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Genebanks provide access to diverse materials for crop im-
provement. To utilize and evaluate them effectively, core
collections, such as the World Rice Core Collection (WRC)
in the Genebank at the National Agriculture and Food
Research Organization, have been developed. Because the
WRC consists of 69 accessions with a high degree of genetic
diversity, it has been used for >>300 projects. To allow deeper
investigation of existing WRC data and to further promote
research using Genebank rice accessions, we performed
whole-genome resequencing of these 69 accessions, examin-
ing their sequence variation by mapping against the Oryza
sativa ssp. japonica Nipponbare genome. We obtained a
total of 2,805,329 single nucleotide polymorphisms (SNPs)
and 357,639 insertion—deletions. Based on the principal
component analysis and population structure analysis of
these data, the WRC can be classified into three major
groups. We applied TASUKE, a multiple genome browser
to visualize the different WRC genome sequences, and clas-
sified haplotype groups of genes affecting seed character-
istics and heading date. TASUKE thus provides access to
WRC genotypes as a tool for reverse genetics. We examined
the suitability of the compact WRC population for genome-
wide association studies (GWASs). Heading date, affected by
a large number of quantitative trait loci (QTLs), was not
associated with known genes, but several seed-related phe-
notypes were associated with known genes. Thus, for QTLs of
strong effect, the compact WRC performed well in GWAS.
This information enables us to understand genetic diversity
in 37,000 rice accessions maintained in the Genebank and to
find genes associated with different phenotypes.

The sequence data have been deposited in DNA
Data Bank of Japan Sequence Read Archive (DRA)
(Supplementary Table S1).

Keywords: Core collection e Genetic diversity « Genome-
wide association study.

Introduction

Rice is a staple food on which 50% of the world’s population
depends (FAO 2004). The development of new rice cultivars of
high yield and quality is crucial for agricultural sustainability
and human health (Godfray et al. 2010). Traditionally, biallelic
mapping has been used to identify quantitative trait loci (QTLs)
related to various agronomic traits in rice (Miura et al. 2011).
However, biallelic mapping can only detect the limited genetic
diversity that exists in a biparental population. Therefore, it is
necessary to exploit more diverse genetic resources to meet the
demand for increased environmentally sustainable rice produc-
tion and to detect the functions of agriculturally important
genes derived from those resources. To this end, there has
been a trend toward large-scale resequencing of large germ-
plasm collections (Wang et al. 2018), but the use of such large
collections requires substantial resources of time and money.
Thus, the use of core or mini-core germplasm collections is still
vitally important for agronomical research. ‘Core collections’,
small sets of germplasm representing the genetic diversity in
large genebank collections, are a powerful tool enabling the
effective use of germplasm. The core collections of several crops
have been chosen on the basis of passport data recorded for
each accession, to represent variation in phenotypes and geo-
graphical characteristics of the germplasm source (Johnson and
Hodgkin 1999).

Previously, the World Rice Core Collection (WRC) was devel-
oped in the National Agriculture and Food Research
Organization (NARO) Genebank based on the passport data
and restriction enzyme fragment length polymorphism (RFLP)
markers (Kojima et al. 2005). Because the WRC is a very small
population with a high degree of genetic diversity, it has been
used for the evaluation of many agricultural traits, such as head-
ing date, seed cadmium concentration and seed dormancy, in
>300 research projects (e.g. Takahashi et al. 2009, Ueno et al.
2009, Uraguchi et al. 2009, Sugimoto et al. 2010, Ogiso-Tanaka
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et al. 2013, Itoh et al. 2018). Genome sequence-based gene dis-
covery can focus on mapping, allele mining or association studies
(Jia et al. 2017). Thus, whole-genome resequencing of a core col-
lection can contribute to the rapid identification of agriculturally
important genes by allowing the identification of candidate
genes in mapped materials, by allowing haplotype analysis of
known loci and by providing single nucleotide polymorphism
(SNP) data for association analyses. In addition, an application
to display sequence variation information is needed so that rese-
quencing data of large genomes can be used without specialized
skills in handling next-generation sequencing data. For that pur-
pose, the TASUKE system (TA means ‘many’, SUKE means ‘help’
in Japanese; Kumagai et al. 2013) was developed in NARO as a
web application to visualize genome-wide resequencing data.

Recently, genome-wide association studies (GWASs) have
become common in several crops. Because GWAS is an effective
approach for identifying genes from a genetically diverse popu-
lation, it has been used to detect many QTLs related to agro-
nomical traits in rice (Huang et al. 2010, 2012, Yano et al. 2016,
Wang et al. 2017, Yang et al. 2018) and statistically robust
models for GWAS have been developed (Lipka et al. 2015, Liu
et al. 2016) to deal with population structure. However, large
populations commonly used for GWAS are unwieldy and ex-
pensive to phenotype (Zhao et al. 2011, Norton et al. 2018, Yang
et al. 2018). A diverse, but compact population suitable for
GWAS could be very useful to rice researchers.

In this study, we performed whole-genome sequencing
(WGS) of the 69 accessions in the NARO WRC, providing a
resource to aid the exploitation of >10 chromosome segment
substitution lines populations that are already available (e.g.
Nipponbare-Kasalath) or under development (Fukuoka et al,,
2010). To enable allele mining, we displayed these data using the
TASUKE system (Kumagai et al. 2013), a web browser visualiza-
tion system for whole-genome variant data, to examine the
haplotypes of agriculturally important genes in the WRC acces-
sions. Finally, we demonstrated that notwithstanding its small
size, using appropriate measures to control for population
structure, the WRC is viable as a population for GWAS, particu-
larly where the phenotype has a bimodal or binomial
distribution.

Results

Diversity of the WRC

The NARO WRC, composed of 69 accessions (Supplementary
Table S1), is a useful germplasm set for agronomical research,
and >300 seed sets have been distributed to date. In this study,
we performed WGS of the 69 accessions and obtained detailed
nucleotide polymorphism information. The reads were mapped
against the Oryza sativa ssp. japonica Nipponbare genome (Os-
Nipponbare-Reference-IRGSP-1.0) (Kawahara et al. 2013) using
bwa (Li and Durbin 2009). The average depth was 38, ranging
from 20 to 102; the average number of SNPs and insertion—
deletion (indels) per accession were 1,835,874 and 329,670, re-
spectively (Supplementary Table S1). After removing data for
positions where genotype data were missing, and selecting
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biallelic variants with a minor allele frequency (MAF) of
>0.05, a total of 2,805,329 SNPs and 357,639 indels were
obtained. Among the variant data, 98,833 variants caused non-
synonymous substitutions or otherwise altered the predicted
amino acid sequence of protein-coding genes.

We investigated the population structure of the WRC acces-
sions using these genome-wide SNP data. We constructed a
phylogenetic tree of the WRC based on a set of 2,315 represen-
tative SNPs selected to be in approximate linkage equilibrium
(using the Snphylo pipeline; Lee et al. 2014), and the WRC
accessions were divided into three major groups, corresponding
to japonica, indica and aus (Fig. 1A). Among these three groups,
the indica cluster could be further divided into four subgroups
(I-1,1-2, 1-3 and I-4) and the aus cluster could be further divided
into two subgroups (A-1 and A-2) based on the phylogenetic
tree (Fig. 1A). Principal component analysis (PCA) using the
whole SNP dataset also classified the WRC into three groups
(Fig. 1B). The contribution of the first and second principal
components was 22.6% and 14.2%, respectively. It was inferred
that the optimum number of clusters (K) in this population
using all SNPs is 3 based on the fastStructure analysis (Fig. 1C,
Supplementary Table S1). These results revealed a clear sep-
aration of the WRC into three groups consistent with the clas-
sification using RFLP markers by Kojima et al. (2005), and thus,
the WRC represents a highly structured population. Compared
with their RFLP-based classification in Kojima et al. (2005),
Lebed (WRC23) (indica in Kojima et al. 2005) was reclassified
into japonica and Calotoc (WRC22) and Basilanon (WRC44)
(aus in Kojima et al. 2005) were reclassified into the indica
subgroup based on the WGS data (Fig. 1A). According to the
fastStructure analysis, it is likely that there is some admixture in
these accessions and, in the phylogenetic tree shown in Fig. 1A,
these accessions are separated from the main branches in ja-
ponica and indica subgroups. Therefore, it is not surprising that
there was a difference between the classifications based on the
WGS and RFLP markers.

To compare the population structure of the WRC with pub-
licly available data from the 3,000 Rice Genomes Project, we
downloaded a whole-genome biallelic SNP set from IRRI
Snpseek (https://snp-seek.irri.org/) and performed PCA using
WRC data for the same SNP positions. A comparison of WRC
groups with the rice population groups defined by Wang et al.
(2018) suggests that the WRC is an effective mini-core collec-
tion for rice, as much of the variation in the first two principal
components can be captured by the WRC (Supplementary Fig.
S1). A large phylogenetic tree comprising both WRC and 3K
accessions can be accessed at https://itol.embl.de/tree/
1502676182761580197097. The assignment of WRC acces-
sions to population groups defined by Wang et al. (2018) based
on proximity to 3K genome accessions in the phylogenetic tree
is shown in Supplementary Table S1.

Haplotype analysis of agronomically
significant genes
To demonstrate the utility of the WRC genome sequence data,

we examined the haplotypes of a series of agronomically im-
portant genes. We visualized WGS data of the WRC in the
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Fig. 1 Phylogenetic tree, PCA and fastStructure analysis of 69 WRC accessions. (A) Unrooted maximum likelihood tree based on 2,315 representative
SNPs in approximate linkage equilibrium, called by mapping WRC resequencing data against the O. sativa ssp. japonica Nipponbare genome. The
WRC was divided into japonica (blue), indica (orange) and aus (magenta). (B) PCA plots of genotype data based on whole-genome SNPs. (C)

Population structure of the GWAS panel at K = 3.

TASUKE multiple genome browser (Kumagai et al. 2013) and
classified haplotype groups of several genes related to seed traits
and heading date.

In grain color (Fig. 2B), a major pericarp-color gene Rc
(0s07g0211500), which encodes a basic helix-loop—helix protein,
has been reported (Furukawa et al. 2006, Sweeney et al. 2006). In
23 of the 69 accessions (12/16 aus, 9/33 indica and 2/20 japonica
accessions), we detected a 14-base insertion in exon 6 of Rc
(Fig. 2A), known to be a functional mutation (Furukawa et al.
2006) that results in a frameshift mutation, while 20 of these 23
accessions had a nonwhite pericarp. The pericarp color of
WRC25 (Muha), WRC26 (Jhona 2) and WRC42 (Local Basmati)
was white, even though these accessions carried the 14-base in-
sertion in the Rc gene. All these three accessions, as well as
WRC33 (Surjamukhi) that had a light red pericarp, were catego-
rized into aus and also carried a C — A mutation at position Cys
451. This mutation, resulting in a stop codon at amino acid 451 in
R, is known as the Re-s allele (Sweeney et al,, 2007). The R¢-s allele
is known to be specific to aus and results in white or light red
pericarps (Sweeney et al, 2007), consistent with our results.

As for amylose content, the waxy (Wx) gene
(Os06g0133000) encodes a granule-bound starch synthase
and controls the synthesis of amylose in endosperm (Wang

et al. 1995). We found a 23-bp insertion in exon 1 of the waxy
gene, resulting in a frameshift in nine accessions with low
amylose content (3/33 indica and 6/20 japonica accessions;
Fig. 2C, D). This 23-bp insertion in waxy was completely
correlated with the amylose content in WRC seeds
(Fig. 2D) and has been described previously along with sev-
eral other haplotypes at the waxy locus in wild and cultivated
rice (Zhang et al. 2019).

We performed haplotype analysis of GS3 (0s03g0407400),
which encodes a protein consisting of four domains and an
N-terminal plant-specific organ size regulation (OSR) domain
that is sufficient to negatively regulate grain size (Mao et al.
2010). We observed two high-impact mutations in the GS3 se-
quence, and we first focused on an SNP that changes a Cys
codon to a stop codon at amino acid 55 (Fig. 2E). WRC acces-
sions carrying this haplotype B in GS3 had longer grains than
haplotype A (Fig. 2F). The other high-impact mutation was
seen in WRC34 (ARC 7291), which had a 4-bp deletion in
exon 5 of GS3 and showed shorter grain length (5.0 mm, aver-
age: 6.9 mm) (Supplementary Table S1). Haplotype analysis for
genes related to seed phenotypes indicated that there was func-
tional diversity in well-known genes related to grain color, amyl-
ose content and grain length among the 69 WRC accessions.
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Fig. 2 Haplotype analysis for genes related to seed phenotypes. (A)
Gene structure of and DNA sequence polymorphism in the Rc gene.
(B) Seed color phenotype of WRC1 (Nipponbare) and WRC2 (Kasalath).
(C) Gene structure of and DNA sequence polymorphism in the waxy
gene. (D) Box plot showing seed amylose content for WRC accessions
bearing Haplotype A or Haplotype B at the waxy gene. (E) Gene struc-
ture of and DNA polymorphism in the GS3 gene. (F) Box plot showing
seed length for WRC accessions bearing Haplotype A or Haplotype B at
the GS3 gene.

Heading date is one of the most important agronomical
traits, and diversity of heading date has contributed to the
development of rice cultivation in a wider range of latitudes
(Khush 1997). As major heading date QTLs, Hd1 (Yano et al.
2000), Hd2/OsPRR37 (Koo et al. 2013, Gao et al. 2014), Hd6
(Ogiso et al. 2010), Hd17/OsELF3-1 (Matsubara et al. 2012),
RFT1 (Komiya et al. 2008), Ghd7 (Xue et al. 2008) and DTH8
(Wei et al. 2010) have been identified (Itoh et al. 2018). We used
the TASUKE system to explore haplotypes of heading date
genes in the WRC. Most of the reported alleles were detected
in the WRC, with some exceptions. The distribution of alleles
generally reflected the origin and/or cultivar groups of the
accessions. Among the haplotypes of Hd1, a 2-bp deletion in
the hd1 null alleles was widely distributed throughout the ja-
ponica, indica and aus groups (Fig. 3, Table 1). This 2-bp dele-
tion, as well as other frameshift mutations, and an SNP that
changes an Arg residue to a stop codon at amino acid 358 have
been previously identified as functional mutations in Hd1 (Yano
et al. 2000, Takahashi et al. 2009). On the other hand, the SNP
that changes Arg358 to a stop codon was only distributed in the
japonica accessions WRC45 (Ma sho), WRC46 (Khao Nok) and
WRC48 (Khau Mac Kho). We also detected a 1-bp deletion with
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a frameshift in exon 1 of Hd1 in four accessions (Table 1). All
these four accessions (WRC20, WRC22, WRC24 and WRC44)
originated from the Philippines and were categorized into a
small subgroup I-4 in the indica group (Fig. 1A, Table 1). A
4-bp deletion in the second exon of Hd1 was observed in WRC7
(Davao1), WRC18 (Qingyu), WRC21 (Shwe Nang Gyi), WRC57
(Milyand 23) and WRC98 (Deejiaohualuo), which belong to the
indica group (Fig. 3, Table 1). As minor alleles, only WRC100
(Vandaran) has a 2-bp insertion in exon 2 of Hd1
(Fig. 3, Table 1).

Next, we examined the haplotypes of other major QTLs for
heading date, Hd2/OsPRR37, Hd6, Hd17/OsELF3-1, RFT1, Ghd7
and DTH8 in the WRC accessions (Table 1, Supplementary Fig.
S$2). In Hd2, an 8-bp deletion was observed in the seventh exon
of eight accessions classified into the indica group (Table 1,
Supplementary Fig. S2). All accessions with this 8-bp deletion
in Hd2, except for WRC16, were classified into a small subgroup
(I-2) in indica (Fig. 1A, Table 1). WRC2 (Kasalath), WRC31
(Shoni) and WRC38 (ARC 11094) in the aus A-1 subgroup carry
an SNP that changes a GIn to a stop codon at amino acid 705.
Only WRC66 (Bingala) in indica has a nonfunctional variant
that changes Tyr to His at amino acid 704 in the Hd2 CCT
domain (Koo et al. 2013). Functional mutations in Hd2 were
not observed in japonica accessions in the WRC. In Hd6, a
nonsynonymous substitution at amino acid 146 resulting in a
premature stop codon was only observed in Nipponbare among
the WRC population (Table 1). Matsubara et al. (2012)
reported that a substitution from Leu to Ser at amino acid
558 of Hd17 was a functional mutation. Except for five acces-
sions, this substitution was observed in all members of the WRC
population, but there was no correlation of this allele with the
heading date (Table 1, Supplementary Table S1). In RFT1, 16
indica accessions have a functional mutation that changes Glu
to Lys at amino acid 105 (Table 1). Null mutations in Ghd7 and
DTH8 cause extremely early heading date (Itoh et al. 2018). In
Ghd7, previously reported functional mutations (Xue et al.
2008) were not detected among WRC accessions, but WRC15
(Co 13) and WRC100 (Vandaran) carried an SNP in the splicing
acceptor region (Table 1). WRC3 (Bei Khe), WRC10 (Shuu Sou
Shu) and WRC19 (Deng Pao Zhai) have a 1,118-bp deletion
(Hori et al, 2015), and WRC43 has a 19-bp deletion in the
DTH8 coding sequence, but only WRC10 showed an early head-
ing date phenotype (Table 1, Supplementary Table S1). In
DTH8, WRC17 (Keiboba) and WRC99 (Hong Cheuh Zai)
have an 8-bp deletion and WRC7 (Davaol), WRC9 (Ryo
Suisan Koumai), WRC21 (Shwe Nang Gyi) and WRC98
(Degjiaohualuo) have a 1-bp deletion, which causes a frame-
shift. Three of these five accessions originate from China and
show an early heading date phenotype (101-111d, mean of
WRC: 122d, Supplementary Table S1). These 8- and 1-bp
deletions might be new functional mutations in DTH8 that
contribute to an early-flowering  phenotype in
Chinese accessions.

Using the TASUKE system, we detected several high-impact
indels and SNPs in heading date-related genes. Almost all muta-
tions in these seven genes related to heading date were
observed in particular groups (Table 1). Only a 2-bp deletion

925

o
(]
2
=)
o)
o
aQ
(0]
o
-
=
o
3
=3
=
©
7]
=
)
Q
)
aQ
@
3
o
o
c
©
Q
o)
3
=
°
)
ke
=2
)
=
Q
@
2
[«
=
=
g
=1
%)
N
N
2
gl
~
&)
o)
N
3
N
=3
<
«Q
c
@
%)
@
o
5
N
w
>
©
=3
N
o
N
=


https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcaa019#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcaa019#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcaa019#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcaa019#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcaa019#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcaa019#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcaa019#supplementary-data
https://academic.oup.com/

P

P N. Tanaka et al. | Genetic diversity of core collection based on WGS

PLANT & CELL PHYSIOLOGY

926

Q Search | View = 'O Resel

© Settings =

FTools © Help -~

IRGSP-1.0

(AN
RN RN

BEERASES
PoRRRg
in mu
[

1
(]
TIIIIY
1

fgnen 1

bEE R R R R R R R R R bR R bR R R R R

QSesrch | Views QSeingss AToolss  TDiess  @Helps

TN N]

TINNITIIINT

=
I <+—— 2bp deletion

OO TR
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in Hd1 was widely distributed among the three subgroups in
WRC (Supplementary Fig. S1). These results indicate that
indels and SNPs with high impact in heading date genes
occurred after subgroup differentiation, except for the 2-bp
deletion in Hd1. In addition, large deletions, such as a 1,118-
bp deletion in DTHS, can also be detected by the TASUKE sys-
tem (Table 1). Because genome-wide SNP sets generally focus
on biallelic SNPs and ignore long indels, such long deletions and
multi-allelic SNPs may be overlooked, but they can be visualized

in parallel for different accessions using the TASUKE system.
Thus, TASUKE with the WRC accessions is a useful tool for
visualizing and analyzing haplotype variation among diverse
rice germplasm resources.

GWAS with the WRC

One of the most important aims in maintaining genetic resour-
ces in genebanks is to use them as materials for crop improve-
ment in breeding programs. To analyze the natural allelic
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Table 1 Distribution of functional mutations in flowering-time genes in WRC accessions

QTLs Indel/SNPs Substitution Reference WRC accessions
Hd1 1-bp deletion Tyr191fs WRC20, 22, 24, 44
2-bp deletion Phe279fs Yano et al. (2000) WRCQC2, 4-6, 11, 13, 14, 17, 23, 25, 28-38, 40—-42, 47, 49, 50, 55, 64, 99
2-bp insertion Asp294fs WRC100
4-bp deletion Lys352fs WRC7, 18, 21,27, 57,98 -
C—T Arg358* Takahashi et al. (2009) WRC45, 46, 48
Hdé A—-T *146Lys Takahashi et al. (2001) Except for WRC1
Ghd7 T—G splice_acceptor WRC15, 100
RFT1 G—A Glu105Lys Ogiso-Tanaka et al. (2013) WRC3, 7, 13, 17, 18, 20, 58, 59, 60, 62-65, 98—100
Hd2 8-bp deletion Lys505fs WRC7, 9, 10, 16-18, 98, 99
T—C Tyr704His Koo et al. (2013) WRC66
C—T Gln705% Koo et al. (2013) WRC2, 31, 38
Hd17 A—T Leu132? WRC19
A—G Leu558Ser Matsubara et al. (2012) Except for WRC1, 21, 39, 43, 57
DTHS8 19-bp deletion Ala32fs Fujino et al. (2013) WRC43
1-bp deletion Lys108fs WRC7, 9, 21, 98
8-bp deletion Glu151fs WRC17, 99
1,118-bp deletion Large deletion Hori et al. (2015) WRC3, 10, 19

We surveyed mutations in flowering-time genes in the WRC using the TASUKE genome browser. Newly identified mutations found in this study are shown in blue text.

Stop codon.
fs: frameshift.
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Fig. 4 Phenotypic diversity of WRC accessions. (A) Histogram of grain
color coded as numeric values: 1 for white-colored accessions and 2 for
nonwhite color accessions including red or purple grains. (B) Histogram
of seed amylose content (mass %). (C) Histogram of grain length (mm).
(D) Histogram of heading date (days after sowing).

variation associated with agronomic traits using diverse popu-
lations, GWAS is a powerful and efficient tool. Therefore, we
evaluated the WRC as a GWAS population for agriculturally

important traits. We tried GWAS for grain (pericarp) color as
a qualitative trait, amylose content as a bimodal quantitative
trait, grain length as a quantitative trait controlled by a few
QTLs and heading date as an example of a quantitative trait
controlled by a complicated gene network (Figs. 4, 5).

When considering grain color as a binary phenotype (white
or not white), and using two methods, mixed linear model
(MLM) and FarmCPU (Liu et al. 2016), a significant peak asso-
ciated with grain color was detected on the short arm of
chromosome 7 using both methods (Fig. 5A, Supplementary
Fig. S3). For the grain color phenotype data, we coded the
observation data as a numeric value of 1 for white-colored
accessions and 2 for nonwhite color accessions including red
or purple grains (Fig. 4A). The detected peak was located close
to a major pericarp-color gene Rc (0s07g0211500) (Furukawa
et al. 2006, Sweeney et al. 2006). These results indicated that our
GWAS system with WRC was suitable for detecting genes asso-
ciated with binary traits, such as grain color.

Next, we performed GWAS for seed amylose content using
the WRC population. The distribution of seed amylose content
was bimodal (Fig. 4B). We used the same GWAS methods as
before, and significant peaks associated with amylose content
were detected on chromosome 6 with both methods (Fig. 5B,
Supplementary Fig. S4). These peaks corresponded to a known
gene responsible for amylose content, waxy (Os06g0133000)
(Wang et al. 1995). The identification of the waxy gene indi-
cated that GWAS using WGS of WRC accessions could also be
used to identify genes associated with traits showing a bimodal
distribution in the study population.

WRC accessions exhibited a normal distribution for grain
length (Fig. 4C), and a clear peak for grain length was observed
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on chromosome 3 (Fig. 5C, Supplementary Fig. S5) using the
MLM and FarmCPU methods. The peak mapped close to GS3
(0s03g0407400), which is known to control the grain length.
These mutations in Rc, waxy and GS3 associated with seed traits
were previously reported by Huang et al. (2012) in a GWAS with
373 indica accessions and by Wang et al. (2017) in a GWAS with
203 samples from the United States Department of Agriculture
Rice Mini-Core Collection (Agrama et al, 2009). The identifica-
tion of functional variants consistent with previous reports
suggested that our compact WRC GWAS population compris-
ing only 69 accessions could match the performance of larger
rice core collections.

Finally, we performed GWAS for heading date, which is con-
trolled by a gene network. Significant peaks exceeding a thresh-
old [P < 0.05 with Bonferroni correction for 3,162,968 variants;
—log10 (P,,) > 7.8] were not detected using the MLM or
FarmCPU methods (Supplementary Fig. S6). These results
implied that the WRC population has limitations for the detec-
tion of associations with traits controlled by many QTLs, such as
heading date.

Because 11 accessions of the WRC cannot flower in Japanese
paddy fields, we excluded these accessions from GWAS for
heading date (Supplementary Fig. S5). To investigate the
mechanism of the nonflowering phenotype in these accessions,
we treated the heading date as a binary trait (Supplementary
Table S1). We classified the WRC population as flowering and
nonflowering accessions in Japan and coded these data with a
numeric value of 1 for flowering accessions and 2 for nonflow-
ering accessions. In GWAS, we detected a significant peak for
this numeric data on chromosome 6 using both the MLM and
FarmCPU methods and flowering genes were not reported in
regions close to this peak (Supplementary Fig. S7). It is possible
that new genes located in this region influence flowering time in
high latitude areas, such as Japan.

Discussion

In this study, we reevaluated WRC accessions using high-
resolution WGS data. There is a strong demand to publish
the WGS data of the WRC because it is a useful and convenient
population for examining natural variation in gene sequences
and phenotypes (Sugimoto et al. 2010, Uraguchi and Fujiwara
2013). In addition to the classification of the WRC using WGS
data, we performed haplotype analysis of genes in the WRC and
developed a GWAS pipeline using the WRC population that
could detect candidate genes associated with agronomical
traits (Fig. 5). To examine the candidate genes of several traits
in detail and perform reverse genetics, we used the TASUKE
system to visualize the whole-genome sequence of the WRC for
the classification of haplotypes of significant genes among the
69 WRC accessions (Fig. 3, Supplementary Fig. S2).

In our analysis, the WRC was divided into three groups based
on their whole-genome sequence variants, broadly consistent
with the previous classification using RFLP markers (Kojima
et al. 2005). Rice accessions have been previously classified
into five groups, indica, aus, temperate japonica, tropical

Plant Cell Physiol. 61(5): 922-932 (2020) doi:10.1093/pcp/pcaad19

japonica and aromatic using single sequence repeat markers
(Garris et al, 2005). However, temperate and tropical japonica
were not clearly separated in our analysis using whole-genome
sequence (Fig. 1) and it is convenient for analysis to use three
main groups for this core collection. Four WRC accessions,
WRC20, 22, 24 and 44, originating from the Philippines were
classified into the same subgroup (I-4) in the indica group. A
small subgroup in aus (A-2) consisted of five accessions origi-
nating from Nepal (WRC4, WRC27, WRC29 and WRC30) and
Bhutan (WRC28) (Fig. 1A, Supplementary Table S1). In add-
ition, seven of the nine accessions in a small indica subgroup (I-
2) were from China or Taiwan (Supplementary Table S1).
These results indicated that the classification of WRC using
WGS accurately reflects the geographical information of their
origin. Large numbers of markers obtained from WGS data may
have detected incidental mutations that occur during geo-
graphical speciation and made an accurate classification
of WRC.

The combination of WGS data and passport data suggests
genetic variations in rice cultivar groups. There were several
accessions with an early-flowering phenotype in a small indica
subgroup (I-2), including several Chinese accessions
(Supplementary Table S1). In South China, double cropping
of rice is more popular as it increases the rice production (Peng
2014). Seven accessions from South China and Taiwan in the |-2
group have an 8-bp deletion in Hd2 (Table 1) and show rela-
tively early flowering (101-117d, mean of WRC122d,
Supplementary Table S1). Hd2 is known as a major determin-
ant of photosensitivity (Gao et al. 2014); therefore, accessions
with early flowering and low photosensitivity associated with
the 8-bp deletion in Hd2 can be planted at any time of year.
These accessions might have been selected with suitable flower-
ing traits for double-cropping rice planting in South China.
Among the WRC accessions, there are 11 accessions with a
nonflowering phenotype in our experimental field. Eight of
these 11 accessions were classified into the largest subgroup
in indica (I-1, Fig. 1A). Interestingly, these 11 accessions did
not carry any high impact or functional nucleotide polymorph-
ism in the known heading date genes that we examined in this
report (Table 1). This result implies that the nonflowering
phenotype in WRC accessions in Japan may be regulated by
uncharacterized genes.

Because the WRC is a small population for GWAS and con-
tains three groups with highly differentiated accessions, false
positives caused by a strong population structure in the panel
are a possibility. Therefore, in addition to MLM, we used the
statistically robust algorithm, FarmCPU (Liu et al. 2016), to per-
form GWAS for each trait. We successfully identified Rc, waxy
and GS3 genes as genes associated with grain color, amylose
content and grain length, respectively (Fig. 5). Of these three
traits for which we successfully identified associated gene loci,
amylose content and grain color did not exhibit normally dis-
tributed phenotypes (Fig. 4). Grain color was measured as a
qualitative trait, such as the row type or grain cover in barley,
and amylose content was similarly bimodally distributed. Such
traits are usually controlled by a small number of genes and are
easier to detect in association studies (Milner et al. 2019).
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Although grain length in the WRC had an approximately nor-
mal distribution (Fig. 4), grain size variation is also often con-
trolled by a few major QTLs (Fan et al. 2006). In conclusion, if
there are strong QTLs associated with traits and the number of
related QTLs is relatively small, the WRC can be an effective
population for detecting causal genes by GWAS. In the case of
heading date, we did not detect any significant peaks correlat-
ing with well-known heading date genes (Supplementary Fig.
S6). The heading date is regulated by a large number of QTLs
including several kinds of haplotypes in each locus. Therefore,
the small, structured WRC population is likely underpowered
for the detection of QTLs associated with complex traits, such
as heading date. Using the TASUKE system, we focused on seven
heading date genes reported as major QTLs for heading date
(Itoh et al. 2018) and identified several high-impact SNPs and
indels, such as the introduction of premature stop codons.
However, most of these alleles were found in fewer than three
accessions in the WRC (Table 1). Because nucleotide polymor-
phisms with MAF <0.05 among the 69 accessions were
removed from the variant dataset, these rare SNPs were not
used in the GWAS procedure. Furthermore, functional muta-
tions in the heading date tended to coincide with population
structure. This might be a further reason that known QTLs were
not detected in the GWAS for heading date.

Recent reductions in sequencing costs mean that genomic
characterization is no longer the main barrier to the exploit-
ation of rice germplasm resources; for most researchers, pheno-
typic characterization is the most time consuming and costly
step. If a GWAS population consists of a large number of acces-
sions, it is difficult to use that population for phenotyping of
traits, which require much labor, such as yields. The WRC
includes only 69 accessions and is a useful set for the deep study
of the natural variation in agronomical traits. As we demon-
strated in GWAS for seed phenotypes (Fig. 5), the WRC is a
compact population and is sufficient to detect the candidate
genes reported in previous works using a larger number of
accessions (Huang et al. 2012, Wang et al. 2017). The viability
of the WRC for GWAS is meaningful for researchers who have
already used and will use the WRC as a phenotyping population.
After the detection of associated loci by GWAS, visualization of
whole-genome variant data of WRC using TASUKE also helps
them to perform an intuitive search for candidate genes.

However, the NARO Genebank maintains >37,000 rice
accessions and not all of the diversity can be represented in a
mini-core collection. By selectively generating new short-read
sequencing data, expanding the number of accessions with high
coverage, whole-genome resequence data informed by the gen-
ome data from each subgroup of the WRC, we aim to provide a
small number of focused populations for GWAS studies based
on NARO Genebank materials. The WRC collection can then be
used to examine the phenotypic distribution on a trait-by-trait
basis, to select an appropriate population for association studies
and the identification of unique, agronomically important
genes (Fig. 6). Other large collections of rice germplasm are
also available, such as the Rice 3K genomes collection (Wang
et al. 2018), and we provide here information about the
relationship between the WRC and these accessions

First population for
phenotyping (Core Collection)

e >

| Phenotyping and haplotype analysis ‘

Second population for

o> >
(Expanded Core Collections)

phenotyping

| Phenotyping and GWAS |

Fig. 6 Flowchart of two-step GWAS using core collections selected
from 37,000 rice accessions in NARO Genebank. In the first step, users
perform phenotyping of WRC. As a second step, users select the popu-
lation(s) for which phenotypic diversity was observed in the WRC. For
example, if aus accessions in the WRC show phenotypic diversity, they
will choose the expanded aus core collection for further phenotyping
and GWAS.

(Supplementary Table S1). There are also different analysis
tools available, such as mbkbase (Peng et al. 2020). However,
the WRC is a well-known and widely distributed collection and
the TASUKE system is a well-featured yet intuitive tool for
researchers to interact with these rice genomic data and to
make full use of the newly available genomic information.

Materials and Methods

Plant materials and WGS

We used WRC accessions maintained at the NARO Genebank (Supplementary
Table S1). Total DNA was extracted from leaves of each variety using the
DNeasy Plant Mini Kit (Qiagen). The DNA libraries were sequenced using the
lllumina HiSeq 2000, Genome Analyzer lIx or HiSeq X instruments (lllumina Co.,
Ltd.), and paired-end reads were obtained. All reads were mapped against Os-
Nipponbare-Reference-IRGSP-1.0 (Kawahara et al. 2013) pseudomolecules using
bwa mem (Li and Durbin 2009), and duplicates were removed using picard
MarkDuplicates (http://broadinstitute.github.io/picard/).

Variant calling

Variants were called essentially following the GATK Best Practices for germline
SNP/Indel discovery (Auwera et al. 2013). Variants were first called on a by-
sample basis using GATK HaplotypeCaller, and then variants were consolidated
in a joint calling step with GenotypeGVCFs (Poplin et al. 2018). GATK version
4.0.11.0 was employed for all steps. Variants were then filtered using bcftools
view (Li 2011) with the parameters -m2 -M2 -g hom - -output-type z - -exclude-
uncalled -e “MAF < 0.05 || N_MISSING > 0 || QD < 5.0 || FS > 50.0 | SOR > 3.0
| MQ < 500 || MQRankSum < —25 || ReadPosRankSum < —1.0 ||
ReadPosRankSum > 3.5, resulting in a set of variants where no position had
missing data or an MAF of <0.05. This variant dataset contained 2,805,329 SNPs
and 357,639 indels. All nucleotide polymorphisms were categorized for their
potential effects using SnpEff 4.3t (Cingolani et al. 2012) with the
Oryza_sativa database.

Phylogenetic tree and population structure

The Snphylo pipeline (Lee et al. 2014) was used to create a maximum likelihood
phylogenetic tree based on the representative genomic SNPs selected to be in
approximate linkage equilibrium. The pipeline was employed using default param-
eters and 100 bootstrap replicates to create the bootstrapped maximum likeli-
hood tree, which was based on 2,315 variants in approximate linkage equilibrium.
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Population structure analysis was conducted using the fastStructure software (Raj
et al. 2014) using the Structure_threader wrapper script for parallel implementa-
tion (Pina-Martins et al. 2017). The input for fastStucture was the 2,805,329 SNPs
and 357,639 indels variant dataset described in the Variant calling. PCA was
performed using the R package SNPRelate (Zheng et al. 2012). The input data
were 2,805,329 SNPs from the same dataset as above. Principal components were
calculated with the snpgdsPCA function.

To compare WRC accessions with the 3K genomes collection, we down-
loaded a set of 29 million biallelic SNPs with SnpEff annotation from IRRI
Snpseek  (https://s3.amazonaws.com/3kricegenome/snpseek-dl/NB_bial
SNP_pseudo_canonical_ALL.vcf.gz) and intersected with SNPs called for the
WRC using bcftools, excluding sites missing from the WRC data, resulting in a
dataset of 708,540 SNPs. PCA was performed as above. A phylogenetic tree from
1,725 of these SNPs in approximate linkage equilibrium was constructed using
FastTree2 (Price et al. 2010).

Genome-wide association studies

For GWAS, we used MLM models (Yu et al. 2006) and also employed the
FarmCPU algorithm (Liu et al. 2016). All association studies were performed using
R (R Core Team 2018) using modified scripts from the MVP (https://rdrr.io/
github/XiaoleiLiuBio/MVP/), GAPIT (Lipka et al. 2012) and GENESIS
(Gogarten et al. 2019) packages. FarmCPU was used in the parallel implementa-
tion by Kusmec and Schnable (2018). Visualization used scripts from MVP, GAPIT
and the R packages qgman (Turner 2018) and GWASTools (Gogarten et al, 2012).

Visualization of genotypes using TASUKE

Variants were genotyped by sample up to the GATK HaplotypeCaller (Poplin
et al. 2018) step in the Variant calling and filtered using bcftools (Li 2011) with
the condition -e ‘QD < 5.0 || FS > 50.0 || SOR > 3.0 || MQ < 50.0 || MQRankSum
< —25 || ReadPosRankSum < —1.0 || ReadPosRankSum > 3.5". Variants for
each accession were displayed using the TASUKE genome browser (Kumagai
et al. 2013). TASUKE is a web browser-based visualization system for whole-
genome variant data. The input files of WRC for TASUKE were created using a
custom data analysis pipeline, using the same mapping and variant calls as for
the GWAS variant dataset, but without filtering for MAF or allele number. These
datasets are accessible at https://ricegenome-corecollection.dna.affrc.go.jp,
and users can choose a specific region and/or gene in which they are interested.

Supplementary Data

Supplementary data are available at PCP online.
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