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ABSTRACT

Rice Variation Map (RiceVarMap, http:/ricevarmap.
ncpgr.cn) is a database of rice genomic variations.
The database provides comprehensive information
of 6 551 358 single nucleotide polymorphisms (SNPs)
and 1 214 627 insertions/deletions (INDELs) iden-
tified from sequencing data of 1479 rice acces-
sions. The SNP genotypes of all accessions were
imputed and evaluated, resulting in an overall miss-
ing data rate of 0.42% and an estimated accuracy
greater than 99%. The SNP/INDEL genotypes of all
accessions are available for online query and down-
load. Users can search SNPs/INDELs by identifiers
of the SNPs/INDELs, genomic regions, gene iden-
tifiers and keywords of gene annotation. Allele fre-
quencies within various subpopulations and the ef-
fects of the variation that may alter the protein se-
quence of a gene are also listed for each SNP/INDEL.
The database also provides geographical details and
phenotype images for various rice accessions. In
particular, the database provides tools to construct
haplotype networks and design PCR-primers by tak-
ing into account surrounding known genomic vari-
ations. These data and tools are highly useful for
exploring genetic variations and evolution studies of
rice and other species.

INTRODUCTION

Single  nucleotide  polymorphisms  (SNPs) and
insertions/deletions (INDELs) are two major types of
genomic variations in living beings and have been widely
utilized in basic research and industry. Researchers ex-
plored genetic variations as markers to study the genetic
basis of complex traits via linkage and association mapping
(1-3). High-density markers increase the probability that
some markers are just located in or nearby the target genes,
which would provide great advantages for marker-assisted

selection in breeding (4). And in some cases, sufficient
information of genetic variations may result in identifying
the causal genes directly. In addition, when genotype
information of individuals in a population is available,
we can carry out various population genetic studies, such
as estimating linkage disequilibrium blocks, constructing
haplotype networks (5), inferring population history (6)
and identifying natural or artificial selection signatures (7).

Rice (Oryza sativa L.) is both a major staple crop which
feeds nearly half of the population in the world and a
model species in the plant research community. Although
the draft genome sequences of both indica and japon-
ica subspecies of rice were released in 2002 (8,9) and the
genome sequences of japonica subspecies was finished in
2005 (10), the available databases of genomic variations in
rice are still very limited for bench researchers. Most of
the SNP data in rice deposited in dbSNP (11) and other
databases (12-14) were identified based on comparisons
of the draft genome sequences between the two rice sub-
species. Recently, OryzaSNP consortium interrogated 20 di-
verse rice varieties using resequencing microarrays and ob-
tained 160 000 non-redundant SNPs (15). The data can
be queried at a convenient database OryzaSNP (http://
oryzasnp.plantbiology.msu.edu). Huang et al. sequenced
950 rice accessions and identified 4 109 366 non-singleton
SNPs (3). They further carried out genome-wide associa-
tion study (GWAS) for a lot of important agronomic traits
and provided a database (http://202.127.18.221/RiceHap2/)
as supporting information of the corresponding publica-
tion. The HapRice database published this year provides
allele frequencies of about 3300 SNPs in 253 rice acces-
sions (16). These newly emerging databases provide pro-
gresses in some ways. However, a comprehensive database,
like HapMap (17) in human research community, is highly
required in rice. Such a database should include information
of abundant high-quality genomic variations and detailed
genotypes of a mass of rice accessions, frequency of differ-
ent subpopulations and comprehensive annotation. Mean-
while, a user-friendly query interface and useful visualiza-
tion tools should be available.
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To achieve these objectives, we collected and analysed se-
quence data of 1479 rice accessions, identified 6 551 358
SNPs and 1 214 627 INDELSs, and constructed a compre-
hensive database of rice genomic variations, RiceVarMap.
Compared with extant relevant databases, RiceVarMap
provides not only the largest set of genomic variations and
genotype data at present, but also characteristic phenotype
images for various rice accessions and a set of intuitional
query interface and useful tools, such as constructing hap-
lotype networks and designing polymerase chain reaction
(PCR) primers by taking into account surrounding known
genomic variations. These data and tools are highly use-
ful for exploring genetic variations and evolution studies of
rice and other species. Based on these data, we also inves-
tigated natural variations in rice metabolism using GWAS
approach (18) and designed two genotyping arrays for rice
breeding (19,20). These data will be added to the database
in the future.

DATA COLLECTION, PROCESSING AND EVALUA-
TION

Currently, we collected sequencing data from two sets of
rice germplasms comprising a total of 1479 accessions of
cultivated rice (Oryza sativa L.). The first set of germplasm
consists of 529 accessions selected to represent both the
usefulness in rice improvement and the genetic diversity
in the cultivated species (21,22). We sequenced the 529 ac-
cessions using the Illumina HiSeq 2000 in the form of 90-
bp paired-end reads to generate high-quality sequences of
more than one gigabase per accession (>2.5x per genome,
total 6.7 billion reads). These raw data are available in NCBI
with BioProject accession number PRINA171289. The sec-
ond set of germplasm is 950 rice accessions sequenced by
Huang et al. (3) that were downloaded from the EBI Eu-
ropean Nucleotide Archive (accession number ERP000106
and ERP000729), which consists of 4.6 billion 73-bp paired-
end reads (~1x per genome). Together these two sets of
germplasms include both landraces and improved vari-
eties from 73 countries. The two sets of sequences provide
~2400-fold coverage of the rice genome.

The detailed procedures of data analysis could be found
in our published article (18) and webpages of RiceVarMap.
Briefly, the two sets of raw sequences were combined to-
gether and aligned to rice reference genome (Nipponbare,
MSU version 6.1) (23) using Burrows-Wheeler Aligner
(BWA) (24). A total of 6 551 358 high-quality SNPs and
1 214 627 INDELs were identified using SAMtools and
BCFtools (25). After obtaining raw genotype calls from
BCFtools, 47.1% of genotypes were missing due to low-
coverage sequencing. We then performed imputation us-
ing an in-house modified k nearest neighbour algorithm
(26,27), resulting in an overall missing data rate reduced to
0.42% after imputation. A total of 6 428 770 SNPs with
genotype missing data rate less than 20% were used for
GWAS (with an overall missing data rate of 0.38%) (18). To
estimate the accuracy of imputed genotypes, we genotyped
48 accessions using Illumina Infinium array RiceSNP50
(19). The results suggested an accuracy of 99.3% (the details
of evaluation can be found in the website). Thus, the miss-
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ing data rates and accuracy of the imputed genotype data
set were comparable to high-coverage sequencing results.

We further inferred the population structure of the 1479
accessions using ADMIXTURE (28). The accessions were
accordingly classified into 809 indica, 547 japonica, 67 Aus
and 56 intermediate type. The indica could be further clas-
sified into indica I which has germplasms of South China
origin, indica II which contains germplasms from South-
east Asia and indica intermediate type. The japonica could
also be divided into temperate japonica, tropical japonica
and japonica intermediate type. The population structure
of the collected rice accessions is shown in Figure la. The
allele frequencies of each SNP in different populations by
different classification were calculated and stored in Rice-
VarMap.

DATABASE FEATURES

RiceVarMap is free and open to the public with compre-
hensive functions (Figure 1b). More detailed information is
described as follows. In the database, each SNP or INDEL
is labelled with a unique identifier (ID, e.g. sf0100000131,
vi0136465397). The first letter of the ID indicates the poly-
morphic type, ‘s’ for SNP and ‘v’ for INDEL. The second
letter represents the version of the reference genome, ‘f” for
the version 6.1 of Nipponbare. The number is the chromo-
some coordinate of a variation, e.g. sf0100000131 means a
SNP at chromosome 1, 131 bp.

Search for SNPs/INDELSs by region

Information of SNPs/INDELSs can be queried by limiting
genomic coordinates of the rice genome. Since the reference
genome used by RiceVarMap is the version 6.1 of Nippon-
bare from MSU, it should be ensured that all coordinates
correspond to this version before query. Basic Local Align-
ment Search Tool search in the “Tools’ menu can be used to
obtain corrected genomic coordinates from sequence. Fur-
thermore, SNPs can be filtered by limiting ranges of allele
frequencies in different populations (maximum three simul-
taneous combinations).

Search for SNPs/INDELSs within gene

The SNPs/INDELs may have great influence on gene
functions. We provide a function for users to search
SNPs/INDELs by gene identifiers, gene symbols or key-
words of gene annotation, and wildcard characters are ac-
cepted. In order to better explain the functional changes
caused by SNPs/INDELs, we utilized SNP effector (29)
to annotate SNPs/INDELs and the ones with large-effect
changes would be highlighted in the result page. Moreover,
user can define upstream and downstream regions of genes
and retrieve SNPs/INDELSs in these regions. The acquired
SNPs/INDELs would be displayed in the result page with
the structure of the gene in a graph.

Search for genotypes with SNP/INDEL ID

In this interface, users can fetch the genotypes of different
accessions through entering SNP/INDEL ID and selecting
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Figure 1. Contents and functions of RiceVarMap. (a) Population struc-
ture of the 1479 rice accessions included in RiceVarMap. Labels denote
the names of subpopulations and the number of accessions in the subpop-
ulation. (b) The functions of RiceVarMap. (¢) Haplotype network of S5
constructed using the tool ‘Haplotype Network Analysis’ implemented in
RiceVarMap. Each circle represents a haplotype and the size is propor-
tionate to the number of accessions with that haplotype. Branch length
represents the genetic distance between two haplotypes.

corresponding accessions. If the target genotype is a minor
allele, it will be displayed in red in the search results. The
genotypes can be downloaded in csv format.

Search for SNP/INDEL information with ID

Detailed information of single SNP/INDEL is described in
this page, which includes not only basic SNP/INDEL in-
formation (e.g. position, major allele, minor allele) but also
allele frequencies in different populations and information
of SNP/INDEL variation effects.

Search for polymorphic positions between two cultivars

It is easy to figure out the polymorphic SNPs between two
cultivars in this page, which makes it convenient to generate
new molecular markers for bench work in further study.

Search for information of the cultivars

The geographical information of 1479 rice accessions is pro-
vided, and each cultivar is assigned with a cultivar ID (e.g.
C001, HP84 and W001). The classification information and
phenotype images of these rice accessions are available from
this page. At the same time, we use Google map to help users
to locate the position of each accession.

Design primer by SNP/INDEL ID

RiceVarMap also provides tools to facilitate bench works
and further analysis. This tool is provided for researchers
to pick PCR primers to validate SNPs/INDELs or de-
velop molecular markers. Primers will be designed to flank
the target SNP/INDEL and avoid to overlap with known
SNPs/INDELSs.

Design primer by region

This tool is designed for researchers to pick PCR primers
to amplify target genomic regions and avoid to overlap with
known SNPs/INDELs.

Haplotype network analysis

Haplotype network is frequently used in population genetic
analysis. RiceVarMap provides a simple tool to generate
haplotype network using modified functions from R pack-
age pegas (30). Users can download PDF format graph and
the detailed haplotype information for further analysis.

A CASE OF APPLICATION

Hybrid sterility is a common phenomenon between differ-
ent populations; one of the best-known examples for hy-
brid sterility is the case between the two rice subspecies,
indica and japonica. The S5 locus has been well character-
ized to regulate fertility in indica-japonica hybrids, which
are encoded by three tightly linked genes (31,32). We used
one of the genes, LOC_0Os06g11010, a ‘killer’ of gametes,
to demonstrate the functions of RiceVarMap. A total of
14 SNPs were found from ‘Search for SNPs within gene’
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function using the gene locus name as input. Five of them
(sf0605759642, sf0605759919, sf0605760007, sf0605760352,
sf0605760512) with minor allele frequencies greater than
0.05 in the whole population could be identified easily from
the results and we observed that all of them were non-
synonymous mutations, suggesting that this gene might un-
dergo rapid evolution. We then copied IDs of these SNPs
and generated a haplotype network using the tool ‘Haplo-
type Network Analysis’ (Figure 1c). There are five haplo-
types found with at least 10 accessions and we found that
nearly all aus accessions were of haplotype 1V, which was
characterized as wide-compatibility accessions that could
overcome the sterility of the hybrid. Thus, accessions with
this haplotype would be very useful for hybrid breeding. Fi-
nally, we could use the tool ‘Design Primer by SNP/INDEL
ID’ to develop molecular markers based on these SNPs as
well.

FUTURE DEVELOPMENT

We will make efforts to improve and update the database
from the following three aspects. First, as more rice ac-
cessions are sequenced (6,33) and publicly available, the
size of the database will be enlarged with more rice ac-
cessions, SNPs/INDELs and genotypes. And the reference
genome used will be updated as well. Second, we have iden-
tified thousands of significant loci regulating metabolism
(18) and constructed high-throughput phenotyping plat-
forms (34). We are planning to add these data into Rice-
VarMap, making it a comprehensive database of rice ge-
nomic, metabolomic and phenomic variations. Third, we
will take efforts to make the database more user-friendly
and more efficient with the reflection and feedback of the
first version of RiceVarMap.
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