Lo L

P

2N

Genomewide SNP variation reveals relationships
among landraces and modern varieties of rice

Kenneth L. McNally®', Kevin L. Childs®, Regina Bohnert<, Rebecca M. Davidsond, Keyan Zhao¢, Victor J. Ulat?,
Georg Zeller<f, Richard M. Clarkf, Douglas R. Hoen9, Thomas E. Bureau9, Renee Stokowski", Dennis G. Ballinger",
Kelly A. Frazer", David R. Cox", Badri Padhukasahasrame, Carlos D. Bustamante®, Detlef Weigelf, David J. Mackill?,
Richard M. Bruskiewich?, Gunnar Ratsch¢, C. Robin Buell®, Hei Leung?, and Jan E. Leach?'

alnternational Rice Research Institute, DAPO Box 7777, Metro Manila 1301, The Philippines; PDepartment of Plant Biology, Michigan State University, 166
Plant Biology Building, East Lansing, MI 48824; Friedrich Miescher Laboratory of the Max Planck Society, D-72076 Tubingen, Germany; 9Bioagricultural
Sciences and Pest Management and Program in Plant Molecular Biology, Colorado State University, Fort Collins, CO 80523-1177; eDepartment of Biological
Statistics and Computational Biology, Cornell University, Ithaca, NY 14853; fDepartment of Molecular Biology, Max Planck Institute for Developmental
Biology, D-72076 Tiibingen, Germany; 9Department of Biology, McGill University, 1205 Dr. Penfield Avenue, Montreal, QC, Canada H3A 1B1; and "Perlegen

Sciences, Inc., 2021 Stierlin Court, Mountain View, CA 94043

Edited by Ronald L. Phillips, University of Minnesota, St. Paul, MN, and approved June 12, 2009 (received for review January 29, 2009)

Rice, the primary source of dietary calories for half of humanity, is the
first crop plant for which a high-quality reference genome sequence
from a single variety was produced. We used resequencing microar-
rays to interrogate 100 Mb of the unique fraction of the reference
genome for 20 diverse varieties and landraces that capture the
impressive genotypic and phenotypic diversity of domesticated rice.
Here, we report the distribution of 160,000 nonredundant SNPs.
Introgression patterns of shared SNPs revealed the breeding history
and relationships among the 20 varieties; some introgressed regions
are associated with agronomic traits that mark major milestones in
rice improvement. These comprehensive SNP data provide a founda-
tion for deep exploration of rice diversity and gene-trait relationships
and their use for future rice improvement.
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he genomes of domesticated rice, Oryza sativa, contain a wealth

of information that can explain the large morphological, phys-
iological, and ecological variation observed in the many varieties
cultivated for food. To meet population demands by 2025, rice
production must increase by 24% (1). The innovative use of genetic
diversity will play a key role in reaching this ambitious goal.

The availability of complete genome sequences provides a start-
ing point to understanding the tremendous diversity of the rice gene
pool at a fine scale. Among the organisms with a high-quality
genome sequence from at least one individual or strain, such as
human, mouse, and Arabidopsis, genomewide surveys of SNP
variation in small or moderately sized samples have captured
significant portions of within-species variation. In human and
mouse, for example, a sampling of 71 and 15 individuals captured
80% and 43% of the genotypic variation, respectively (2, 3). In the
model plant, Arabidopsis, 20 diverse varieties captured >90% of the
common genotypic variation in the species (4).

We initiated the OryzaSNP project (www.OryzaSNP.org) to
discover genetic variation within 20 rice varieties and landraces.
These varieties, the OryzaSNPset collection (Table S1), are genet-
ically diverse and actively used in international breeding programs
because of their wide range of agronomic attributes (5). Most
varieties belong to the 2 main groups, indica and japonica, including
tropical and temperate japonica, whereas others represent the aus,
deep water, and aromatic rice groups. Adapting a hybridization
approach previously used for human, mouse, and Arabidopsis (3, 6,
7), we determined SNP variation in 100 Mb of the rice genome,
representing ~80% of the nonrepetitive portion of the 390-Mb
Nipponbare reference genome (8). Here, we describe the discovery
of 159,478 high-quality, nonredundant SNPs distributed across the
entire genomes of the OryzaSNPset. Relative to the model dicoty-
ledenous plant Arabidopsis (4), typical haplotype blocks in indica
rice varieties are longer (=200 kb). Observed patterns of shared
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SNPs among groups indicate introgression caused by recent breed-
ing or historical out-crossing events.

Results and Discussion

SNP Prediction and Coverage. The nonrepetitive sequence (100.1
Mb) used to design 6 ultra-high-density tiling arrays was selected
from the high-quality reference genome of O. sativa variety Nip-
ponbare (temperate japonica) (8). The arrays interrogated 26.2%
of the genome with low repeat, and therefore high genic content for
SNP discovery, and targeted full or partial sequences corresponding
to 57% of the 41,042 nontransposable-element-related gene models
in The Institute for Genomic Research (TIGR) 15 database (http:/
rice.plantbiology.msu.edu/).

We randomly selected regions represented on the arrays for
dideoxy sequencing to generate 3.6 Mb of double-stranded se-
quence across all 20 varieties, corresponding to 1.8 Mb of nonre-
dundant sequence in the reference genome. From these sequences,
a gold-standard set of curated polymorphisms from unambiguous
alignments was compiled for quality assessment and training of our
SNP predictors.

Two different computational methods were used for SNP dis-
covery. A model-based (MB) approach, which considered the
hybridization signature of a feature (corresponding to a position in
the reference genome) and its tiling neighbors (corresponding to
sequence bases in the immediate vicinity of that position) (2, 3, 6,
7), identified 242,196 nonredundant SNPs at nonrepetitive sites
(Table 1 and Table S2). We also applied a support vector machine
(SVM) machine learning (ML) approach that had been used
previously for Arabidopsis array data (7). Training sets for the
modified ML method included the SNPs in the gold-standard
dataset, the experimental hybridization data, information about
repetitive oligonucleotides tiled on the arrays, and known polymor-
phisms in the indica genome (SI Appendix and Table S3). The latter
were identified by comparing the Nipponbare genome with a
second reference genome from the indica cultivar 93-11 (9) and
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Table 1. SNP predictions at nonrepetitive sites for varieties by variety group and prediction method
Mean SNPs per variety [recall (%):FDR (%)]*

Group, n MBML-union MBML-intersect MB only ML only
Temperate japonica, 4 14,882 [NR:NR] 2,028 [NR:NR] 11,044 [NR:NR] 1,810 [NR:NR]
Tropical japonica, 3 50,221 [18.4:14.6] 20,012 [7.3:8.5] 12,543 [2.1:34.4] 17,666 [9.0:16.0]
Aromatic, 1 51,817 [NR:NR] 2,022 [NR:NR] 48,747 [NR:NR] 1,048 [NR:NR]
Aus, 4 137,114  [24.9:11.6] 63,054  [12.4:2.1] 28,195 [2.7:25.4] 45,865 [9.8:17.3]
Indica, 8 126,702 [25.3:10.4] 54,903 [11.0:2.5] 29,684 [3.8:25.5] 42,115 [10.5:11.7]
All varieties, 20" 91,203 [27.8:12.3] 38,080 [9.7:3.2] 24,040 [10.2:24.7] 29,083 [7.9:14.0]

*Recall and FDR not reported (NR) (in brackets) where <50 SNPs
TNumbers are means over all varieties.

their use improved the performance of the ML method for SNP
detection in indica varieties.

A set of 316,373 SNPs at nonrepetitive sites were predicted by the
ML method (Table 1 and Table S2). Assessed on the gold-standard
SNP dataset, a false discovery rate (FDR) of 8.3% and a recall of
20.9% were observed for ML at nonrepetitive sites across all
varieties, compared with 9.1% and 14.4%, respectively, for the
MB-detected SNPs. Several SNPs or insertion/deletion polymor-
phisms in close proximity can suppress hybridization and reduce
SNP detection and could account for low recall rates (7, 10).
Together, the two datasets (MBML-union dataset) included
397,348 SNPs. Of these, 159,879 SNPs were predicted by both
methods (MBML-intersect dataset; Table S2) and constitute a
high-quality subset (FDR 2.9%; recall 11.0%) used in subsequent
analyses. Approximately one-fourth of the high-quality MBML
SNPs were validated at 97% accuracy (S.R. McCouch, personal
communication). The genomewide average of SNPs per kb using
the MBML-intersect data was 1.6, and the transition/transversion
rate (2.1) is similar to other species (11).

Allele frequencies for two-thirds of all sites were =0.15, and
approximately one-third of SNPs were present in 7-12 varieties
(Fig. 1B). The frequency distribution in rice differs markedly from
that observed in Arabidopsis, where 50% of nonsynonymous and
40% of synonymous SNPs occurred in only one accession (12, 13),
likely because the A. thaliana set included strains chosen for
maximal genetic diversity (14), and thus had less population struc-
ture than the OryzaSNPset.

Most OrzyaSNPset varieties are donors of agronomic traits, with
mapping populations available, enabling rapid application of the
discovered SNPs in mapping experiments. As expected, many more
coding region SNPs occurred in indica/aus (86.4%) than in japonica
varieties, which include the Nipponbare reference from which the
array was designed (13.6%). The highest number of SNPs occurred
in the aus varieties (www.OryzaSNP.org). Overall, between 26,700
and 57,700 SNPs were detected in japonica X indica pairs in the
MBML-intersect dataset. More than 33,000 SNPs distinguish IR64
and Azucena, the parents of widely used doubled haploids and
recombinant inbred lines (refs. 15 and 16 and references therein).
Within the indica group, >17,000 SNPs are predicted between
Zhenshan 97B and Minghui 63, parents of Shanyou 63, the most
popular hybrid rice in China from 1985 to 2000.

SNP Annotations and Large-Effect SNPs. Most high-quality MBML
intersect SNPs (91,150/159,879) were located within gene models
(Table 2). The proportions of genic SNPs identified as coding,
intronic, or UTR (43.5%, 41.6%, and 15.7%, respectively) were
different from the proportions identified in Arabidopsis [64.1%,
26.8% and 9.1%, respectively (7)]. The larger rice introns (397 bp)
contained more SNPs than Arabidopsis introns [168 bp (17)].
Although the ratio of nonsynonymous-to-synonymous SNPs in
the array data was 1.2 across all gene models, the ratio dropped to
1.0 for sites in Pfam domains, regions expected to have fewer amino
acid substitutions because of domain conservation (Fig. 14 and
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were available for evaluation, because of very low statistical power.

www.OryzaSNP.org). Genes coding for cellulose synthase, mito-
chondrial carrier, and amino acid transporter domains, all of which
have transmembrane domains, had the lowest nonsynonymous-to-
synonymous substitution ratios. In contrast, sequences encoding
leucine-rich repeat and NB-ARC domains had a significantly
higher ratio of nonsynonymous-to-synonymous SNPs than average
(Fig. 14). Because these domains are common in plant disease-
resistance proteins, this finding is consistent with these proteins
being particularly diverse because of pathogen pressure (7, 18-20).

Approximately 2.7% of the rice genes contained large-effect
SNPs that are expected to affect the integrity of encoded proteins.
These include changes predicted to disrupt intron splicing (73
donor-site SNPs, 66 acceptor-site SNPs), introduce premature
termination codons (388 SNPs), eliminate translation initiation
sites (41 SNPs), and replace nonsense with sense codons (71 SNPs).
Dideoxy sequencing was used to validate a subset of 209 large-effect
SNPs across the 20 varieties (Table S4). The 16.3% FDR in this set
was higher than the MBML average of 2.9% (Table S2), in
agreement with what was observed in Arabidopsis (21). The FDR
was evenly distributed across rice varieties and allele frequencies
and, thus, was not biased against particular SNP calls.

Fifty percent of SNPs resulting in premature stops were rare,
occurring in <3 varieties (Fig. 1B). Although this low-frequency
skew suggests that premature stops are detrimental, such loss-of-
function changes are known to underlie many traits selected during
domestication (22). The frequency distributions of SNPs changing
intron splice sites and start/stop codons may reflect more neutral
selection as compared with SNPs within coding regions. Alterna-
tively, these gene structure features may not be shared with
Nipponbare (Fig. 1B).

Phylogenetic Relationships, Population Structure, and Decay of Link-
age Disequilibrium. The phylogenetic tree produced using the
MBML-intersect dataset (Fig. 24) revealed 3 distinct groups, with
temperate and tropical japonicas closely allied in one group and the
other groups correlating with aus and indica types, consistent with
other analyses (12, 23). Dom-sufid (aromatic) grouped among the
temperate japonica, a discrepancy from the ancestral placement
relative to tropical japonica (23). This discrepancy was not observed
when using the MB data only and may result from the low
prediction rate of SNPs for Dom-sufid by ML. Analysis of popu-
lation structure by the Bayesian clustering program InStruct (24)
also revealed the 3 groups (Fig. 2B).

The extent of linkage disequilibrium (LD) impacts both the
genotyping effort required for whole-genome association scans and
the resolution with which causal regions can be localized. LD
reflects the strong population structure of the OryzaSNPset (Fig.
2C). For the MBML intersect dataset, LD extends to ~200 kb for
the indica group, a higher estimate than reported (12-14). The
limited number of SNPs among the japonica varieties renders
the LD estimation for that group unreliable. When we focused on
the regions used by Mather et al. (14), LD levels similar to our
genomewide LD decay pattern were observed.

McNally et al.
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Fig. 1. Annotation and distribution of SNPs. (A) Nonsynonymous (12,788)
and synonymous (13,698) SNPs predicted from the MBML intersect found in
select Pfam domains of rice genes with 30 or more SNPs. x2 significance of the
observed nonsynonymous and synonymous SNP distributions for each Pfam
group is shown. *, P < 0.05; **, P < 0.001. (B) Allele frequencies at nonrepeti-
tive MBML-intersect sites for SNPs in all annotation groups (Top), genic SNPs
(Middle), and large-effect SNPs (Bottom). Only SNP sites from the MBML-
intersect with complete data for >15 varieties were considered. The numbers
of varieties with alleles (SNPs) different from the reference variety, Nippon-
bare, are indicated on the x axis.

McNally et al.

Table 2. Annotations of nonrepetitive SNPs relative to the TIGR
rice gene models

SNP MB ML MBML-union MBML-intersect
Genic 135,119 171,750 215,032 91,150
Coding 57,935 74,007 91,992 39,652
Intronic 56,693 71,779 90,301 37,883
5’ UTR 7,374 10,116 12,660 4,794
3’ UTR 14,195 17,179 21,751 9,551
Intergenic 105,306 142,764 179,646 67,778
Total SNPs 240,425 314,514 394,678 158,928

SNPs on the TIGR rice pseudomolecules were classified as genic or inter-
genic, and locations within gene models were annotated. The sums of coding,
intronic, 5" UTR, and 3’ UTR SNPs within a column are more than total genic
sums because they are given for all overlapping gene models.

Extended Haplotype Sharing Identifies Large-Scale Introgressions.
Modern rice germplasm is to a large extent shaped by directed
breeding, and the OryzaSNP dataset affords an opportunity to
assess the degree of introgression and relationships among varietal
groups. Most OryzaSNPset varieties are widely used in breeding
programs and are under strong selection; thus, important aspects of
breeding history can be inferred from introgression patterns among
the 3 groups, indica, japonica, and aus. Using a haplotype sharing
ratio method in a comparison of all group pairs, we identified
patterns of introgression among the 3 varietal groups along the 12
chromosomes (Fig. 3 and Fig. S1).

Large introgressions revealed by the SNP data reflect the breed-
ing history of some rice varieties. For example, the japonica
varieties Cypress and M202 show large regions on chromosome 1
introgressed from indica or aus (Fig. 3). These modern American
semidwarf varieties were previously known to harbor introgressions
from the indica variety IR8, the donor of the semidwarf gene Sd1
important in the Green Revolution. The Sd! locus (25) is located
at ~38.7 Mb on chromosome 1, corresponding to the overlapping
introgression regions we observed in Cypress and M202.

The OryzaSNP data also confirmed introgressions from the aus
group, a pool of traditional varieties commonly used as donors for
abiotic stress tolerance traits into cultivated varieties. On chromo-
some 1, the indica variety Pokkali contains aus introgression regions
that correspond to flanking markers and candidate genes under-
lying a salt tolerance quantitative trait loci (QTL) (Saltol) between
10.7 and 12.3 Mb (Fig. 3) (26). Moroberekan, a temperate japonica
traditional variety from Africa and a popular donor for disease
resistance and drought tolerance (27), contains several regions on
chromosome 6 introgressed from indica or aus (Fig. 3), one of which
colocalizes to a large cluster of NB-ARC-type resistance genes
between 9.2 and 11.1 Mb (28). These intriguing introgression
patterns suggest that Pokkali and Moroberekan, landraces indige-
nous to India and Africa, respectively, were involved in cross-
breeding with exotic germplasm by early rice farmers.

Two indica varieties from China, Minghui 63 and Zhenshan 97B,
parents of a popular hybrid rice, Shanyou 63, are well characterized
by QTL mapping for various traits and for gene action controlling
heterosis (29-31). Minghui 63 shows an introgression on chromo-
some 6 (0—4 Mb) from japonica that colocalizes with QTL reported
in several studies for traits including leaf area, vascular bundle
number, root features, plant height, cooking quality, and amylose
content (Fig. 44 and Table S5) (29-31). The introgression also
contains heterotic loci associated with high yield performance in
heterozygous vs. homozygous individuals (Fig. 4B and Table S5)
(32). Of particular interest in this region are SNPs in the waxy locus,
astarch synthase gene known to affect amylose content in rice grain
(14). We detected large-effect SNPs in 4 genes within the region.
Although the contribution of these genes to heterosis in Shanyou 63
is unknown, their identification demonstrates the power of the
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Fig. 2. Phylogenetic relationships, population structure, and decay of LD in
the OryzaSNPset. (A) Unweighted neighbor-joining dendrogram for nonre-
petitive SNPs in the MBML-intersect data (159,879 sites). Horizontal bar indi-
cates distance by simple matching coefficient. (B) Population structure as
determined by MB inference using InStruct (24). The 3 groups correspond to
indica (red), aus (brown), and japonica (blue). (C) Decay of LD, expressed as r?
as a function of inter-SNP distance for filtered MBML-intersect SNPs, in the
indica and japonica varieties, for each chromosome (light) and overall (bold).
Limited numbers of japonica SNPs bias LD estimates.

OryzaSNP data for identifying candidates at a high resolution (1
SNP per 2.6 kb in this 4-Mb region).

Common patterns of introgression could indicate other selection
events. Across the 20 genomes, 295, 66, 12, and 1 positions were
found in 2, 3, 4, to 5 varieties, respectively, that carried introgres-
sions of the same type (see plots at top of chromosomes in Fig. 3
and Fig. S1). These patterns of coincidence were significantly
different from random by a permutation test using 1,000 resamples
(P < 0.025). A majority (70%) of the coincident introgressions
occur within 300 kb of one another. For example, in the region from
18.9 to 19.7 on chromosome 5, there are 3 positions where intro-
gressions occur in 5, 4, and 3 of the same or other varieties. Using
QTL data extracted from the Gramene database (http:/
gramene.org), this region was found to be associated with grain
quality, carbohydrate content, and panicle traits based on an
enrichment test (P < 7.24 E-42 by Fisher’s exact test) (33). These
blocks of colocalized, shared introgressions cover ~9% of the
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Chr 1
INtrogressions k. vi_widedes dhmiboid |8 dim mdie Woikis b bnide o sl ot e R, g
Nipponbare
Tainung 67 |
M 202 | [ {1
LTH |
Cypress [ | LN | e |
Moroberekan | | [ _|ll (1!l | i
Azucena | I (| |
Dom-sufid
N22 | | | IREE 1l [ I 1N
Rayada | |
FR13A || 1 1l 11 I
Dular | I bl 1l |
Aswina || [ | |
Zhenshan 97B ] | | I [ 1] [ ] | 1
Pokkali Il Il il 1IN LI
Swarna | | | | | |
Minghui 63 1 | [ I |
Sadu-Cho 1}
IR64-21 1 _ [ I |
SHz2 I
R ——
T T T T T T T T 1
Position (Mb) 0 5 10 15 20 25 30 35 40
Chr 5
Introgressions w. ar e 11 kil mil e i viee e b e bl e e e i
Nipponbare -
Tainung 67 |
M 202 il i
LTH
Cypress | | 11 [ [0}
Moroberekan | L1 | I | [ ]
Azucena 11 _ 1
Dom-sufid
N 22 IIII | IIIII 1

Rayada |
FRIBA I 111 | I

Dular | | | |
Aswina | 1} 11 (001 N (1 00 10 (NN
Zhenshan 97B | | |
Pokkali HE TR mim | | ]
Swarna I I
Minghui 63 | 1 n
Sadu-Cho 1l |
IR64-21 | | Il 111
SHZ2 1 1
ST Wm0 W0

T T T
Position (Mb) 0 5 10 15 20 25 30
Chr6
voke

erad b el w s e

Introgressions = J sk .. .. diimeecmbiiinn.,
Nipponbare
Tainung 67
M 202
LTH
Cypress 1 |
Moroberekan il o O | N RN Il
Azucena 1]
Dom-sufid
N 22 | L | 1 ||
Rayada || ] | 10l
FR13 A | [ I e (|
Dular | I | 11 1
Aswina | W | |
Zhenshan 978 _ | Il ' | |
Pokkali _| 1_1_H | | | |
Swarna | | |
Minghui 63 _I bime 1
Sadu-Cho | |
IR64-21 | | Il |
SHz2 | 11

snp p— M

T T T T T 1
Position (Mb) 0 15 20 25 30

o -
-
o

Fig. 3. Introgressed regions detected in rice chromosomes 1, 5, and 6. The
origin of an introgression is indicated by the color of the varietal group (red
from indica, blue from japonica, and brown from aus). Each vertical line
corresponds to a window of 100 kb. If the source of an introgression is
ambiguous, each potential donor is indicated with half of the line. The
maximum frequency of introgressions of the same type at the same position
is plotted at the top of each chromosome. Red arrow indicates Sd7 (chromo-
some 1), brown bars indicate saltol (chromosome 1) and NB-ARC regions
(chromosome 6), a red bar shows shared introgressions (chromosome 5), and
light blue bar indicates introgressed region in Minghui 63 (chromosome 6).
See Fig. S1 for introgressions in all chromosomes.

genome. The nonrandom distribution and coincidence of intro-
gressions may indicate regions of intense selection, such as those
related to desirable traits under domestication.

Haplotype sharing between pairs of accessions identified ex-
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Fig. 4. Relationships among SNP genotypes of parental varieties, Zhenshan
97B (ZSh) and Minghui 63 (M63), QTL regions, and F; heterotic loci on
chromosome 6. (A) Molecular marker data from 5 QTL studies (29-31, 38, 39)
were assembled and flanking markers were physically mapped to the rice
genome (green bars). Parental genotypes at 17,317 SNP sites are shown as red
(A allele), blue (B allele), or gray (missing data) lines and introgressions are
shown as black bars. QTL for traits including leaf area, vascular bundle
number, plant height, root number, cooking quality, amylose content, gel
consistency, and shoot weight colocalize with a large introgression in M63. (B)
F; hybrid genotypes at 1,564 SNP sites in the overlapping QTL region at 0-4
Mb. Heterozygous SNP sites are black lines; small = intergenic, medium =
UTR/intron/synonymous, and large = nonsynonymous. Blue bars show het-
erotic loci associated with high-yield performance in heterozygous vs. ho-
mozygous individuals (32).

tended blocks where 90% or more of the SNPs are in common (Fig.
S2). Pairwise sharing revealed even more potential introgressions
than observed by haplotype sharing across group-pairs. Large
regions of aus introgressions in Pokkali occur on chromosome 5
from 8.3 to 13 Mb (Fig. 3 and Fig. S1) and are part of an area that
appears highly conserved across all other indica and japonica.

To further examine the history of varietal selection, we tabulated
the number and length of introgressions occurring from other
varietal groups (Table S6). On average, the modern indica and
japonica varieties have 8.4 Mb of introgressions from other groups,
whereas the aus type has approximately twice the length of intro-
gressions (17.5 Mb). The average length of introgressions, however,
appears to be similar across varietal groups (average 0.15 = 0.04 Mb
per introgression). One possibility is that modern varieties have
been under strong selection for specific production environments,
thus constraining the introgression of chromosomal fragments.
However, the aus types, representing traditional varieties, could be
subjected to a lesser degree of selection. Although a larger sample
size will be needed to test this hypothesis, this analysis demonstrates
the potential of genomewide SNP datasets for probing the history
of varietal selection in rice.

Conclusions

Our study provides comprehensive SNP data from a set of rice
varieties that captures the impressive genotypic and phenotypic
diversity of this important crop plant. An immediate outcome of
our work is the detection of chromosomal segments introgressed
from one varietal group into another shedding light on the
breeding history of rice. Some introgressions correlate with
known genomic regions responsible for traits transferred be-
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tween varietal groups, whereas others represent candidates for
additional events of potential significance for breeding. Further-
more, the much-improved knowledge of shared breeding history
and genetic relationships enhances traditional methods (e.g.,
coefficient of parentage; Table S7) for the selection of parents
for crossing programs.

The SNP coverage of the rice genome available from our study
is more than sufficient to obtain genomewide tag SNPs, especially
for regions highly conserved across varietal types, despite the lower
estimates of LD (75-150 kb) in previous studies (12-14). Sequenc-
ing of additional rice types including Oryza rufipogon, the progen-
itor of domesticated rice, is an obvious next step to provide more
SNPs across all groups.

Last, and perhaps most importantly, the OryzaSNP resource
provides the foundation for high-resolution genotyping of hundreds
to thousands of additional varieties. Compared with studies of other
model plants such as Arabidopsis, a major advantage of rice is the
much more extensive information available for a diverse set of
known agronomically important traits from thousands of varieties
across many different environments. Detailed knowledge of phe-
notypes, coupled with a deep genotype database, will create a
powerful platform for association genetics and discovery of alleles
that can be combined to achieve the much-needed increase in rice
yield in the coming years.

Materials and Methods

Plant Varieties, Reference Genome Masking, and Target Selection. Each rice
variety (Table S1) was purified by 1 round of single seed descent. Rice genome
sequence (Build 4; ref. 8) was masked for repeats (8, 34, 35). Those sequences with
no or a single hit (91.6 Mb) and with 2-10 hits (77.6 Mb) were chosen for
long-range PCR (LR-PCR) primer design (see S/ Appendix).

Array Design, Sample Preparation, and Hybridization. The 13,586 selected
LR-PCR amplicons span 11,343 nonoverlapping fragments and cover 117.8 Mb of
unmasked genomic sequence. This genomic fraction was used to design 6 high-
density oligonucleotide (25-mer) resequencing arrays that queried 100.1 Mb of
the Nipponbare genome by using a tiling strategy (3, 6, 7). The LR-PCR products
for each of the 20 rice strains were combined (at ~8 Mb complexity), fragmented,
and labeled (3). Each array, synthesized by Affymetrix, contained ~20 Mb of tiled
sequence and was segmented into 3 chambers. Each chamber was hybridized
with a different DNA/hybridization mixture containing labeled target DNAs of 2
strains. Hybridized targets were detected by using confocal scanners.

Base-Calling, SNP Detection, and Normalization. \We used the pattern recogni-
tion (MB) algorithms for analysis as described (3, 6) using criteria and quality
scoring algorithms specified in S/ Appendix (3). To correct for between-array
variation and obtain comparability of the data generated by multiple array
experiments, hybridization data were quantile-normalized on the level of am-
plicon pools across all varieties (36).

Repetitive Probe Annotation and Quality Assessment SNPs. Repetitive probes in
the reference genome were annotated by identifying oligomers that match at
least one other 25-mer in the target DNA, allowing for some degree of degen-
eracy. The mismatch criteria distinguished between the 3 match types (exact,
inexact, and short 25-mer matches) and bulged 25-mer matches that were re-
stricted to a 1-base bulge located only on 1 strand (ref. 7 and S/ Appendix). We
used dideoxy sequencing of randomly selected fragments from a subset of the
tiled regions to compile a set of true (curated) SNP and non-SNP positions for
quality assessment (S/ Appendix). A 2-layered approach based on SVMs was
applied to predict SNPs from the hybridization data (7).

SNP Annotation. All SNP locations and tiled regions were mapped relative to the
International Rice Genome Sequencing Project (IRGSP) (8) and TIGR (37) pseudo-
molecules by using the program Vmatch (www.vmatch.de), and SNPs were
annotated relative to the IRGSP and TIGR pseudomolecules and to the Rice
Annotation Project (RAP) and TIGR gene models (S/ Appendiix). For the MBML-
intersect SNP set, a total of 158,928 of 159,879 IRGSP localized SNPs were mapped
to the TIGR pseudomolecules. SNP sites annotated as nonsynonymous, synony-
mous, or as large-effect changes were extracted from the MBML-intersect data-
set, and only sites with high confidence base calls for at least 15/20 cultivars were
included in calculations of allele frequencies. For each SNP site, the number
of varieties with bases different from the reference were plotted by frequency
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and annotation category. SNP distribution and annotation processes (www.
OryzaSNP.org) are detailed in S/ Appendix. Sixty loci containing large-effect SNPs
were randomly selected for validation by PCR ampilification and dideoxy sequenc-
ing at 2X coverage for all amplicons (Table S4 and www.OryzaSNP.org).

Dendrogram Construction and Population Structure. A pairwise distance matrix
using the simple matching coefficient for SNPs at nonrepetitive sites was calcu-
lated, and an unweighted neighbor-joining tree was constructed by using DAR-
win 5 (http:/darwin.cirad.fr/darwin) (Fig. 2A). Population structure was deter-
mined by MB inference using InStruct (24) on a random subset of 5,000 MBML-
intersect SNPs (Fig. 2B).

LD and Introgression Analyses. Only biallelic nonsingleton SNPs in the MBML-
intersect dataset were used to calculate LD as the correlation coefficient r2
between SNP pairs. The mean r? value was calculated for 10-kb bins based on all
pairs of nonsingleton SNPs. Because of the extensive population structure in the
sample of 20 varieties, we examined LD decay in each subpopulation separately.
Because of the small sample size in the aus group (4 varieties), only indica and
japonica groups, with 8 varieties each, were analyzed. Only SNP pairs with no
missing data at both loci in at least 6 chromosomes of the 8 varieties were
included in the calculations (Fig. 2C).

To study the ancestral contribution of groups to the genome of each variety,
we applied a likelihood ratio test method. All putative introgressions between
pairs of groups (indica, aus, and japonica) were examined. For every window of
100 Kb with at least 10 SNPs, the ratio of the average sharing of each variety to
its own and another group was calculated when at least 3 pairs of comparison
occurred in each group. Regions with an average sharing ratio of <0.5 were
defined as introgressions (Fig. 3 and Fig. S1). Frequencies of introgressions shared
across varieties were plotted. The length, number of introgressions in each
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variety, and shared introgressions across varieties were tabulated (Table S6).
Regions of extensive haplotype sharing, with 90% or more shared SNPs, were
determined for each pair of varieties (Fig. S2).

QTL and genetic data for Pokkali, Moroberekan, Minghui 63, and Zhenshan
97B were from published studies (26-31). Physical locations for flanking markers
were acquired from Gramene (http:/gramene.org) and Michigan State Univer-
sity Rice Genome Annotation (http:/rice.plantbiology.msu.edu) databases, or
they were inferred by blastn searches of marker-associated sequences and/or
marker primers against the reference genome (Figs. 3 and 4 and Table S5).

Data Release. Processed resequencing data are at www.ncbi.nIm.nih.gov/Traces,
SNP annotations, the full dataset, and descriptive information on basic queries
are at www.OryzaSNP.org. The dideoxy sequence data generated for data qual-
ity and training purposes and large-effect validation are in GenBank (accession
nos. FI321710-FI329971 and FI494729-FI495095, respectively).
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