponbare)

was reported to have a haploid nuclear DNA content of 394Mb on
the basis of flow cytometry24, and 403Mb on the basis of lengths of
anchored BAC contigs and estimates of gap sizes20. Table 2 shows the
calculated size for each chromosome and the estimated coverage.
Adding the estimated length of the gaps to the sum of the non-
overlapping sequence, the total length of the rice nuclear genome was
calculated to be 388.8Mb. Therefore, the pseudomolecules are
expected to cover 95.3% of the entire genome and an estimated
98.9% of the euchromatin. An independent measure of genome
coverage represented by the pseudomolecules was obtained by
searching for unique EST markers19; of 8,440 ESTs, 8,391 (99.4%)
were identified in the pseudomolecules.

Centromere location

Typical eukaryotic centromeres contain repetitive sequences, includ-
ing satellite DNA at the centre and retrotransposons and transposons
in the flanking regions. All rice centromeres contain the highly
repetitive 155–165 bp CentO satellite DNA, together with centro-
mere-specific retrotransposons25,26. The CentO satellites are located
within the functional domain of the rice centromere10,26. Complete
sequencing of the centromeres of rice chromosomes 4 and 8 revealed
that they consist of 59 kb and 69 kb of clustered CentO repeats
(respectively)8–10, tandemly arrayed head-to-tail within the clusters.
Numerous retrotransposons, including the centromere-specific

RIRE7, are found between and around the CentO repeats. CentO
clusters show differences in length and orientation for the two
centromeres.
BLASTN analysis of the pseudomolecules indicated that about

0.9Mb of CentO repeats (corresponding tomore than 5,800 copies of
the satellite) were sequenced and found to be associated with
centromere-specific retroelements. Locations of all CentO sequences
correspond to genetically identified centromere regions (Supplemen-
tary Table 3). Our pseudomolecules cover the centromere regions on
chromosomes 4, 5 and 8, and portions of the centromeres on the
remaining chromosomes (Fig. 1).

Gene content, expression and distribution

We masked the pseudomolecules for repetitive sequences and used
the ab initio gene finder FGENESH to identify only non-transpo-
sable-element-related genes. A total of 37,544 non-transposable-
element protein-coding sequences were predicted, resulting in a
density of one gene per 9.9 kb (Supplementary Tables 4 and 5). As
the ability to identify unannotated and transposable-element-related
genes improves, the true protein-coding gene number in rice will
doubtless be revised.
Full-length complementary DNA sequences are available for rice27,

and provide a powerful resource for improving gene model structure
derived from ab initio gene finders28. Of the 37,544 non-transposa-
ble-element-related FGENESH models, 17,016 could be supported
by a total of 25,636 full-length cDNAs (Supplementary Table 6).
A total of 22,840 (61%) genes had a high identity match with a rice

ESTor full-length cDNA. On average, about 10.7 ESTsequences were
present for each expressed rice gene. A total of 2,927 genes aligned
well with ESTs from other cereal species, and 330 of these genes
matched only with a non-rice cereal EST (Supplementary Fig. 1).
Except for the short arms of chromosomes 4, 9 and 10, which are
known to be highly heterochromatic, the density of expressed genes
is greater on the distal portions of the chromosome arms
compared with the regions around the centromeres (Supplementary
Fig. 2).
A total of 19,675 proteins had matches with entries in the Swiss-

Prot database; of these, 4,500 had no expression support. Domain
searches revealed a minimum of onemotif or domain present in 63%
of the predicted proteins, with a total of 3,328 different domains
present in the predicted rice proteome. The five most abundant
domains were associated with protein kinases (Supplementary
Table 7). Fifty-one per cent of the predicted proteins could be
associated with a biological process (Supplementary Fig. 3a), with
metabolism (29.1%) and cellular physiological processes (11.9%)
representing the two most abundant classes.
Approximately 71% (26,837) of the predicted rice proteins have a

homologue in the Arabidopsis proteome (Supplementary Fig. 4). In a
reciprocal search, 89.8% (26,004) of the proteins from the Arabi-
dopsis genome have a homologue in the rice proteome. Of the 23,170
rice genes with rice EST, cereal EST, or full-length cDNA support,
20,311 (88%) have a homologue in Arabidopsis. Fewer putative
homologues were found in other model species: 38.1% inDrosophila,
40.8% in human, 36.5% in Caenorhabditis elegans, 30.2% in yeast,
17.6% in Synechocystis and 10.2% in Escherichia coli.
There are profound differences in plant architecture and biochem-

istry between monocotyledonous and dicotyledonous angiosperms.
Only 2,859 rice genes with evidence of transcription lack homologues
in the Arabidopsis genome. We investigated these to learn what
functions they encoded. The vast majority had no matches, or
most closely matched unknown or hypothetical proteins. The grasses
have a class of seed storage proteins called prolamins that is not found
in dicots. There are also families of hormone response proteins and
defence proteins, such as proteinase inhibitors, chitinases, patho-
genesis-related proteins and seed allergens, many of which are
tandemly repeated (Supplementary Table 8). Nevertheless, with a
large number of proteins of unknown function, the most interesting
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differences between the genome content of these two groups of
angiosperms remain to be discovered.
Tos17 is an endogenous copia-like retrotransposon in rice that is

inactive under normal growth conditions. In tissue culture, it
becomes activated, transposes and is stably inherited when the
plant is regenerated29. There are only two copies of Tos17 in the
rice cultivar Nipponbare. These features, together with its preferen-
tial insertion into gene-rich regions,makeTos17 uniquely suitable for
the functional analysis of rice genes by gene disruption. About 50,000
Tos17-insertion lines carrying 500,000 insertions have been pro-
duced30. A total of 11,487 target loci were mapped on the 12
pseudomolecules (Supplementary Fig. 5), with at least one insertion
detected in 3,243 genes. The density of Tos17 insertions is higher in
euchromatic regions of the genome30, in contrast to the distribution
of high-copy retrotransposons, which are more frequently found in
pericentromeric regions. A similar target site preference has been
reported for T-DNA insertions in Arabidopsis31.

Tandem gene families

One surprising outcome of the Arabidopsis genome analysis was the
large percentage (17%) of genes arranged in tandem repeats32. When
performing a similar analysis with rice, the percentage was compar-
able (14%). However, manual curation on rice chromosome 10
showed one gene family encoding a glycine-rich protein with 27
copies and one encoding a TRAF/BTB domain protein with 48
copies33. These tandemly repeated families are interrupted with
other genes and are not included in strictly defined tandem repeats.
We therefore screened for all tandemly arranged genes in 5-Mb
intervals. Using these criteria, 29% of the genes (10,837) are ampli-
fied at least once in tandem, and 153 rice gene arrays contained 10–
134 members (Supplementary Fig. 6). Sixty five per cent of the
tandem arrays with over 27 members, and 33% of all the arrays with
over 10 members, contain protein kinase domains (Supplementary
Table 9).

Non-coding RNA genes

The nucleolar organizer, consisting of 17S–5.8S–25S ribosomal DNA
coding units, is found at the telomeric end of the short arm of
chromosome 9 (ref. 34) inO. sativa ssp. japonica, and is estimated to
comprise 7Mb (ref. 35). A second 17S–5.8S–25S rDNA locus is
found at the end of the short arm of chromosome 10 inO. sativa ssp.

indica34. A single 5S cluster is present on the short arm of chromo-
some 11 in the vicinity of the centromere36, and encompasses
0.25Mb.
A total of 763 transfer RNA genes, including 14 tRNA pseudogenes

were detected in the 12 pseudomolecules. In comparison, a total of
611 tRNA genes were detected in Arabidopsis32. Supplementary Fig. 7
shows the distribution of these tRNA genes in each chromosome.
Chromosome 4 has a single tRNA cluster6, and chromosome 10 has
two large clusters derived from inserted chloroplast DNA7. Except for
regions of intermediate density on chromosomes 1, 2, 8 and 12, there
seem to be no other large clusters.
MicroRNAs (miRNAs), a class of eukaryotic non-coding RNAs,

are believed to regulate gene expression by interacting with the target
messenger RNA37. miRNAs have been predicted from Arabidopsis38

and rice39, and we mapped 158 miRNAs onto the rice pseudomole-
cules (Supplementary Table 10). Among other non-coding RNAs, we
identified 215 small nucleolar RNA (snoRNA) and 93 spliceosomal
RNA genes, both showing biased chromosomal distributions, in the
rice genome (Supplementary Table 11).

Organellar insertions in the nuclear genome

Mitochondria and chloroplasts originated from alpha-proteobac-
teria and cyanobacteria endosymbionts. A continuous transfer of
organellar DNA to the nucleus has resulted in the presence of
chloroplast and mitochondrial DNA inserted in the nuclear chromo-
somes. Although the endosymbionts probably contained genomes of
several Mb at the time they were internalized, the organellar genomes
diminished so that the present size of the mitochondrial genome is
less than 600 kb, and that of the chloroplast is only 150 kb. Homology
searches detected 421–453 chloroplast insertions and 909–1,191
mitochondrial insertions, depending upon the stringency adopted
(Supplementary Fig. 8 and Supplementary Table 12). Thus, chlor-
oplast and mitochondrial insertions contribute 0.20–0.24% and
0.18–0.19% of the nuclear genome of rice, respectively, and corre-
spond to 5.3 chloroplast and 1.3 mitochondrial genome equivalents.
The distribution of chloroplast and mitochondrial insertions over
the 12 chromosomes indicates that mitochondrial and chloroplast
transfers occurred independently. Two chromosomes harbour more
insertions than the others (Supplementary Fig. 8 and Supplementary
Table 12), with chromosome 12 containing nearly 1%mitochondrial
DNA and chromosome 10 containing approximately 0.8% chlor-

Table 1 | Classification and distribution of sequenced PAC and BAC clones* on the 12 rice chromosomes

Chr Sequencing laboratory† PAC BAC OSJNBa/b OJ OSJNO Others‡ Total§ Pseudomolecule (bp) N-average lengthk (bp) Accession no.

1 RGP, KRGRP 251 77 42 23 4 0 397 43,260,640 9,688,259 AP008207
2 RGP, JIC 117 16 80 142 4 0 359 35,954,074 7,793,366 AP008208
3 ACWW, TIGR 1 8 263 47 1 10 330 36,189,985 5,196,992 AP008209
4 NCGR 2 7 275 7 0 0 291 35,489,479 1,427,419 AP008210
5 ASPGC 67 11 113 87 0 0 278 29,733,216 3,086,418 AP008211
6 RGP 169 20 78 14 0 0 281 30,731,386 8,669,608 AP008212
7 RGP 102 19 68 97 0 0 286 29,643,843 14,923,781 AP008213
8 RGP 113 23 56 83 2 0 277 28,434,680 14,872,702 AP008214
9 RGP, KRGRP, BIOTEC, BRIGI 72 24 72 50 5 0 223 22,692,709 5,219,517 AP008215
10 ACWW, TIGR, PGIR 1 5 172 6 0 21 205 22,683,701 2,124,647 AP008216
11 ACWW, TIGR, IIRGS, PGIR, Genoscope 10 6 236 3 2 1 258 28,357,783 1,087,274 AP008217
12 Genoscope 2 6 179 79 0 2 268 27,561,960 7,600,514 AP008218

Total 907 222 1634 638 18 34 3453 370,733,456 6,928,182

Chr, chromosome.
*PAC, Rice Genome Research Program PAC; BAC, Rice Genome Research Program BAC; OSJNBa/b, Clemson University Genomics Institute BAC; OJ, Monsanto BAC; OSJNO, Arizona
Genomics Institute fosmid (http://www.genome.arizona.edu/orders/direct.html?library ¼ OSJNOa); Others, artificial gap-filling clones designated as OSJNA and OJA.
†ACWW (Arizona Genomics Institute, Cold Spring Harbor Laboratory, Washington University Genome Sequencing Center, University of Wisconcin) Rice Genome Sequencing Consortium;
ASPGC, Academia Sinica Plant Genome Center; BIOTEC, National Center for Genetic Engineering and Biotechnology; BRIGI, Brazilian Rice Genome Initiative; IIRGS, Indian Initiative for Rice
Genome Sequencing; JIC, John Innes Centre; KRGRP, Korea Rice Genome Research Program; NCGR, National Center for Gene Research; PGIR, Plant Genome Initiative at Rutgers; RGP, Rice
Genome Research Program; TIGR, The Institute for Genomic Research.
‡Constructs derived by joining (mostly from the clone gap regions) sequence from PCR fragments, Monsanto or Syngenta sequences and the neighbouring clone sequences.
§A total of 2,494 BAC and 907 PAC clones were used for draft and finished sequencing. Monsanto draft-sequenced BACs underlie 638 finished clones. The Syngenta draft sequence
contributed to the assemblies of 140 IRGSP clone sequences. Thirty-four sequence submissions are artificial constructs derived by joining a regional sequence (mostly from the clone gap
regions) from PCR fragments, Monsanto or Syngenta sequences with the neighbouring clone sequences. This also includes 93 clones submitted as phase 1 or phase 2 to the HTG section of
GenBank.
kN-average length: the average length of a contiguous segment (without sequence or physical gaps) containing a randomly chosen nucleotide.
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oplast DNA. It is clear that several successive transfer events have
occurred, as insertions of less than 10 kb have heterogeneous iden-
tities. The longest insertions, however, systematically show .98.5%
identity to organellar DNA (Supplementary Table 13), indicating
recent insertions for both chloroplast and mitochondrial genomes.

Transposable elements

The rice genome is populated by representatives from all known
transposon superfamilies, including elements that cannot be easily
classified into either class I or II (ref. 40). Previous estimates of the
transposon content in the rice genome range from 10 to 25% (refs 21,
40). However, the increased availability of transposon query
sequences and the use of profile hidden Markov models allow the
identification of more divergent elements41 and indicate that the
transposon content of the O. sativa ssp. japonica genome is at least
35% (Table 3). Chromosomes 8 and 12 have the highest transposon
content (38.0% and 38.3%, respectively), and chromosomes 1
(31.0%), 2 (29.8%) and 3 (29.0%) have the lowest proportion of
transposons. Conversely, elements belonging to the IS5/Tourist and
IS630/Tc1/mariner superfamilies, which are generally correlated with
gene density, are prevalent on the first three chromosomes and least
frequent on chromosomes 4 and 12.
Class II elements, characterized by terminal inverted-repeats and

including the hAT, CACTA, IS256/Mutator, IS5/Tourist, and IS630/
Tc1/mariner superfamilies, outnumber class I elements, which
include long terminal-repeat (LTR) retrotransposons (Ty1/copia,
Ty3/gypsy and TRIM) and non-LTR retrotransposons (LINEs and
SINEs, or long- and short-interspersed nucleotide elements, respect-
ively), by more than twofold (Table 3). However, the nucleotide
contribution of class I is greater than that of class II, duemostly to the
large size of LTR retrotransposons and the small size of IS5/Tourist
and IS630/Tc1/mariner elements. The inverse is the case for maize,
for which class I elements outnumber class II elements42. Given their
larger sizes, differential amplification of LTR elements in maize
compared with rice is consistent with the genomic expansion
found between orthologous regions of rice and maize15,33.
Most class I elements are concentrated in gene-poor, heterochro-

matic regions such as the centromeric and pericentromeric regions
(Supplementary Table 14). In contrast, members of some transposon
superfamilies, including IS5/Tourist, IS630/Tc1/mariner and LINEs,
have a significant positive correlation with both recombination rate
and gene density. There is an effect of average element length
associated with these patterns: short elements generally show a
positive correlation with recombination rate and gene density, and
are under-represented in the centromere regions, whereas larger
elements have higher centromeric and pericentromeric abundance.

Intraspecific sequence polymorphism

Map-based cloning to identify genes that are associated with agro-
nomic traits is dependent on having a high frequency of polymorphic
markers to order recombination events. In rice, most of the segregat-
ing populations are generated from crosses between the two major
subspecies of cultivated rice, Oryza sativa ssp. japonica and O. sativa
ssp. indica. Although several studies on the polymorphisms detected
between japonica and indica subspecies have been reported6,43,44, the
analysis reported here uses an approach that ensures comparison of
orthologous sequences.O. sativa ssp. indica cv. Kasalath andO. sativa
ssp. japonica cv. Nipponbare are the parents of the most densely
mapped rice population16. BAC-end sequences were obtained from a
Kasalath BAC library of 47,194 clones. Only high quality, single-copy
sequences were mapped to the Nipponbare pseudomolecules, and
only paired inverted sequences that mapped within 200 kb were
considered. A total of 26,632 paired Kasalath BAC-end sequences
were mapped to the 12 rice pseudomolecules (Supplementary
Table 15). Kasalath BAC clones spanned 308Mb or 79% of the
Nipponbare genome. Sequence alignments with a PHRED quality
value of 30 covered 12,319,100 bp (3%) of the total rice genome. A
total of 80,127 sites differed in the corresponding regions in Nip-
ponbare and Kasalath. The frequency of SNPs varied between
chromosomes (0.53–0.78%). Insertions and deletions were also
detected. The ratio of small insertion/deletion site nucleotides (1–
14 bases) against the alignment length (0.20–0.27%) was similar
among the different chromosomes, and there was no preference for
the direction of insertions or deletions. The main patterns of base
substitutions observed between Nipponbare and Kasalath are shown
in Supplementary Table 16. Transitions (70%) were the most
prominent substitutions; this is a substantially higher fraction than
found betweenArabidopsis ecotypes Columbia and Landsberg erecta32.

Class 1 simple sequence repeats in the rice genome

Class 1 simple sequence repeats (SSRs) are perfect repeats .20
nucleotides in length45 that behave as hypervariable loci, providing
a rich source of markers for use in genetics and breeding. A total of
18,828 Class 1 di, tri and tetra-nucleotide SSRs, representing 47
distinctive motif families, were identified and annotated on the rice
genome (Supplementary Fig. 9). Supplementary Table 17 provides
information about the physical positions of all Class 1 SSRs in
relation to widely used restriction-fragment length polymorphisms
(RFLPs)16,46 and previously published SSRs45. There was an average of
51 hypervariable SSRs per Mb, with the highest density of markers
occurring on chromosome 3 (55.8 SSRMb21) and the lowest occur-
ring on chromosome 4 (41.0 SSRMb21). A summary of information
about the Class 1 SSRs identified in the rice pseudomolecules appears

Table 2 | Size of each chromosome based on sequence data and estimated gaps

Chr Sequenced bases (bp) Gaps on arm regions Telomeric gaps* (Mb) Centromeric gap† (Mb) rDNA‡ (Mb) Total (Mb) Coverage§ (%) Coveragek (%)
No. Length (Mb)

1 43,260,640 5 0.33 0.06 1.40 45.05 99.1 96.0
2 35,954,074 3 0.10 0.01 0.72 36.78 99.7 97.7
3 36,189,985 4 0.96 0.04 0.18 37.37 97.3 96.8
4 35,489,479 3 0.46 0.20 36.15 98.7 98.2
5 29,733,216 6 0.22 0.05 30.00 99.3 99.1
6 30,731,386 1 0.02 0.03 0.82 31.60 99.8 97.2
7 29,643,843 1 0.31 0.01 0.32 30.28 98.9 97.9
8 28,434,680 1 0.09 0.05 28.57 99.7 99.5
9 22,692,709 4 0.13 0.14 0.62 6.95 30.53 98.8 74.3
10 22,683,701 4 0.68 0.13 0.47 23.96 96.6 94.7
11 28,357,783 4 0.21 0.04 1.90 0.25 30.76 99.1 92.2
12 27,561,960 0 0.00 0.05 0.16 27.77 99.8 99.2
All 370,733,456 36 3.51 0.81 6.59 7.20 388.82 98.9 95.3

*Estimated length including the telomeres, calculated with the average value of 3.2 kb for each chromosome24.
†Estimated length of centromere-specific CentO repeats on each chromosome26.
‡Represents the estimated length of the17S–5.8S–25S rDNA cluster on Chr 9 (ref. 35) and the 5S cluster on Chr 11 (ref. 24).
§Coverage of the pseudomolecules for the euchromatic regions in each chromosome.
kCoverage of the pseudomolecules over the full length of each chromosome.
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in Supplementary Table 18. Several thousand of these SSRs have
already been shown to amplify well and be polymorphic in a panel of
diverse cultivars45, and thus are of immediate use for genetic analysis.

Genome-wide comparison of draft versus finished sequences

Two whole-genome shotgun assemblies of draft-quality rice
sequence have been published23,47, and reassemblies of both have
just appeared48. One of these is an assembly of 6.28 £ coverage ofO.
sativa ssp. indica cv. 93-11. The second sequence is a,6 £ coverage
of O. sativa ssp. japonica cv. Nipponbare23,48. These assemblies
predict genome sizes of 433Mb for japonica and 466Mb for. indica,
which differ from our estimation of a 389Mb japonica genome.
Contigs from the whole-genome shotgun assembly of 93-11 and
Nipponbare48 were aligned with the IRGSP pseudomolecules. Non-
redundant coverage of the pseudomolecules by the indica assembly
varied from 78% for chromosome 3 to 59% for chromosome 12, with
an overall coverage of 69% (Supplementary Table 19). When genes
supported by full-length cDNA coverage were aligned to the covered
regions, we found that 68.3% were completely covered by the indica
sequences. The average size of the indica contigs is 8.2 kb, so it is not
surprising that many did not completely cover the gene models
defined here. The coverage of the Nipponbare whole-genome shot-
gun assembly varied from 68–82%, with an overall coverage of 78%
of the genome, and 75.3% of the full-length cDNAs supported gene
models.
We undertook a detailed comparison of the first Mb of these

assemblies on 1S (the short arm of chromosome 1) with the IRGSP
chromosome 1 (Supplementary Fig. 10 and Supplementary Table
20). The numbers from this comparison agree with the whole-
genome comparison described above. In addition, we observed

that a substantial portion of the contigs from each assembly were
non-homologous, misaligned or provided duplicate coverage.
Indeed, the whole-genome shotgun assembly differed by 0.05%
base-pair mismatches for the two aligned regions from the same
Nipponbare cultivar. The two assemblies were further examined for
the presence of the CentO sequence (Supplementary Table 21). Sixty-
eight per cent of the copies observed in the 93-11 assembly and 32%
of the CentO-containing contigs in the whole-genome shotgun
Nipponbare assembly were found outside the centromeric regions.
In contrast, the CentO repeats were restricted to the centromeric
regions in the IRGSP pseudomolecules. It is unlikely that there are
dispersed centromeres in indica rice; misassembly of the whole-
genome shotgun sequences is a more likely explanation for dispersed
CentO repeats. These observations indicate that the draft sequences,
although providing a useful preliminary survey of the genome, might
not be adequate for gene annotation, functional genomics or the
identification of genes underlying agronomic traits.

Concluding remarks

The attainment of a complete and accurate map-based sequence for
rice is compelling. We now have a blueprint for all of the rice
chromosomes. We know, with a high level of confidence, the
distribution and location of all the main components—the genes,
repetitive sequences and centromeres. Substantial portions of the
map-based sequence have been in public databases for some time,
and the availability of provisional rice pseudomolecules based on this
sequence has provided the scientific community with numerous
opportunities to evaluate the genome, as indicated by the number of
publications in rice biology and genetics over the past few years.
Furthermore, the wealth of SNP and SSR information provided here

Figure 1 | Maps of the twelve rice chromosomes. For each chromosome
(Chr 1–12), the genetic map is shown on the left and the PAC/BAC contigs
on the right. The position of markers flanking the PAC/BAC contigs (green)
is indicated on the genetic map. Physical gaps are shown in white and the
nucleolar organizer on chromosome 9 is represented with a dotted green
line. Constrictions in the genetic maps and arrowheads to the right of

physical maps represent the chromosomal positions of centromeres for
which rice CentO satellites are sequenced. The maps are scaled to genetic
distances in centimorgans (cM) and the physical maps are depicted in
relative physical lengths. Please refer to Table 2 for estimated lengths of the
chromosomes.
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and elsewhere will accelerate marker-assisted breeding and positional
cloning, facilitating advances in rice improvement.
The syntenic relationships between rice and the cereal grasses have

long been recognized4. Comparing genome organization, genes and
intergenic regions between cereal species will permit identification of
regions that are highly conserved or rapidly evolving. Such regions
are expected to yield crucial insights into genome evolution, specia-
tion and domestication.

METHODS
Physical map and sequencing. Nine genomic libraries from Oryza sativa ssp.
japonica cultivar Nipponbare were used to establish the physical map of rice
chromosomes by polymerase chain reaction (PCR) screening19, fingerprinting20

and end-sequencing21. The PAC, BAC and fosmid clones on the physical map
were subjected to random shearing and shotgun sequencing to tenfold redun-
dancy, using both universal primers and the dye-terminator or dye-primer
methods. The sequences were assembled using PHRED (http://www.genome.-
washington.edu/UWGC/analysistools/Phred.cfm) and PHRAP (http://www.ge-
nome.washington.edu/UWGC/analysistools/Phrap.cfm) software packages or
using the TIGR Assembler (http://www.tigr.org/software/assembler/).

Sequence gaps were resolved by full sequencing of gap-bridge clones, PCR
fragments or direct sequencing of BACs. Sequence ambiguities (indicated by
PHRAP scores less than 30) were resolved by confirming the sequence data using
alternative chemistries or different polymerases. We empirically determined that
a PHRAP score of 30 or above exceeds the standard of less than one error in
10,000 bp. BAC and PAC assemblies were tested for accuracy by comparing
computationally derived fingerprint patterns with experimentally determined
patterns of restriction enzyme digests. Sequence quality was also evaluated by
comparing independently obtained overlapping sequences.

Small physical gaps were filled by long-range PCR. Remaining physical gaps
were measured using fluorescence in situ hybridization analysis. We used the
length of CentO arrays26 to estimate the size of each of the remaining centromere
gaps.
Annotation and bioinformatics. Gene models were predicted using FGENESH
(http://www.softberry.com/berry.phtml?topic ¼ fgenesh) using the monocot
trained matrix on the native and repeat-masked pseudomolecules. Gene models
with incomplete open reading frames, those encoding proteins of less than 50
amino acids, or those corresponding to organellar DNAwere omitted from the
final set. The coordinates of transposable elements, excludingMITEs (miniature
inverted-repeat transposable elements), were used tomask the pseudomolecules.

Conserved domain/motif searches and association with gene ontologies were
performed using InterproScan (http://www.ebi.ac.uk/InterProScan/) in combi-
nation with the Interpro2Go program. For biological processes, the number of
detected domains was re-calculated as number of non-redundant proteins.

The predicted rice proteome was searched using BLASTP against the
proteomes of several model species for which a complete genome sequence
and deduced protein set was available. Each rice chromosome was searched
against the TIGR rice gene index (http://www.tigr.org/tdb/tgi/ogi/) and against
gene index entries that aligned to genemodels corresponding to expressed genes.
In addition, five cereal gene indices (http://www.tigr.org/tdb/tgi/) were searched

against the rice chromosomes, and gene index matches were recorded. We
searched the Oryza sativa ssp. japonica cv. Nipponbare collection of full-length
cDNAs (ftp://cdna01.dna.affrc.go.jp/pub/data/), after first removing the trans-
posable-element-related sequences, against the FGENESH models.

Gene models with rice full-length cDNA, EST or cereal EST matches but
without identifiable homologues in the Arabidopsis genome were searched for
conserved domains/motifs using InterproScan, and for homologues in the
Swiss-Prot database (http://us.expasy.org/sprot/) using BLASTP. All proteins
with positive blast matches were further compared with the nr database (http://
www.ncbi.nlm.nih.gov/blast/html/blastcgihelp.html#protein_databases), using
BLASTP to eliminate truncated proteins and those with matches to other dicots.
Tandem gene families. The rice genome was subjected to a BLASTP search as
previously described32. The search was also performed by permitting more than
one unrelated gene within the arrays, and the limit of the search was set to 5-Mb
intervals to exclude large chromosomal duplications.
Non-coding RNAs. Transfer-RNA genes were detected by the program tRNA-
scan SE (http://www.genetics.wustl.edu/eddy/tRNAscan-SE/). The miRNA reg-
istry in the Rfam database (http://www.sanger.ac.uk/Software/Rfam/) was used
as a reference database for miRNAs. In addition, experimentally validated
miRNAs of other species, excludingArabidopsismiRNAs, were used for BLASTN
queries against the pseudomolecules. Spliceosomal and snoRNAs were retrieved
from the Rfam database and used for queries. BLASTN was used to find the
location of snoRNAs and spliceosomal RNAs in the pseudomolecules.
Organellar insertions. Oryza sativa ssp. japonica Nipponbare chloroplast
(GenBank NC_001320) and mitochondrial (GenBank BA000029) sequences
were aligned with the pseudomolecules using BLASTN and MUMmer49.
Transposable elements. The TIGR Oryza Repeat Database, together with other
published and unpublished rice transposable element sequences, was used to
create RTEdb (a rice transposable element database)50 and determine transpo-
sable element coordinates on the rice pseudomolecules. In the case of hAT, IS256/
Mutator, IS5/Tourist and IS630/Tc1/mariner elements, family-specific profile
hiddenMarkovmodels were applied usingHMMER41 (http://hmmer.wustl.edu/).
The remaining superfamilies were annotated using RepeatMasker (http://
www.repeatmasker.org/).
Tos17 insertions. Flanking sequences of transposed copies of 6,278 Tos17
insertion lines were isolated by modified thermal asymmetric interlaced
(TAIL)-PCR and suppression PCR, and screened against the pseudomolecule
sequences.
SNP discovery. BAC clones from an O. sativa ssp. indica var. Kasalath BAC
library were end-sequenced. Sequence reads were omitted if they containedmore
than 50% nucleotides of low quality or high similarity to known repeats. The
remaining sequences were subjected to BLASTN analysis against the pseudo-
molecules. Gaps within the alignments were classified as small insertions/
deletions.
SSR loci.The Simple Sequence Repeat Identification Tool (http://www.gramene.
org/) was used to identify simple sequence repeat motifs, and the physical
position of all Class 1 SSRs was recorded. The copy number of SSR markers was
estimated using electronic (e)-PCR to determine the number of independent hits
of primer pairs on the pseudomolecules.
Whole-genome shotgun assembly analysis. Contigs from the BGI 6.28 £

whole genome assembly of O. sativa ssp. indica 93-11 (GenBank/DDBJ/EMBL
accession number AAAA02000001–AAAA02050231) and the Syngenta 6 £

whole genome assembly of O. sativa ssp. japonica cv. Nipponbare
(AACV01000001–AACV01035047; ref. 48) were aligned with the pseudomole-
cules using MUMmer49. The number of IRGSP Nipponbare full-length cDNA-
supported gene models completely covered by the aligned contigs was tabulated.
The 155-bp CentO consensus sequence was used for BLASTanalysis against the
93-11 and Nipponbare whole-genome shotgun contigs, and the coordinates of
the positive hits recorded. Locations of centromeres for each indica chromosome
were obtained with the CentO sequence positions on the IRGSP pseudomolecule
of the corresponding chromosome. A detailed comparison of the BGI-assembled
and -mapped Syngenta contigs (AACV01000001–AACV01000070) and the 93-
11 contigs (AAAA02000001–AAAA02000093) was obtained by BLAST analysis
against the IRGSP chromosome 1 pseudomolecule.

Detailed procedures for the analyses described above can be found in the
Supplementary Information.
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Supplementary Information: Methods and Additional Results 
Sequencing and physical map construction 
The IRGSP adopted the hierarchical shotgun method for sequencing the rice genome. 
This strategy utilized nine genomic libraries from the Oryza sativa ssp. japonica 
cultivar Nipponbare to establish the physical map of rice and to aid in gap-filling 
(Supplementary Table 1). These included a P1-derived artificial chromosome (PAC) 
and three bacterial artificial chromosome (BAC) BAC libraries1,2.During the course of 
sequencing Monsanto3 and Syngenta4 donated their draft sequences of the Nipponbare 
genome to the IRGSP. Monsanto also contributed BACs and collaborated in the 
construction of the BAC-based physical map. Monsanto’s 5X draft sequenced BACs 
(638) underlie approximately 18% of the current sequence. Syngenta contigs were used 
for extending contigs and filling both physical and sequence gaps. Two complementary 
strategies were used to establish an accurate physical map. The RGP constructed a 
transcript map5 with 6,591 STS/EST markers derived mostly from 3‘UTR sequences of 
rice cDNAs. These markers were used to associate PAC/BAC clones with specific 
regions of the rice genome. Two of the BAC libraries were fingerprinted2 and BAC-end 
sequenced by CUGI/AGI/AGCoL6. Using restriction digests of BAC DNAs, 
fingerprint contigs were also constructed and assembled by FPC7. Contigs were 
anchored to the map by probing clones with fragments or overgos derived from 603 
mapped markers, and STCs were screened for sequences that matched these markers. 
Both the transcript map (http://rgp.dna.affrc.go.jp/publicdata/estmap2001/index.html) 
and FPC contig information (http://www.genome.arizona.edu/fpc/rice/) are available. 
The combined BAC/PAC libraries consist of a total of 212,160 clones and provide 
60-fold coverage of the rice genome.  
 

A sequence-ready physical map was constructed by first screening PAC/BAC 
libraries with either genetic markers or mapped ESTs in order to select seed clones8.  
Draft sequences of the seed clones were used to search for minimally overlapping 
clones from the BAC-end sequence database.  FPC contigs with end-sequences that 
matched the sequences of seed BACs were added to the physical maps. This procedure 
was repeated several times to facilitate extension of the contigs. We used the PCR 
screening method8 to search for clones that filled the remaining gaps. Additionally, two 
10 kb insert genomic libraries and a 40 kb fosmid library were also constructed and 
utilized as an additional resource for gap-filling clones9. Finally, long range PCR was 
used for filling physical gaps below 40 kb. The PAC/BAC clones on the physical map 
were subjected to shotgun sequencing10 using both universal primers11 and the 
dye-terminator or dye-primer methods. Typically, 10-fold shotgun sequence 
redundancy was produced by random shearing of each PAC/BAC clone (3,840 
sequences from 1,920 subclones with a size range of 2-8 kbp). For Monsanto clones, 
we complemented the draft sequence (5-fold redundancy) with a 5-fold overlapping 
sequence to produce a 10-fold sequence. The sequences were assembled by PHRED 
(http://www.genome.washington.edu/UWGC/analysistools/Phred.cfm) and PHRAP 
(http://www.genome.washington.edu/UWGC/analysistools/Phrap.cfm) software 
packages or with the TIGR Assembler (http://www.tigr.org/software/assembler/). 
Sequence gaps were resolved by full sequencing of gap-bridge clones, PCR fragments 
or direct sequencing of BACs. Sequence ambiguities indicated by low PHRAP scores 
were resolved by confirming the sequence data using alternative chemistries or 
different polymerases. The finished assemblies were verified by comparing sizes of 
virtual restriction digests with the experimental data. Standards for sequence quality 
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and annotation are described in the IRGSP Guidelines 
(http://demeter.bio.bnl.gov/Guidelines.html).  
   

A small percentage of clones were identified and/or finished after construction 
of the pseudomolecules described in this manuscript. Thus, in addition to the 
pseudomolecule sequences which have been deposited in Genbank/DDBJ/EMBL, we 
have additional clones and newly finished sequences that contributed to our analyses. 

 
Size measurements for the remaining physical gaps were conducted in different 

sequencing centers of IRGSP using the method of fluorescence in situ hybridization 
(FISH) analysis.  Gaps on chromosome arms were measured using Fiber-FISH 
technology.  Fiber-FISH or pachytene FISH technologies were used to measure 
telomere and centromere gaps.  BAC or PAC clones from the termini of each contig 
were used as DNA probes. Additionally, synthetic oligonucleotides (CCCTAAA)n or 
DNA from the clone pAtT4 of Arabidopsis was used as the telomere probe. The 
preparation of somatic metaphase chromosomes and meiotic pachytene chromosomes 
as well as the FISH procedures were as described previously12. DNA probes were 
labeled with biotin-dUTP, digoxigenin-dUTP, or fluorescein isothiocyanate-dUTP 
(Boehringer Mannheim).  Chromosomes were counterstained with propidium iodide or 
4',6-diamidino-2-phenylindole. Hybridization signals in two-color fiber-FISH were 
detected with a three-layer antibody detection system.  All images were captured 
digitally under an Olympus BX51 or BX60 epifluorescence microscope (Tokyo, Japan) 
using a SenSys charge-coupled device camera (Roper Scientific, Tucson, AZ). Gap 
length was measured using the probed BAC or PAC clone as a reference size marker12. 
 

The pseudomolecules include the mapped centromeres on chromosomes 4, 5 
and 8.  The pseudomolecules contain a portion of the CentO region from both the short 
and long arms for the 9 remaining centromeres. This result then allows us to use the 
length of CentO arrays quantified previously13 to estimate the size of each of the 
remaining centromere gaps. 
 

Sequences for seven chromosome ends (Chr1S, 2S, 2L, 6L, 7S, 7L and 8S) 
include telomere-specific sequences (CCCTAAA repeats, 17-88 copies) and were 
obtained from mapped and sequenced fosmid clones.  The sequence on Chr2S is 
included in the pseudomolecule and the remaining 6 complete sequences are under 
submission.  Sizes for the remaining telomere gaps were measured with the fiber- or 
pachytene-FISH method using terminal BAC/PAC clones as well as the telomere 
repeats as DNA probes.  A value of 3.2 kb is used as the estimated length of each 
telomere14. 
 
Quality control 
Several phases of quality control were implemented throughout the project. First, 
BAC/PAC assemblies were tested for accuracy through comparison of 
computationally-derived fingerprint patterns with experimentally determined 
restriction enzyme digestion patterns. Second, sequence quality was evaluated by 
comparing overlapping sequences from BAC/PAC clones that were in advertently 
sequenced in independent laboratories. The BAC/PAC sequences were retrieved from 
NCBI and aligned by Sequencher (Gene Codes, Inc., Ann Arbor, MI, USA). The 
alignment was inspected and number of base discrepancies was counted. A total of 14 
clone pairs containing 1,247,885 bp of overlapping sequence (Supplementary Table 2) 
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were examined. Ten base substitutions in the corresponding regions were detected 
which indicates a sequence accuracy of 99.9992%. We have also detected 134 
insertion/deletion differences. Detailed inspection revealed that most of these 
discrepancies came from simple sequence repeats in which the unit number of repeats 
was undetermined or variable within or between the clones and therefore marked as 
"sequence ambiguous region". If we combine both types of discrepancy, the overall 
accuracy was calculated as 99.9885%. Third, the IRGSP conducted a quality control 
exercise patterned after similar exercises carried out during the human genome project. 
Briefly, random BACs sequenced by each group were selected from GenBank and the 
in silico restriction digest pattern for several enzymes was generated based on the 
submitted sequence.  This was then compared to the pattern for those enzymes 
observed following in vitro digestion of a sample of the submitted BAC. Some 
anomalies were observed initially and many, upon detailed investigation, were found to 
be naming discrepancies between centers. These were resolved where appropriate. 
Overall, those centers whose submissions represent the vast majority of the submitted 
sequence had a very low (or in several cases, undetectable) error rate in this step in the 
ongoing quality control process. Some possible errors were detected and these clones 
are being further investigated and will be corrected in the public databases as 
appropriate.   
 

Furthermore, additional computational analyses of the raw data and assemblies 
are underway to gain a better appreciation for any other types of errors that may exist so 
that these too may be corrected. It is expected that this process will be carried out by 
one of the groups (CSHL/AGI/WUGSC) that carried out most of the initial quality 
control exercise. As in any sequence such as this, the rice sequence is a work in 
progress and we will continue to refine it to the greatest extent possible. It should be 
noted that this type of detailed analysis cannot be carried out in a very efficient manner 
on whole genome assemblies. 
 
Annotation and bioinformatic methods  
Gene models were predicted using FGENESH 
(http://www.softberry.com/berry.phtml?topic=fgenesh) using the monocot trained 
matrix. Gene models with incomplete ORFs due to missing initiation or termination 
codons, gene models that encode for proteins of less than 50 amino acids, and gene 
models with ambiguous sequence (represented by Ns) were omitted from the final gene 
model set.  Gene models that corresponded to organellar DNA or bacterial IS sequences 
with an e-value of < 1e-5 were removed. Models were predicted by FGENESH twice 
using the native and repeat-masked pseudomolecules. To mask the pseudomolecules 
for repetitive sequences, the coordinates of the transposable elements (see below) were 
used to mask the pseudomolecules. Because MITEs are frequently associated with 
genes, they were not masked. The cutoffs were IS630/Tc1/mariner less than 300 bp, 
IS5/Tourist less than 400 bp, and all other MITEs less than 400bp. 
 
 With the completion of the rice genome, we have improved our ability to 
identify TE-related genes. A total of 55,296 genes were identified on the unmasked 
pseudomolecules, resulting in an apparent density of one gene per 6.7 kbp, similar to 
densities reported for finished analyses of chromosomes 1, 4 and 1015-17.  However, this 
number, as well as the densities reported in these chromosome manuscripts, report on 
total genes including those related to transposable elements (TE-related) which are 
captured as “genes” in the annotation process.   
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Conserved domain/motif searches and association with gene ontologies was 
performed using InterproScan (Gene Ontology Consortium, 
http://www.ebi.ac.uk/GO/index.html, InterproScan ver.3.3, ipscanDATA ver.8.0) in 
combination with the Interpro2Go program. Only those domains that appeared over 
100 times are listed in Supplementary Fig. 3b. For biological processes the number of 
detected domains were recalculated as non-redundant proteins (Supplementary Fig. 
3a).  
 

The Oryza stativa ssp. japonica cv Nipponbare collection of full-length cDNAs 
(ftp://cdna01.dna.affrc.go.jp/pub/data/) contains 33,678 FLcDNA sequences that 
cluster into ~21,000 clusters. After removal of 911 transposable element-related 
sequences, the number of FL-cDNA sequences was 32,767. To determine coverage of 
the non-TE-related FGENESH models, we searched the FLcDNAs against the 
FGENESH models using BLAST. Using a minimum of 95% identity and variable 
length cutoffs, the number of models supported by a FL-cDNA were determined 
(SupplementaryTable 6). The lack of full concordance between the FGENESH models 
and all the FL-cDNAs can be attributed to several factors including presence of 
incorrect gene structure in the FGENESH model, alternative splice forms present in the 
FL-cDNA collection but absent in the FGENESH set, genes missed by FGENESH, 
presence of pseudogenes and non-coding RNAs in the FL-cDNA collection but absent 
in the FGENESH models, gaps in the pseudomolecules, sequence quality issues with 
the FL-cDNAs, and aberrant FL-cDNAs in the FL-cDNA collection.  

 
To identify putative homologs in other species, the predicted rice proteome was 

searched using BLASTP (cutoff criterion of e < 1.0-5) against the proteomes of several 
model species for which a complete genome sequence and deduced protein set was 
available (Supplementary Fig. 4). To identify expressed genes, each rice chromosome 
was searched against the TIGR rice gene index13 (Release 15; 
http://www.tigr.org/tdb/tgi/ogi/) and gene index entries that aligned (cutoff criteria of 
95 % identity over 80 % of the length of each gene index entry) to a gene model were 
parsed out. The density of expressed genes in 100 kb windows was plotted in 
Supplementary Fig. 2. In addition to the rice gene index, five cereal gene indices (wheat 
Release 8.0: http://www.tigr.org/tdb/tgi/tagi/, maize Release 14.0: 
http://www.tigr.org/tdb/tgi/zmgi/, barley Release 8.0: http://www.tigr.org/tdb/tgi/hvgi/, 
sorghum Release 8.0: http://www.tigr.org/tdb/tgi/sbgi/, and Rye Release 3.0: 
http://www.tigr.org/tdb/tgi/ryegi/) were searched against the rice chromosomes and 
gene indices matches (cutoff criteria of 70% identity over 80% of the length of the gene 
index sequence) were parsed out (Supplementary Fig. 1). A separate analysis using 
32,127 full-length cDNA sequences (ftp://cdna01.dna.affrc.go.jp/pub/data/) was 
performed using BLASTN with the threshold e value of 10-20. 
 

To identify possible cereal-specific proteins the translated sequences of the 
2,859 gene models with rice full-length cDNA or EST or cereal EST matches but 
without identifiable homologs in the Arabidopsis genome were searched for conserved 
domain/motif using InterproScan and homologs in the Swiss-Prot database 
(www.expasy.org/sprot/) using BLASTP with a cutoff value of e<-20.  All proteins 
with positive blast matches and all proteins with interesting domain matches were 
further compared with the nr database 
(http://www.ncbi.nlm.nih.gov/blast/html/blastcgihelp.html#protein_databases) using 
BLASTP to eliminate all truncated proteins and those with matches to other dicots. The 
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gene models were also searched directly with rice homologs of proteins presumed to be 
cereal-specific, in particular expansins and hydroxyproline-rich glycoproteins.  
 
Tandem gene family methods  
To facilitate a comparison of rice and Arabidopsis, the rice genome was subjected to a 
BLASTP search with the same threshold e-value of 10-20 as described18. However, the 
search was also performed by permitting more than one unrelated gene within the 
arrays and the limit of the search was set to 5 Mb intervals to exclude large 
chromosomal duplications.   
 
Non-coding RNAs 
One 33 kb fosmid clone that contains four 17S-5.8S-25S unit repeats was completely 
sequenced. All of the units were orientated on the chromosome in the same direction.   
 

Transfer-RNA genes were detected by the program tRNA-scan SE19. We used 
the miRNA registry20 in the Rfam database (http://www.sanger.ac.uk/Software/Rfam/, 
Release 5.1,Dec. 2004) as the reference database. All 134 entries in the Oryza sativa 
miRNA database have high similarities with the rice genome (more than 96.5% 
coverage and 93.6%) by using BLASTN. This is reasonable because these are the 
predicted homologues of the Arabidopsis miRNA against the whole genome shotgun 
assembly, accession AAAA01000000. We re-mapped these sequences at 129 positions 
in the pseudomolecules (Supplementary Table 10). 
 

Experimentally validated miRNAs of other species, excluding Arabidopsis 
miRNAs, were used for BLASTN queries against the pseudomolecules.  BLAST hits of 
more than 18 bases with the mature (20-22nt) miRNA sequences were retrieved with 1 
kb flanking sequence on each side. Using these 2 kb sequences, Ssearch21 was then 
performed against the original mature miRNA sequences used for BLAST analysis. 
Only the paired hits (inverted repeats) with mature miRNAs were selected. Among 
them, only mature miRNA sequence pairs which meet the following conditions were 
recorded: 1) More than 80% of the mature miRNA sequence is in the alignment; 2). 
The sequence identity in the aligned sequence is more than 80%; and 3) The set of the 
inverted repeat sequences are not more than 280 bases apart (280 nt is the maximal 
length of all the miRNA precursor entries in this database). No distribution bias on the 
chromosomes and their positions were observed (data not shown).  Thus, we could add 
29 new putative miRNAs onto the pseudomolecules for a total of 158 miRNAs 
identified in the genome. 
 

All the snRNA entries (U-RNAs and snoRNAs) were retrieved from Rfam 
database (version6.1, August 2004) and used for queries.  BLASTN was used to find 
the location of snoRNAs and spliceosomal RNAs in the pseudomolecules.  Only the 
hits with more than 80% sequence identity were mapped onto the pseudomolecules.  
There are 379 total hits from 65 kinds of snoRNAs, and 368 total hits for U1, U2, U4, 
U5, and U6 spliceosomal RNA sequences.  Overlaps in chromosomal position among 
these hit results were removed.  Numbers of the non-redundantly mapped snoRNAs 
and spliceosomal RNAs are shown in Supplementary Table 11.  
 
Chloroplast and mitochondrial methods  
Oryza sativa ssp. japonica Nipponbare chloroplast22 and mitochondrial23 sequences 
were aligned with the 12 Nipponbare nuclear chromosomes by using BLASTN24 
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version 2.2.6 with default conditions. A low stringency search by MUMmer25 was 
achieved using version 3.0 (with Bn Bl 18 BL ; mgaps Bl 100 Bf .12 Bs600 ; 
combineMUMs Bx Be .50 Bw) on the direct strand and on the reverse strand. A high 
stringency search was then achieved by removing the SW extensions 5= to the first 
MUM and 3= to the last MUM for each combine MUMs result.  
 
TE Methods and Supplementary Information  
The TIGR Oryza Repeat Database (TIGR RDB; 
http://www.tigr.org/tigr-scripts/e2k1/rpStat.cgi?DB=Oryza) was used as the starting 
point to create RTEdb26, a database of known rice transposons 
(http://www.biology.mcgill.ca/faculty/bureau/index.htm). Published rice transposon 
sequences that were absent from TIGR RDB were incorporated into RTEdb27-40. 
Several unpublished retrotransposons (C. Vitte, personal communication) and a large 
set of unpublished Mutator-like elements (Bureau, personal communication) were also 
added. The revised database contained 18,342 complete and partial elements.  
 

RTEdb was used to determine the TE coordinates on the rice pseudomolecules. 
In the case of hAT, IS256/Mutator, IS5/Tourist, and IS630/Tc1/mariner superfamilies, 
family-specific profile hidden Markov models (HMMs) were built and queried against 
the rice genomic sequences using the HMMER software package41 
(http://hmmer.wustl.edu/). The remaining transposon superfamilies were annotated 
using RepeatMasker (http://www.repeatmasker.org). A set of Perl scripts was written 
to process and consolidate the results generated by HMMER and RepeatMasker. 

 
TE coordinates were used to examine their relationship with gene models and 

other genomic features. Recombination rates were estimated using the genetic and 
physical positions of mapped genetic markers along each chromosome. Third order 
polynomials were fit to the relationship between physical and genetic distance for each 
chromosome. Recombination rates were estimated for each 100 kb region of each 
chromosome, by taking the derivative of each polynomial at the midpoint of the 100 kb 
bin. Centromeric regions were defined using the marker data, as the region of 
suppressed recombination surrounding the centromere. 
 

Transposon distribution patterns can generally be explained by a strong effect 
of average element length: small elements show a significant positive correlation with 
recombination rates and gene density, and are under-represented in the centromere, 
while larger elements are over-represented in gene- and recombination-poor 
heterochromatin (Supplementary Table 14). This generates a positive correlation 
between average transposon length and relative abundance in centromeric regions 
(r=0.543, p<0.05). The effect of transposon length suggests that larger elements are 
more likely to have deleterious effects in euchromatic regions, either by interfering 
with gene function, or by the deleterious consequences of ectopic recombination42, and 
are thus removed by purifying selection.  
 
 
Tos17 Methods  
Flanking sequences of transposed copies of Tos17 in each line were isolated by a 
modified TAIL-PCR and suppression PCR method43. Pseudomolecule sequences were 
split into 20 kb fragments with 10 kb overlaps to make a BLAST database. A total of 
48,309 flanking sequences derived from 6,278 lines were screened with BLASTN 
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against the overlap database using the Score Cluster System at the Computer Center of 
MAFFIN, Japan (http://www.affrc.go.jp/). The BLASTN analysis required identities 
>= 99% and permitted 3 bp mismatch or a frame-shift at the 5'-end of flanking 
sequences. A total of 11,487 target loci were mapped on twelve pseudomolecules. The 
number of target loci in each 100 kb interval was plotted as a histogram using a perl 
script with pdflib_pl module (http://www.pdflib.com/) (Supplementary Fig. 5).  
 
SNP Discovery  
Comparison of Nipponbare vs. Kasalath: The construction of an O. sativa ssp. indica 
var. Kasalath BAC library was previously described1. The library consisted of 47,194 
clones with an average insert size of 133 kb.  All BAC clones were end-sequenced and 
a total of 78,752 BAC-end sequences (STCs) were obtained44. A BLAST search against 
all the Kasalath STCs is available at http://rgp.dna.affrc.go.jp/blast/runblast.html. The 
Kasalath STCs were mapped in silico onto the 12 Nipponbare pseudomolecules to 
determine the global DNA-sequence polymorphism between these two cultivars. The 
vector sequences were masked prior to sequence comparison. If more than 50% of the 
total nucleotides were masked, then the sequence reads were omitted. Sequence entries 
with many ambiguous bases (PHRED quality values q<5 over 50% of the total 
nucleotides) were also removed. The qualifying sequences were searched against the 
TIGR repeat databases (http://www.tigr.org/tdb/e2k1/osa1/blastsearch.shtml). 
Sequences with high similarity to known repeats such as transposons, retrotransposons, 
centromere repeats, and other rice repeat sequences with e-values of less than 10-50 
were removed. The remaining sequences were subjected to BLASTN (NCBI-BLAST) 
analysis with the low complexity option against the 12 pseudomolecules. Additional 
criteria to detect only the base changes in the precisely mapped area were set as 
follows: (i) A valid hit is identified with e-value less than 10-100 from BLAST analysis. 
(ii) More than 50% of the STCs are aligned and BLAST analysis shows over 90% 
identity. (iii) Both end-sequences (forward and reverse directions) of the clone are 
mapped in opposite directions and are no more than 200 kb apart. These criteria 
facilitated accurate in silico mapping of BAC clones. Only the paired hits that mapped 
to a single specific site within a chromosome were used for in silico mapping and 
calculations. The genome coverage of the mapped BAC Kasalath clones was calculated 
relative to the Nipponbare physical map as the sum of the distance between singlet 
BAC STCs plus the distance between external STCs of contigs expressed as a 
percentage of the total length of the pseudomolecules. SNPs were analyzed using only 
high quality polymorphic nucleotides (q>30). Ns or Xs in both aligned sequences were 
not included for calculation of SNPs. The gaps within the alignments were classified as 
small InDels.  
 

A quality check was done for 32 randomly selected BAC ends that were 
resequenced. These STCs had previously indicated 101 SNPs when aligned with the 
Nipponbare sequence.  All 101 SNP nucleotides were confirmed upon resequencing.  
The RGP previously showed empirically that a PHRED value greater than 30 was the 
equivalent to less than one error in 10,000 (http://demeter.bio.bnl.gov/clemson.html). 
 
SSR Methods and Discussion  
We used the Simple Sequence Repeat Identification Tool (SSRIT)45 available at 
www.gramene.org to identify simple sequence repeat motifs.  Supplementary Table 17 
provides information about the physical position of all Class 1 SSRs in relationship to a 
set of widely used genetic markers previously published as RFLPs46,47 or SSRs48. The 



 8

bp position at the center of each SSR motif or at the 3' end of a sequenced RFLP marker 
is used to tag the position of the marker along the pseudomolecule. This makes it 
possible to determine the relative order of mapped loci and facilitates calculations of 
cumulative physical map distance based on a running summary of distances between 
markers.   
 

A total of 18,828 Class 1 di, tri and tetra-nucleotide SSRs, representing 47 
distinctive motif families, were identified in the rice genome. Fifty-nine percent of all 
Class 1 SSRs belonged to one of the four di-nucleotide families, 27% were placed into 
the eleven tri-nucleotide families, and 14% were categorized into 32 tetra-nucleotide 
families. The three most abundant motif families were poly(AT)n (37% of the total), 
poly(GA)n (18%), and poly(CCG)n (10%) (Supplementary Fig. 9). The motif, 
poly(GC)n, was unusually rare, occurring only 19 times in the genome, compared to 
poly(AC)n, the next rarest di-nucleotide motif (782 times). The 19 instances of 
poly(GC) were distributed over 10 of the 12 chromosomes and showed no distinct 
clustering. While poly(CCG)n is highly abundant in the genome, there is apparent 
selection against poly(GC)n, presumably due to its ability to cause frameshift 
mutations in GC-rich genic regions. A motif family represents all related motifs, 
including frame shifts of the defined reference motif and their reverse complements, 
i.e., family (AGT) {AGT, GTA, TAG, ACT, CTA, TAC}. 
 

Copy number of SSR markers was estimated using e-PCR to determine the 
number of independent hits of primer pairs on the pseudomolecules. Primer pairs were 
developed for 17,719 (94%) of the SSR loci and e-PCR was used to confirm the 
location and expected copy number of each SSR for which primers had been designed. 
Of these, a total of 16,959 (96%) showed a unique hit to the expected region of the 
genome and were determined to be single copy. In Supplementary Table 18, (*) 
following a marker reagent_ID, i.e., AUT26023(*), indicates that the primer pair shows 
multiple hits using e-PCR.  

Information on SSRs by map location can be found at 
http://www.gramene.org/Oryza_sativa/.  Over two thousand of these markers have 
been experimentally evaluated and found to reliably produce 90% amplification 
success under a single, standard set of PCR conditions48. 
 
Whole genome shotgun assembly analysis 
The 50,231 contigs from the BGI 6.28X whole genome assembly of O. sativa ssp. 
indica 93-11 (AAAA02000001-AAAA02050231) and the 35,047 contigs of the 
Syngenta 6X whole genome assembly of O. sativa ssp. japonica cv. Nipponbare 
(AACV01000001-AACV01035047)49 were aligned with the pseudomolecules using 
MUMmer25. The aligned Syngenta contigs were required to cover at least 95% of the 
collinear Nipponbare region with greater than 95% identity (Supplementary Table 19).  
A lower stringency of 50% coverage and 80% identity was required for the alignment 
BGI contigs (Supplementary Table 19).  The number of IRGSP Nipponbare FL-cDNA 
supported gene models completely covered by the aligned contigs were tabulated. The 
155-bp CentO consensus sequence was used for BLAST analysis against the 93-11 and 
Nipponbare WGS contigs and the coordinates of the positive hits recorded 
(Supplementary Table 21).  General locations of centromeres for each indica 
chromosome were obtained by comparing the physical positions of the 
CentO-containing contigs mapped by BGI with the CentO sequence positions on the 
IRGSP pseudomolecule of the corresponding chromosome. 
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One might ask if sequence polymorphism between the indica and japonica rice 

makes this an unfair comparison. The level of SNP frequency between 93-11 and 
Nipponbare has been reported to be from less than 0.1%50 to 0.37%51 far below the 20% 
level of non-identity required to eliminate the matches.  Han and Xue52 compared 2.3 
Mb of finished sequence from both Nipponbare and a different indica cultivar, 
Guangluai 4, on chromosome 4. In addition to finding SNPs they also documented 
insertions and deletions between the two sequences that amounted to almost 13% of the 
Nipponbare sequence.   

 
A detailed comparison of the BGI assemblies with the IRGSP sequence was 

undertaken for the top portion of chromosome 1S. The BGI assembled and mapped 
Syngenta contigs (AACV01000001-AACV01000070) and the 93-11 contigs 
(AAAA02000001-AAAA02000093) were compared by BLAST analysis against the 
IRGSP chromosome 1 pseudomolecule (Supplementary Fig. 10; Supplementary Table 
20).  These contigs had been assigned in order on the short arm of chromosome 1 from 
the telomere region49.  
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Supplementary Figure 1. Rice gene models that align with cereal EST sequences.  
This data may be biased by the depth of species-specific cDNA libraries and does not 
reflect evolutionary distances. 
 
Supplementary Figure 2. The density of expressed genes on the twelve rice 
chromosomes. The 12 chromosomes (in green) are depicted from 1 to 12 (top to 
bottom) with the short arms to the left. The frequency of gene models with EST or 
full-length cDNA hits in 100 kb windows are plotted in blue. Centromeres (red boxes) 
and physical gaps (white spaces) are indicated on the chromosomes. 
 
Supplementary Figure 3. Functional classification of predicted proteins and protein 
domains. 
a. Biological process (proteins) 
b. Molecular function (domains) 
  
Supplementary Figure 4. Comparison of the predicted rice proteome with other 
model species. A total of 37,544 rice proteins were searched against the protein datasets 
of Arabidopsis, S. cerevisiae, C. elegans, Drosophila, human, Synechocystis and E. coli 
using BLASTP and the scores were binned into six categories. 
 
Supplementary Figure 5. Distribution of Tos17 insertions on the twelve rice 
chromosomes.  The frequency of aligned flanking sequences in a 100 kb window is 
plotted.  Positions of centromeric repeats (CentO) are indicated.  The chromosomes are 
oriented from short arm (left) to long arm (right). 
 
Supplementary Figure 6. Array sizes of tandemly repeated genes.  
 
Supplementary Figure 7. The density of tRNA genes on the twelve rice chromosomes.  
The frequency of tRNA genes in a 100 kb window is plotted.  The chromosomes are 
oriented from short arm (left) to long arm (right). 
 
Supplementary Figure 8. Distribution of organellar inserts on the Nipponbare 
pseudomolecules. Chloroplast sequences (green) appear to the left of each chromosome, 
mitochondrial sequences (red) to the right, and sequences that have identity with both 
organelles (black) are shown on both sides of the chromosome. The thickness of the 
lines is roughly proportional to the length of the insert although a series of small inserts 
may appear as one thick line. The thinnest bars represent inserts 100 to 60,000 bp long.  
 
Supplementary Figure 9. Frequency of the ten most frequent SSR motif families in 
the rice genome. 
 
Supplementary Figure 10. Comparison of the 93-11 and Syngenta assemblies with a 
portion of IRGSP  chromosome 1S. The BGI assembled and mapped Syngenta  contigs 
(AACV01000001-AACV01000070) and the 93-11 contigs 
(AAAA02000001-AAAA02000093) were compared by BLAST analysis against the 
IRGSP chromosome 1 pseudomolecule. 
 



Supplementary Table1 Libraries used in construction of physical maps

Library name Clone ID Vector Enzyme Ave. insert
size (kb) No. of clones Finger-

printed
End-

sequenced
Clones

sequenced

RGP YACa Y YAC EcoRI, NotI 350 6932 - - -
RGP PACb P PAC Sau3A1 112 71040 Partly Partly 907
RGP BACc B BAC MboI 124 48960 Partly Partly 222
CUGI BACd OSJNBa BAC HindIII 129 36864 Fully Fully 1081
CUGI BAC OSJNBb BAC EcoRI 119 55296 Fully Fully 553
Monsanto BACe OJ BAC HindIII - 3416 Fully Fully 638
AGI fosmidf OSJNOa Fosmid Sheared DNA 41 110592 - - 18
CUGI plasmidg OSJNPb Plasmid HaeIII 10 165888 - - -
CUGI plasmid OSJNPc Plasmid Sau3AI 10 138240 - - -
Othersh OSJNA, OJA - - - - - - 34
Total 630296 3453
aRice Genome Research Program YAC: Saji, S., et al. Genome 44, 32-37 (2001)
bRice Genome Research Program PAC, Baba, T., et al. Bull. Natl. Inst. Agrobiol. Resour. (Japan) 14, 41-51 (2000)
cRice Genome Research Program BAC, Wu, J., et al. Plant J.  36, 720-730 (2003)
dClemson University Genomics Institute BAC: Chen, M., et al. Plant Cell 14, 537-545 (2002)
eMonsanto BAC: Barry, G. F., Plant Physiol. 125, 1164-1165 (2001)
fArizona Genomics Institute fosmid: http://www.genome.arizona.edu/orders/direct.html?library=OSJNOa
gClemson University Genomics Institute plasmid: Yang, T. J., et al. Theor. Appl. Genet. 107, 652-660 (2003)
hOSJNA and OJA: Artificial gap-filling clones.



Supplementary Table 2 Sequence quality based on overlapping sequences
Chr

1 OSJNBa0049B20(TIGR) OSJNBa0004G10(RGP) 117850 2 8
1 OSJNBa0049B20(TIGR) P0034C11(RGP) 136361 1 8
1 OSJNBa0048I01(KRGP) P408G07(RGP) 185780 7 32
1 OSJNBa0048I01(KRGP) B1099D03(RGP) 58337 0 7
2 OSJNBa0049B20(CSHL) OJ1111_C07(RGP) 150046 0 40
6 OJ1540_H01(TIGR) P0481E08(RGP) 57158 0 9
6 OJ1540_H01(TIGR) P0541C02(RGP) 88194 0 0
7 OSJNBb0024A20(ACWW) OSJNBa0072I06(RGP) 19465 0 0
7 OSJNBb0024A20(ACWW) OSJNBb0018L13(RGP) 129833 0 20

10 OJ1004_F02(TIGR) OSJNBa0014J14(ACWW) 85048 0 0
10 OSJNBa0093I09(ACWW) OSJNBa0073L20(TIGR) 82117 0 10
11 OSJNBa0052C03(RGIR) OSJNBa0052C16(TIGR) 45294 0 0
11 OSJNBa0094P07(TIGR) OSJNBb0088N01(PGIR) 71138 0 0
11 OSJNBa0025K19(Genoscope) OSJNBb0004B05(PGIR) 21264 0 0

Totals 1247885 10 134
Accuracy based on base pair discrepancies (%) 99.9992
Accuracy based on both substitutions and insertions/deletions (%) 99.9885

Overlapping clones Overlap
sequence

(bp)

Base
substitutions

(bp)

Insertion /
deletion (bp)



Supplementary Table 3 CentO (155 bp satellite DNA) units within chromosome pseudomolecules

1 partial 16682539-17130082 1055 163525 82.3-97.6
2 partial 13570041-13857135 1297 201035 84.0-97.9
3 partial 19346905-19452749 158 24490 80.2-97.2
4 complete 9808276-9933189 355 55025 82.2-96.7
5 complete 12357944-12421998 325 50375 84.3-96.5
6 partial 15266486-15272427 39 6045 81.2-97.4
7 partial 11992162-12227761 578 89590 84.3-97.8
8 complete 12913343-13833051 443 68665 81.9-99.3
9 partial 2697206-2927046 776 120280 85.3-95.0

10 partial 7701335-8609236 7 1085 83.0-92.9
11 partial 11939274-11939374 - - -
12 partial 11771323-12117142 814 126170 79.4-97.8
All 5847 906285

aPseudomolecule coordinates.

Total amount
(bp)

Identityb (%)

bThe 155-bp consensus CentO seuqence analyzed from the centromeric region of chromosome 8 was used for Blast
analysis.

Chr Physical
map

CentO sequence locationa Total units



Supplementary Table 4 Chromosomal distribution of gene models

1 43260640 4856 8.9
2 35954074 3964 9.1
3 36189985 4159 8.7
4 35489479 3400 10.4
5 29733216 2956 10.1
6 30731386 3079 10
7 29643843 3044 9.7
8 28434680 2708 10.5
9 22692709 2175 10.4

10 22683701 2185 10.4
11 28357783 2650 10.7
12 27561960 2368 11.6

Total 370733456 37544 9.9

Chromosome Gene Density
(kbp/gene)

Predicted
models

Length
(bp)



Length (bp) 370,733,456 115,409,949
Predicted genes 
   Number 37,544 25,498
   Gene density (kb per gene) 9.9 4.5
   Average gene length (bp) 2,699 1,992
Exons
   Number 175,203 132,982
   Total length (bp) 44,492,676 33,249,250
   Average per gene 4.7 5.2
   Average size (bp) 254 250
Introns
   Number 137,659 107,484
   Total length (bp) 56,841,388 18,055,421
   Average per gene 3.7 4.2
   Average size (bp) 413 168
Base composition (GC %)
   Exon 54.2 44.1
   Intron 38.3
   Intergenic 42.9
   Gene 45.3
   Genome 43.6 34.7
aArabidopsis Genome Initiative. Nature 408, 796-815 (2000).

32.7

Supplementary Table 5 Statistics for the predicted genes in the rice
pseudomolecules and a comparison with Arabidopsis thaliana

Rice
pseudomolecules

Arabidopsis

genomea



Supplementary Table 6 Coverage of FGENESH models with FL-cDNAs

25 30,253 17,016 25,636
50 23,581 14,907 22,046
75 17,690 11,534 16,719
80 16,400 10,806 15,513

FGENESH models (37,544) were searched using BLASTN against the collection of 32,767
FL-cDNAs. The alignments were parsed using 95% identity over variable length cutoffs.

Cutoff length
(%)

Alignments FGENESH
models

FLcDNAs



Supplementary Table 7 The 50 most frequent domains detected by Interpro
IPRid Description Gene models

1 IPR011009 Protein kinase-like 1425
2 IPR000719 Protein kinase 1366
3 IPR002290 Serine/threonine protein kinase 1286
4 IPR001245 Tyrosine protein kinase 1264
5 IPR008271 Serine/threonine protein kinase, active site 1075
6 IPR001611 Leucine-rich repeat 837
7 IPR001810 Cyclin-like F-box 620
8 IPR008941 TPR-like 572
9 IPR007090 Leucine-rich repeat, plant specific 431
10 IPR009057 Homeodomain-like 425
11 IPR002885 PPR repeat 423
12 IPR001841 Zn-finger, RING 401
13 IPR002182 NB-ARC 396
14 IPR000767 Disease resistance protein 361
15 IPR008938 ARM repeat fold 337
16 IPR001128 Cytochrome P450 331
17 IPR001005 Myb, DNA-binding 328
18 IPR003591 Leucine-rich repeat, typical subtype 321
19 IPR008940 Protein prenyltransferase 305
20 IPR000504 RNA-binding region RNP-1 (RNA recognition motif) 279
21 IPR002401 E-class P450, group I 274
22 IPR000345 Cytochrome c heme-binding site 262
23 IPR009007 Peptidase aspartic 242
24 IPR003593 AAA ATPase 240
25 IPR001680 G-protein beta WD-40 repeat 233
26 IPR002048 Calcium-binding EF-hand 218
27 IPR002110 Ankyrin 214
28 IPR000379 Esterase/lipase/thioesterase 210
29 IPR011046 WD40-like 188
30 IPR010983 EF-Hand-like 187
31 IPR007087 Zn-finger, C2H2 type 174
32 IPR001092 Basic helix-loop-helix dimerisation region bHLH 162
33 IPR001471 Pathogenesis-related transcriptional factor and ERF 157
34 IPR002016 Haem peroxidase, plant/fungal/bacterial 154
35 IPR001878 Zn-finger, CCHC type 154
36 IPR003612 Plant lipid transfer/seed storage/trypsin-alpha amylase inhi 150
37 IPR002213 UDP-glucuronosyl/UDP-glucosyltransferase 146
38 IPR008974 TRAF-like 139
39 IPR010255 Haem peroxidase 139
40 IPR001440 TPR repeat 139
41 IPR008985 Concanavalin A-like lectin/glucanase 137
42 IPR001687 ATP/GTP-binding site motif A (P-loop) 137
43 IPR003439 ABC transporter 129
44 IPR000210 BTB/POZ 127
45 IPR008994 Nucleic acid-binding OB-fold 124
46 IPR000823 Plant peroxidase 123
47 IPR011011 FYVE/PHD zinc finger 122
48 IPR001410 DEAD/DEAH box helicase 120
49 IPR001480 Curculin-like (mannose-binding) lectin 119
50 IPR003441 No apical meristem (NAM) protein 117



Supplementary Table 8 Cereal-specific proteins
Protein Number

Abscisic stress ripening protein 4
Chitinase precursor 3
Citrate binding protein precursor 1
Endonuclease 1
Glucan 1,3-beta-glucosidase precursor 3
Heterogenous nuclear ribonucleoprotein 1
Jasomate-induced protein 4
Mannosyltransferase 1
Pathogenesis-related protein PR-10a 5
Phytosulfokines precursor 1
Prolamin 31
Proteinase inhibitor 10
Queuine tRNA-ribosyltransferase 2
Ribosome-inactivating protein 1
SAM-dependent methyltransferase 1
Seed allergen 5
Starch branching enzyme 1
Wound-induced protease inhibitor 1



IPR Numbera Motif Description Gene models with
motif/domain

Gene models in
tandem arrays

IPR011009 Protein kinase-like 125 134
IPR002290 Serine/threonine protein kinase 122 134
IPR001245 Tyrosine protein kinase 121 134
IPR008271 Serine/threonine protein kinase, active site 107 134
IPR011009 Protein kinase-like 92 109
IPR001245 Tyrosine protein kinase 91 109
IPR002290 Serine/threonine protein kinase 91 109
IPR000719 Protein kinase 91 109
IPR008271 Serine/threonine protein kinase, active site 84 109
IPR000719 Protein kinase 85 100
IPR011009 Protein kinase-like 85 100
IPR002290 Serine/threonine protein kinase 81 100
IPR001245 Tyrosine protein kinase 80 100
IPR008271 Serine/threonine protein kinase, active site 70 100
IPR002182 NB-ARC 77 91
IPR000767 Disease resistance protein 66 91
IPR001611 Leucine-rich repeat 64 91
IPR001611 Leucine-rich repeat 57 73
IPR007090 Leucine-rich repeat, plant specific 55 73
IPR011009 Protein kinase-like 53 73
IPR002290 Serine/threonine protein kinase 53 73
IPR001245 Tyrosine protein kinase 53 73
IPR000719 Protein kinase 53 73
IPR008271 Serine/threonine protein kinase, active site 45 73
IPR003591 Leucine-rich repeat, typical subtype 44 73
IPR011009 Protein kinase-like 56 69
IPR000719 Protein kinase 56 69
IPR001245 Tyrosine protein kinase 55 69
IPR002290 Serine/threonine protein kinase 54 69
IPR008271 Serine/threonine protein kinase, active site 49 69
IPR011009 Protein kinase-like 55 57
IPR000719 Protein kinase 54 57
IPR002290 Serine/threonine protein kinase 53 57
IPR001245 Tyrosine protein kinase 53 57
IPR008271 Serine/threonine protein kinase, active site 46 57
IPR002885 PPR repeat 51 51
IPR008941 TPR-like 43 51
IPR008940 Protein prenyltransferase 37 51
IPR011009 Protein kinase-like 50 50
IPR002290 Serine/threonine protein kinase 50 50
IPR001245 Tyrosine protein kinase 50 50
IPR000719 Protein kinase 50 50
IPR000719 Protein kinase 45 50
IPR011009 Protein kinase-like 45 50
IPR002290 Serine/threonine protein kinase 45 50
IPR001245 Tyrosine protein kinase 45 50
IPR008271 Serine/threonine protein kinase, active site 37 50
IPR000719 Protein kinase 41 45
IPR002290 Serine/threonine protein kinase 41 45
IPR011009 Protein kinase-like 41 45
IPR001245 Tyrosine protein kinase 41 45
IPR002885 PPR repeat 44 44
IPR008941 TPR-like 36 44
IPR008940 Protein prenyltransferase 29 44
IPR001245 Tyrosine protein kinase 42 43

Supplementary Table 9 Motifs in tandemly repeated gene families



IPR000719 Protein kinase 42 43
IPR011009 Protein kinase-like 42 43
IPR002290 Serine/threonine protein kinase 42 43
IPR008271 Serine/threonine protein kinase, active site 34 43
IPR008974 TRAF-like 40 42
IPR000210 BTB/POZ 40 42
IPR002083 MATH 35 42
IPR002182 NB-ARC 40 41
IPR000767 Disease resistance protein 39 41
IPR001611 Leucine-rich repeat 31 41
IPR011009 Protein kinase-like 37 37
IPR001245 Tyrosine protein kinase 37 37
IPR000719 Protein kinase 37 37
IPR002290 Serine/threonine protein kinase 37 37
IPR008271 Serine/threonine protein kinase, active site 33 37
IPR001128 Cytochrome P450 36 36
IPR002401 E-class P450, group I 33 36
IPR001245 Tyrosine protein kinase 31 35
IPR002290 Serine/threonine protein kinase 31 35
IPR011009 Protein kinase-like 31 35
IPR000719 Protein kinase 31 35
IPR008271 Serine/threonine protein kinase, active site 25 35
IPR001611 Leucine-rich repeat 24 35
IPR007090 Leucine-rich repeat, plant specific 24 35
NO IPR 32
IPR001128 Cytochrome P450 32 32
IPR002401 E-class P450, group I 29 32
IPR002182 NB-ARC 29 31
IPR000767 Disease resistance protein 28 31
IPR001611 Leucine-rich repeat 25 31
IPR002885 PPR repeat 30 30
IPR008941 TPR-like 26 30
IPR008940 Protein prenyltransferase 19 30
IPR002182 NB-ARC 27 29
IPR000767 Disease resistance protein 26 29
IPR004045 Glutathione S-transferase, N-terminal 28 28
IPR010987 Glutathione S-transferase, C-terminal-like 28 28
IPR004046 Glutathione S-transferase, C-terminal 27 28
IPR002952 Eggshell protein 23 28
IPR001245 Tyrosine protein kinase 27 27
IPR000719 Protein kinase 27 27
IPR002290 Serine/threonine protein kinase 27 27
IPR011009 Protein kinase-like 27 27
IPR008271 Serine/threonine protein kinase, active site 19 27
IPR011009 Protein kinase-like 23 27
IPR002290 Serine/threonine protein kinase 23 27
IPR000719 Protein kinase 23 27
IPR001245 Tyrosine protein kinase 23 27
IPR008271 Serine/threonine protein kinase, active site 20 27
IPR007658 Protein of unknown function DUF594 20 26
IPR002885 PPR repeat 26 26
IPR008941 TPR-like 21 26
IPR008940 Protein prenyltransferase 17 26
NO IPR 25
IPR002182 NB-ARC 21 25
IPR000767 Disease resistance protein 20 25
IPR001283 Allergen V5/Tpx-1 related 23 23
NO IPR 23



IPR004320 Arabidopsis conserved protein 20 23
IPR002885 PPR repeat 23 23
IPR008941 TPR-like 22 23
IPR008940 Protein prenyltransferase 15 23
IPR001810 Cyclin-like F-box 20 23
IPR002182 NB-ARC 22 22
IPR000767 Disease resistance protein 22 22
IPR001611 Leucine-rich repeat 20 22
IPR002213 UDP-glucuronosyl/UDP-glucosyltransferase 16 22
IPR002885 PPR repeat 22 22
IPR008941 TPR-like 21 22
IPR002885 PPR repeat 21 21
IPR008941 TPR-like 20 21
IPR008940 Protein prenyltransferase 14 21
NO IPR 21
IPR005299 SAM dependent carboxyl methyltransferase 18 21
IPR002213 UDP-glucuronosyl/UDP-glucosyltransferase 18 20
IPR002401 E-class P450, group I 20 20
IPR001128 Cytochrome P450 20 20
IPR000767 Disease resistance protein 20 20
IPR002182 NB-ARC 19 20
IPR001611 Leucine-rich repeat 18 20
NO IPR 19
IPR002182 NB-ARC 19 19
IPR000767 Disease resistance protein 18 19
IPR001611 Leucine-rich repeat 18 19
NO IPR 19
IPR000767 Disease resistance protein 18 18
IPR002182 NB-ARC 17 18
IPR001611 Leucine-rich repeat 15 18
NO IPR 18
NO IPR 18
IPR001611 Leucine-rich repeat 18 18
IPR007090 Leucine-rich repeat, plant specific 18 18
IPR003591 Leucine-rich repeat, typical subtype 17 18
IPR002016 Haem peroxidase, plant/fungal/bacterial 17 17
IPR010255 Haem peroxidase 17 17
IPR000823 Plant peroxidase 17 17
NO IPR 17
IPR003612 Plant lipid transfer/seed storage/trypsin-alpha amylase inhibitor 13 17
IPR000719 Protein kinase 17 17
IPR008271 Serine/threonine protein kinase, active site 17 17
IPR011009 Protein kinase-like 17 17
IPR001245 Tyrosine protein kinase 17 17
IPR002290 Serine/threonine protein kinase 17 17
IPR002885 PPR repeat 17 17
IPR008941 TPR-like 15 17
IPR008940 Protein prenyltransferase 11 17
IPR009007 Peptidase aspartic 16 17
IPR002110 Ankyrin 17 17
IPR001810 Cyclin-like F-box 13 17
IPR001810 Cyclin-like F-box 14 17
IPR011009 Protein kinase-like 17 17
IPR000719 Protein kinase 17 17
IPR002290 Serine/threonine protein kinase 16 17
IPR001245 Tyrosine protein kinase 16 17
IPR008271 Serine/threonine protein kinase, active site 16 17
IPR000490 Glycoside hydrolase, family 17 16 16



IPR009007 Peptidase aspartic 11 16
NO IPR 16
IPR002213 UDP-glucuronosyl/UDP-glucosyltransferase 12 16
IPR002885 PPR repeat 16 16
IPR008940 Protein prenyltransferase 12 16
IPR008941 TPR-like 12 16
IPR002213 UDP-glucuronosyl/UDP-glucosyltransferase 15 16
IPR011009 Protein kinase-like 16 16
IPR002290 Serine/threonine protein kinase 16 16
IPR001245 Tyrosine protein kinase 16 16
IPR000719 Protein kinase 16 16
IPR008271 Serine/threonine protein kinase, active site 14 16
IPR000210 BTB/POZ 16 16
IPR008974 TRAF-like 15 16
IPR002083 MATH 12 16
IPR001128 Cytochrome P450 15 15
IPR002401 E-class P450, group I 12 15
IPR000719 Protein kinase 15 15
IPR001245 Tyrosine protein kinase 15 15
IPR011009 Protein kinase-like 15 15
IPR002290 Serine/threonine protein kinase 15 15
IPR008271 Serine/threonine protein kinase, active site 11 15
IPR002401 E-class P450, group I 14 15
IPR001128 Cytochrome P450 14 15
IPR005123 2OG-Fe(II) oxygenase superfamily 15 15
IPR004253 Protein of unknown function DUF231 14 15
IPR001128 Cytochrome P450 15 15
IPR002401 E-class P450, group I 10 15
IPR002885 PPR repeat 15 15
IPR008941 TPR-like 14 15
IPR008940 Protein prenyltransferase 11 15
IPR000379 Esterase/lipase/thioesterase 14 15
NO IPR 15
NO IPR 15
IPR002885 PPR repeat 15 15
IPR008941 TPR-like 11 15
IPR008940 Protein prenyltransferase 10 15
IPR002110 Ankyrin 14 15
IPR001611 Leucine-rich repeat 14 14
IPR007090 Leucine-rich repeat, plant specific 14 14
IPR003591 Leucine-rich repeat, typical subtype 12 14
IPR002885 PPR repeat 14 14
IPR008940 Protein prenyltransferase 12 14
IPR008941 TPR-like 11 14
IPR002213 UDP-glucuronosyl/UDP-glucosyltransferase 13 14
IPR009007 Peptidase aspartic 13 14
IPR001810 Cyclin-like F-box 11 14
IPR003676 Auxin responsive SAUR protein 14 14
IPR003480 Transferase 13 14
IPR001878 Zn-finger, CCHC type 9 14
IPR001087 Lipolytic enzyme, G-D-S-L 11 13
IPR002213 UDP-glucuronosyl/UDP-glucosyltransferase 11 13
IPR001128 Cytochrome P450 13 13
IPR002401 E-class P450, group I 13 13
IPR001245 Tyrosine protein kinase 13 13
IPR000719 Protein kinase 13 13
IPR011009 Protein kinase-like 13 13
IPR002290 Serine/threonine protein kinase 13 13



IPR008271 Serine/threonine protein kinase, active site 9 13
IPR010255 Haem peroxidase 13 13
IPR002016 Haem peroxidase, plant/fungal/bacterial 13 13
IPR000823 Plant peroxidase 13 13
IPR001810 Cyclin-like F-box 11 13
IPR010616 Protein of unknown function DUF1210 13 13
IPR008941 TPR-like 13 13
IPR002885 PPR repeat 13 13
IPR007118 Expansin/Lol pI 12 12
IPR007112 Expansin 45, endoglucanase-like 12 12
IPR009009 Barwin-related endoglucanase 12 12
IPR007117 Pollen allergen/expansin, C-terminal 12 12
IPR001245 Tyrosine protein kinase 12 12
IPR002290 Serine/threonine protein kinase 12 12
IPR000719 Protein kinase 12 12
IPR011009 Protein kinase-like 12 12
IPR008271 Serine/threonine protein kinase, active site 11 12
IPR005630 Terpene synthase, metal-binding 12 12
IPR001906 Terpene synthase-like 12 12
IPR008949 Terpenoid synthase 12 12
IPR008930 Terpenoid cylases/protein prenyltransferase alpha-alpha toroid 11 12
IPR000767 Disease resistance protein 12 12
IPR002182 NB-ARC 11 12
IPR001611 Leucine-rich repeat 9 12
IPR011009 Protein kinase-like 12 12
IPR008271 Serine/threonine protein kinase, active site 12 12
IPR000719 Protein kinase 12 12
IPR002290 Serine/threonine protein kinase 12 12
IPR001245 Tyrosine protein kinase 12 12
IPR002182 NB-ARC 12 12
IPR000767 Disease resistance protein 10 12
IPR001611 Leucine-rich repeat 8 12
IPR009007 Peptidase aspartic 8 12
IPR002213 UDP-glucuronosyl/UDP-glucosyltransferase 10 12
IPR002347 Glucose/ribitol dehydrogenase 12 12
IPR002198 Short-chain dehydrogenase/reductase SDR 12 12
NO IPR 12
IPR007113 Cupin region 12 12
IPR011051 RmlC-like cupin 12 12
IPR006045 Cupin 12 12
IPR001929 Germin 12 12
IPR001810 Cyclin-like F-box 11 12
IPR000668 Peptidase C1A, papain 12 12
IPR000169 Peptidase, eukaryotic cysteine peptidase active site 11 12
IPR004265 Plant disease resistance response protein 11 12
IPR001810 Cyclin-like F-box 9 12
NO IPR 11
IPR006041 Pollen Ole e 1 allergen and extensin 8 11
IPR001810 Cyclin-like F-box 9 11
IPR000109 TGF-beta receptor, type I/II extracellular region 11 11
IPR001128 Cytochrome P450 11 11
IPR002401 E-class P450, group I 10 11
IPR001087 Lipolytic enzyme, G-D-S-L 11 11
IPR002213 UDP-glucuronosyl/UDP-glucosyltransferase 10 11
IPR001810 Cyclin-like F-box 9 11
IPR001810 Cyclin-like F-box 10 11
NO IPR 11
IPR000823 Plant peroxidase 11 11



IPR002016 Haem peroxidase, plant/fungal/bacterial 11 11
IPR010255 Haem peroxidase 11 11
IPR008938 ARM repeat fold 10 11
IPR000379 Esterase/lipase/thioesterase 11 11
IPR001810 Cyclin-like F-box 8 11
NO IPR 11
IPR000767 Disease resistance protein 11 11
IPR002182 NB-ARC 11 11
IPR001611 Leucine-rich repeat 9 11
IPR001611 Leucine-rich repeat 11 11
IPR007090 Leucine-rich repeat, plant specific 11 11
IPR002290 Serine/threonine protein kinase 10 11
IPR011009 Protein kinase-like 10 11
IPR003591 Leucine-rich repeat, typical subtype 10 11
IPR000719 Protein kinase 10 11
IPR001245 Tyrosine protein kinase 10 11
IPR008271 Serine/threonine protein kinase, active site 8 11
IPR009007 Peptidase aspartic 11 11
IPR001461 Peptidase A1, pepsin 10 11
IPR001223 Glycoside hydrolase, family 18 11 11
IPR000209 Peptidase S8 and S53, subtilisin, kexin, sedolisin 10 10
IPR003137 Protease-associated PA 10 10
IPR009020 Proteinase inhibitor, propeptide 9 10
IPR010259 Proteinase inhibitor I9, subtilisin propeptide 9 10
NO IPR 10
IPR001841 Zn-finger, RING 10 10
NO IPR 10
IPR001128 Cytochrome P450 10 10
IPR002401 E-class P450, group I 10 10
IPR005829 Sugar transporter superfamily 9 10
IPR003663 Sugar transporter 9 10
IPR007114 Major facilitator superfamily 9 10
IPR005828 General substrate transporter 9 10
IPR002182 NB-ARC 10 10
IPR000767 Disease resistance protein 10 10
IPR001611 Leucine-rich repeat 7 10
IPR000209 Peptidase S8 and S53, subtilisin, kexin, sedolisin 7 10
IPR003137 Protease-associated PA 7 10
IPR002213 UDP-glucuronosyl/UDP-glucosyltransferase 9 10
IPR001360 Glycoside hydrolase, family 1 10 10
IPR009003 Peptidase, trypsin-like serine and cysteine proteases 9 10
IPR001478 PDZ/DHR/GLGF 8 10
IPR001320 Ionotropic glutamate receptor 10 10
IPR001311 Solute-binding protein/glutamate receptor 8 10
IPR011009 Protein kinase-like 10 10
IPR001480 Curculin-like (mannose-binding) lectin 10 10
IPR000719 Protein kinase 10 10
IPR008271 Serine/threonine protein kinase, active site 9 10
IPR001245 Tyrosine protein kinase 9 10
IPR002290 Serine/threonine protein kinase 9 10
IPR003480 Transferase 10 10
NO IPR 10
IPR011009 Protein kinase-like 10 10
IPR002182 NB-ARC 8 10
IPR011009 Protein kinase-like 10 10
IPR003612 Plant lipid transfer/seed storage/trypsin-alpha amylase inhibitor 10 10
NO IPR 10
IPR000210 BTB/POZ 10 10
IPR008974 TRAF-like 10 10
IPR002083 MATH 10 10
IPR001938 Thaumatin, pathogenesis-related 10 10
aDomains detected in Interpro for the gene clusters of ten or more members.



Supplementary Table 10 MicroRNAs in the Oryza genome

1 17 1 18
2 21 2 23
3 11 1 12
4 18 1 19
5 7 5 12
6 11 4 15
7 6 4 10
8 15 4 19
9 7 0 7

10 5 1 6
11 5 2 7
12 6 4 10

Total 129 29 158
aPredicted homologues of Arabidopsis miRNAs from the Rfam
database.
bHomologues of experimentally validated miRNAs of other species
excluding Arabidopsis.

Chr Oryza

miRNAa

Other

miRNAb

Total



Chr snoRNA genes Splicesomal RNA genes
1 13 6
2 17 25
3 64 13
4 12 9
5 19 1
6 16 11
7 22 10
8 14 6
9 5 0

10 14 4
11 7 5
12 12 3

Total 215 93

Supplementary Table 11 snoRNA and splicesomal
RNA genes in the Oryza genome



Supplementary Table 12 Organellar sequences in the Nipponbare chromosomes

A Chloroplast  inserts
       MUMmer with high stringency      BLAST with medium stringency

1 71 78842 0.183 67 100307 0.233
2 43 67793 0.190 42 76179 0.213
3 63 38121 0.112 61 49043 0.145
4 47 86912 0.252 40 128137 0.372
5 24 37594 0.138 23 44081 0.162
6 35 45703 0.147 34 54531 0.175
7 25 30319 0.106 24 35699 0.124
8 22 51943 0.184 21 57576 0.204
9 21 10229 0.047 19 20515 0.094

10 20 165771 0.739 14 178504 0.796
11 29 10056 0.041 29 17127 0.007
12 53 79803 0.298 47 91214 0.341

Totals 453 703086 0.196 421 852913 0.238
Ave. % id. 98.68 93.12
Genome eq. 5.22 6.34

B Mitochondrial  inserts
        MUMmer with high stringency        BLAST with medium stringency

1 166 72223 0.168 197 78260 0.182
2 49 18901 0.053 57 19305 0.054
3 57 114731 0.338 92 119718 0.353
4 68 50294 0.146 94 53267 0.155
5 28 13809 0.051 32 13068 0.048
6 61 44952 0.144 79 44253 0.142
7 31 8687 0.03 30 8117 0.028
8 31 13306 0.047 44 15314 0.054
9 33 11174 0.051 41 17295 0.079

10 61 41487 0.185 85 41347 0.184
11 36 9320 0.038 50 10507 0.043
12 288 231573 0.865 390 269642 1.007

Totals 909 630457 0.176 1191 690093 0.193
Ave. % id. 95.97 98.02
Genome eq. 1.29 1.41

Chr

Chr

Inserts
(No.)

Total length
(bp)

Inserts
(No.)

Total length
(bp)

% of
chomosome

Inserts
(No.)

Total length
(bp)

% of
chromosome

% of
chromosome

Inserts
(No.)

Total length
(bp)

% of
chromosome



Supplementary Table 13 Large organellar inserts in the Nipponbare genome

A Chloroplast  inserts

10 10180595 10311746 131152 117385 113606 130747 98.74 D/R
8 9255091 9290202 35112 58789 93858 35070 99.34 R

10 19671024 19704027 33004 114484 125520 33385 99.22 R
6 23583508 23613061 29554 49883 79423 29541 98.87 R
4 8775246 8795361 20116 10330 30422 20093 99.14 D
4 8748156 8767894 19739 80045 99713 19669 98.49 D

12 5491125 5510781 19657 98906 118637 19732 98.58 D
2 14407382 14426139 18758 6890 25609 18720 98.57 R
4 8691010 8706795 15786 112456 128207 15752 99.18 R
4 8795362 8809793 14432 86406 101147 14742 98.25 D
7 13416762 13431163 14402 120124 134525 14402 99.76 D

12 5510782 5524143 13362 58215 71624 13410 98.61 D
4 8724611 8735889 11279 70435 81665 11231 98.94 R

376353 98.88

B Mitochondrial  inserts

12 19839260 19879661 40402 51833 92236 40404 99.71 R 
12 19975413 19993653 18241 255406 273646 18241 99.85 R 
12 19935657 19951039 15383 190687 206049 15363 99.48 D 
3 22618288 22632207 13920 37915 51834 13920 99.09 R 

12 19880779 19892524 11746 40088 51834 11747 98.8 R 
12 19953387 19963860 10474 212838 223312 10475 99.51 D 
6 12434844 12444862 10019 41292 51269 9978 95.62 D 

120185 99.18

Chr
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Ct length
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Mt length
(bp)

Total bp in 7 inserts Mean % identity

Total bp in 13 inserts Mean % identity



Supplementary Table 14 Effect of average length on transposable element distribution patterns

hAT 1554 0.84* 0.014 0.021
CACTA 1062 1.15** -0.117** -0.251**
Dasheng 1503 2.23** -0.334** -0.429**
LINEs 505 0.55** 0.265** 0.177**
solo LTRs 919 2.13** -0.416** -0.472**
other class II 154 0.68** 0.236** 0.152**
IS630/Tc1/mariner 139 0.56** 0.411** 0.320**
IS256/Mutator 1999 0.75** 0.122** 0.095**
SINEs 118 0.70** 0.139** 0.112**
IS5/Tourist 229 0.64** 0.346** 0.391**
other TEs 295 0.69** 0.208** 0.178**
TRIM 224 0.85 -0.016 -0.097**
Ty1/copia 1536 1.36** -0.222** -0.352**
Ty3/gypsy 1878 1.85** -0.268** -0.515**
genes 0.73** 0.355**
exons 0.48** 0.376**

bSpearman rank correlation coefficients between element abundance and correlation with recombination rate and
gene density. Significance: *, p<0.01; **, p<0.001.

Correlation with
recombinationb

aAbundance in centromeric and pericentromeric regions relative to random expectation. Values greater than 1
represent over-representation in centromeric and pericentromeric regions, while values less than 1 are under-
representated. Significance evaluated using the chi square statistic with 1 degree of freedom.

Transposable element
family

Average length
(bp)

Relative
centromeric
abundancea

Correlation with
gene densityb



Chr Mapped
clones

SNPs (bp) Small
InDels (bp)

Total alignment
(bp)

SNP rate (%)

1 1830 10162 4028 1706473 0.60
2 1524 7562 3051 1427624 0.53
3 1686 8902 3514 1553638 0.57
4 1110 5923 2005 1019687 0.58
5 998 6813 2376 916803 0.74
6 1128 7452 2705 1037609 0.72
7 1002 6608 2327 925108 0.71
8 1034 6296 2399 965522 0.65
9 706 4973 1717 642492 0.77

10 821 5219 1770 762127 0.68
11 773 5212 1805 717266 0.73
12 704 5005 1701 644751 0.78

Total 13316 80127 29398 12319100 0.65

Supplementary Table 15 Comparison of mapped Kasalath BAC-end sequences
with the Nipponbare pseudomolecules



Supplementary Table 16 Pattern of nucleotide substitution between Nipponbare and Kasalath
%

1 2 3 4 5 6 7 8 9 10 11 12
 A to G 3539 2630 3119 2002 2406 2592 2394 2171 1649 1755 1718 1696 27671 34.5
 T to C 3618 2718 3192 1985 2400 2646 2359 2217 1803 1857 1875 1773 28443 35.5
 A to T 894 667 769 573 620 715 575 604 501 511 514 503 7446 9.3
 C to A 829 614 746 495 515 579 480 491 423 427 421 392 6412 8.0
 T to G 776 585 637 525 544 575 497 473 344 383 381 384 6104 7.6
 G to C 506 348 439 343 328 345 303 340 253 286 303 257 4051 5.1
Total 80127

Total
substitutions

ChromosomePattern



Supplementary Table 17. Locations of SSRs relative to genetic markers.
Too large to display. Please see
http://ricelab.plbr.cornell.edu/publications/2005/IRGSP/supplementaltable16.xls



Supplementary Table 18. Information on all SSRs.
Too large to display. Please see
http://ricelab.plbr.cornell.edu/publications/2005/IRGSP/supplementalta



Supplementary Table 19 Coverage of the pseudomolecules by the draft sequences

1 43261740 31010925 71.7 34994029 80.9
2 35954743 25659870 71.4 29339813 81.6
3 36192742 28461838 78.6 28921566 79.9
4 35498469 24328866 68.5 27745686 78.2
5 29737217 22571349 75.9 23550481 79.2
6 30731886 21748471 70.8 24020916 78.2
7 29644043 18646802 62.9 23090121 77.9
8 28434780 20431436 71.9 22569219 79.4
9 22696651 15646883 68.9 17977251 79.2

10 22685906 15204475 67.0 16947181 74.7
11 28386948 17637283 62.1 19395129 68.3
12 27566993 16190624 58.7 21249334 77.1

Total 370792118 257538822 69.5 289800726 78.2
Gene models 37544 22376 59.6 26424 70.4
Supportedc 9485 6482 68.3 7139 75.3

cGene models supported by coverage of full-length cDNAs for 90% of their length.

Pseudomolecule
(bp)

Coverage
(%)

Chromosome BGI aligned

lengtha

(bp)

Syngenta

aligned lengthb

(bp)

Coverage
(%)

aAligned length of 50,231contigs of the O. sativa ssp. indica 93-11 assembly on the IRGSP pseudomolecules
requiring matches of at least 80% of the length of the contig and at least 50% identity.

bAligned length of 35,047contigs of the Syngenta assembly of O. sativa ssp. japonica cv. Nipponbare on the IRGSP
pseudomolecules requiring matches of at least 95% coverage and 95% identity.



Contigs with homology 71 76.34% 59 84.29%
Duplicate contigs 36 50.70% 6 16.67%
Mis-mapped 11 15.71%
Non-homologous 22 23.66%
Total contig length (bp) 993,515 848,454
Average contig length (bp) 10,683 12,121
Non-redundant coverage (bp) 710,471 82.31% 724,411 81.94%
Overlap (bp) 4,176 0.59% 6,799 0.94%
Mis-matches (bp) 4,108 0.58% 347 0.05%

Supplementary Table 20  Comparison of BGI assemblies with IRGSP chromosome 1Sa

aComparison with the first 875,786 bp of chromosome 1 pseudomolecule from the telomere of chromosome 1S.

BGI Syngenta assembly
70 contigs

BGI 93-11 assembly
93 contigs



Chr01 1256168 1255350 818 5
Chr01 9043263 9050561 7298 47
Chr01 9186320 9183849 2471 16
Chr01a 18569982 18568711 1271 8
Chr01 18624116 18614322 9794 63
Chr01 20350374 20350920 546 4
Chr01 21844437 21846291 1854 12
Chr01 30295598 30297119 1521 10
Chr01 34802712 34806953 4241 27
Chr01 34809809 34808897 912 6
Chr01 38392847 38388111 4736 31
Chr01 40870249 40865995 4254 27
Chr01 40870331 40877675 7344 47
Chr01 40887738 40889385 1647 11
Chr02 4003051 4007367 4316 28
Chr02 14200941 14198813 2128 14
Chr02 14565278 14574523 9245 60
Chr02 14678314 14677370 944 6
Chr02 17796867 17798320 1453 9
Chr02 17809340 17809753 413 3
Chr02 19850232 19854195 3963 26
Chr02 35899130 35901303 2173 14
Chr03 281437 281027 410 3
Chr03 1377354 1382135 4781 31
Chr03 2702221 2696627 5594 36
Chr03 9382323 9384102 1779 11
Chr03 13940122 13941217 1095 7
Chr03 14834636 14830470 4166 27
Chr03 16656112 16660053 3941 25
Chr03 19407814 19409640 1826 12
Chr03 22015728 22017923 2195 14
Chr03 22098541 22093460 5081 33
Chr03 22130775 22130899 124 1
Chr03 22138764 22139081 317 2
Chr03 22153073 22154263 1190 8
Chr03 22157195 22158990 1795 12
Chr03 22167115 22167197 82 1
Chr03 24294585 24297587 3002 19
Chr03 26395800 26393583 2217 14
Chr03 27690907 27683051 7856 51
Chr03 36457961 36461010 3049 20
Chr03 36464095 36464673 578 4
Chr04 1144279 1141426 2853 18
Chr04 7500829 7500708 121 1
Chr04 7506385 7504551 1834 12
Chr04 7519837 7520932 1095 7
Chr04 7541739 7545495 3756 24
Chr04 10169269 10171379 2110 14

Supplementary Table 21 A Distribution of CentO sequences in
the BGI 93-11 assembly
Chromosome
assignment

Subject
start

Subject
end

CentO
copies
(No.)

Array
length
(bp)



Chr04 10261384 10262440 1056 7
Chr04 28468122 28466133 1989 13
Chr04 31512669 31514739 2070 13
Chr06 9860291 9860412 121 1
Chr06 11469301 11465900 3401 22
Chr06 12146383 12148055 1672 11
Chr06 12172750 12173306 556 4
Chr06 14338949 14337345 1604 10
Chr06 15908546 15918312 9766 63
Chr06 16124576 16118167 6409 41
Chr06 16124724 16127603 2879 19
Chr06 19586285 19586747 462 3
Chr06 19588513 19593212 4699 30
Chr07 6549912 6550541 629 4
Chr07 11450228 11452485 2257 15
Chr08 7439696 7443556 3860 25
Chr08 12775077 12773475 1602 10
Chr08 13532245 13534013 1768 11
Chr08 14269758 14271579 1821 12
Chr08 14333346 14330266 3080 20
Chr08 14937002 14936088 914 6
Chr08 14937037 14937284 247 2
Chr08 21487250 21489553 2303 15
Chr08 21822077 21822192 115 1
Chr08 27286179 27286753 574 4
Chr08 27311471 27307908 3563 23
Chr08 27320917 27315883 5034 32
Chr08 27323434 27323846 412 3
Chr08 27324908 27325062 154 1
Chr08 27325348 27326296 948 6
Chr08 28509724 28509851 127 1
Chr09 1315388 1312201 3187 21
Chr09 2104886 2107407 2521 16
Chr09 2613609 2610676 2933 19
Chr09 2976137 2975983 154 1
Chr09 4978842 4978050 792 5
Chr09 15388053 15390390 2337 15
Chr09 15396620 15401683 5063 33
Chr10 4784639 4787205 2566 17
Chr10 4789705 4790963 1258 8
Chr10 6602523 6603245 722 5
Chr10 7464130 7463857 273 2
Chr10 13456190 13448564 7626 49
Chr10 14969094 14970834 1740 11
Chr11 10771594 10773866 2272 15
Chr11 11946953 11948283 1330 9
Chr12 9348020 9344974 3046 20
Chr12 9352184 9350529 1655 11
Chr12 9458337 9458192 145 1
Chr12 9458524 9459748 1224 8
Total 243125 1569
Total non-centromeric 165815 1070

68.2%
aRows in red are probable centromeric regions.



Chr01a 16731017 16735672 4655 30
Chr01 16738393 16741278 2885 19
Chr01 16745887 16746623 736 5
Chr01 16780879 16790706 9827 63
Chr01 25211958 25210493 1465 9
Chr01 25216170 25213019 3151 20
Chr02 13056387 13055460 927 6
Chr02 13529745 13528220 1525 10
Chr03 252854 252444 410 3
Chr03 3906999 3907126 127 1
Chr03 17720708 17721002 294 2
Chr03 17722657 17728201 5544 36
Chr03 19959184 19961392 2208 14
Chr03 20036563 20036162 401 3
Chr03 20067645 20067770 125 1
Chr03 20099012 20098930 82 1
Chr03 20109917 20108122 1795 12
Chr03 20114786 20113598 1188 8
Chr03 23748094 23749467 1373 9
Chr03 23772663 23776063 3400 22
Chr04 7791498 7794806 3308 21
Chr04 7795363 7796695 1332 9
Chr04 7798649 7804989 6340 41
Chr04 7811886 7814379 2493 16
Chr04 7818720 7823580 4860 31
Chr05 12278501 12282262 3761 24
Chr06 8971387 8971508 121 1
Chr06 14640316 14642546 2230 14
Chr07 10815799 10817384 1585 10
Chr07 10911755 10911887 132 1
Chr07 10911920 10913263 1343 9
Chr07 10918808 10920391 1583 10
Chr07 11458963 11465777 6814 44
Chr07 23154880 23152140 2740 18
Chr08 9437713 9435791 1922 12
Chr08 9443242 9441814 1428 9
Chr08 12176063 12181643 5580 36
Chr08 12273671 12272392 1279 8
Chr08 12799984 12798723 1261 8
Chr08 13500044 13496155 3889 25
Chr08 13500150 13502433 2283 15
Chr08 19353176 19353399 223 1
Chr08 25583844 25583968 124 1
Chr09 1489178 1491035 1857 12
Chr09 2277924 2274987 2937 19
Chr09 2652812 2650745 2067 13
Chr09 2656497 2653667 2830 18
Chr09 2664137 2663077 1060 7

Supplementary Table 21B Distribution of CentO sequences in the
BGI Syngenta assembly
Chromosome
assignment

Subject
start

Subject
end

Array
length
(bp)

CentO
copies
(No.)



Chr09 2676134 2677518 1384 9
Chr09 2695489 2696408 919 6
Chr09 2726512 2726207 305 2
Chr09 2729195 2729551 356 2
Chr09 2735519 2733547 1972 13
Chr10 6046114 6047077 963 6
Chr10 6049145 6050552 1407 9
Chr10 6247385 6246088 1297 8
Chr10 7254983 7256528 1545 10
Chr10 7979969 7979696 273 2
Chr11 10903315 10908209 4894 32
Chr12 7386026 7387229 1203 8
Chr12 9447045 9453431 6386 41
Chr12 9463727 9466354 2627 17
Chr12 9491249 9496539 5290 34
Chr12 9509827 9514860 5033 32
Chr12 9552810 9550532 2278 15
Chr12 9563131 9560252 2879 19
Chr12 9578031 9573203 4828 31
Chr12 9578140 9581952 3812 25
Total 140321 905
Non-centromeric subtotal 137475 293

32.4%
aRows in red are probable centromeric regions.
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BGI 93-11 contigs, indica rice
 (Contigs AAAA02000001~93, 993,515 bp. 710,471 bp aligned, 82.3% coverage)

9 28 42 54 6721

Mis-ordered DuplicatedAssigned Non-homologous

10 24 37 45 69 80 91

BGI assembled Syngenta contigs, japonica rice
 (Contigs AACV01000001~70, 848,454 bp. 724,411 bp aligned, 81.9% coverage)

IRGSP complete sequences, japonica rice (875,786 bp) Chr1S

Mis-orderedMis-assigned ChimericAssigned

50kb


