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ABSTRACT

Genetic diversity provides the foundation for plant breeding and genetic research. Over 3000 rice genomes

were recently sequenced as part of the 3K Rice Genome (3KRG) Project. We added four additional Indian

rice accessions to create a panel of 3004 accessions. However, such a large collection of germplasm is

difficult to preserve and evaluate. The construction of core andmini-core collections is an efficient method

for the management of genetic resources. In this study, we developed a mini-core comprising 520 acces-

sions that captured most of the SNPs and represented all of the phenotypes and geographic regions from

the original panel. Themini-core was validated using different statistical analyses and contained represen-

tatives from all major rice groups, including japonica, indica, aus/boro, and aromatic/basmati. Genome-

wide association analyses of themini-core panel efficiently reproduced themarker–trait associations iden-

tified in the original panel. Haplotype analysis validated the utility of the mini-core panel. In the current era

with many ongoing large-scale sequencing projects, such a strategy for mini-core design should be useful

in many crops. The rice mini-core collection developed in this study would be valuable for agronomic trait

evaluation and useful for rice improvement via marker-assisted molecular breeding.
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INTRODUCTION

Rice (Oryza sativa) is among the primary staple crops that fulfil the

nutritional requirements of more than half of the world’s popula-

tion. Improvements in global rice production will have a direct

impact on meeting the world’s growing food demand. More

than 90% of global rice production is contributed by Asian coun-

tries, particularly China and India (FAOSTAT, 2017). India is the

second largest producer of rice (165.3 million tons) after China

(208.4 million tons) and accounts for �22% of total global rice

production. Increases in rice yield are achieved mainly through

improved cropping methods, fertilizer use, and—in many

areas—intensive irrigation. However, the outcome of these

strategies is now reaching saturation and becoming limited,

and there is a demand for alternative means of yield

improvement. The genetic improvement of rice cultivars and

varieties can be an effective strategy in this regard. Yield

improvement can be realized through breeding programs that

incorporate marker-assisted selection and genetic methods to

identify new sources of genetic variation that may help to

increase productivity (McCouch et al., 2016). Productivity/yield

is a complex trait that is governed by multiple genes and
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depends on both genetic composition and environmental

factors. Variability arises due to segregating alleles at multiple

loci whose individual effects on the phenotypic trait are

relatively small, and the overall expression is also influenced by

environmental conditions. Single-nucleotide polymorphisms

(SNPs), present throughout the genome, are one of the major

causes of allelic variation that underlie genetic variability in a

population. Genetic variation leads to a multitude of

phenotypes, which form the basis for selection of improved

cultivars for breeding and agricultural purposes. Identification of

loci that govern quantitative traits is critical for the maintenance

of variation within and among populations. Identification of

quantitative trait loci (QTLs) by the conventional method of

linkage mapping or QTL mapping involves the development of

a mapping population, a time-consuming process that captures

a limited number of recombination events based on parental

combinations. This methodology forms a part of the marker-
ications 1, 100049, September 14 2020 ª 2020 The Author(s).
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assisted selection and biotechnological approach that has been

used in a large number of crops for the identification of genes

that govern complex traits (Edgerton, 2009; Morrell et al., 2012).

With advances in high-throughput genome sequencing and phe-

notyping methods, genome-wide association studies (GWAS)

have been initiated. GWAS analysis has proved to be very effec-

tive for crop improvement. It is a very efficient approach for the

identification of marker–trait associations and has been used to

identify genes or loci that govern complex traits (Gupta et al.,

2005; Breseghello and Sorrells, 2006; Huang et al., 2010, 2012;

Famoso et al., 2011; Ingvarsson and Street, 2011; Kump et al.,

2011; Zhao et al., 2011; Morrell et al., 2012). The advantage of

GWAS is that it does not require a mapping population. It

explores the genomic and phenotypic diversity present in the

available population to assess marker–trait associations. It also

captures a large number of historical recombination events that

are prevalent in the population. The basic requirement for

GWAS is a diverse panel that harbors historical recombination

events for greater genetic resolution (Morrell et al., 2012). This

purpose is best served by a core collection that is designed to

capture the maximum available/possible diversity (genetic,

phenotypic, and geographic) of the entire population, with a

limited number of individuals that share low or no kinship (Korte

et al., 2012). Core collections have been used as association

panels for GWAS in different studies (El Bakkali et al., 2013;

Zhang et al., 2014; Perseguini et al., 2015; Ambreen et al.,

2018). In the case of rice, attempts have been made to

generate core collections and use them as association panels.

The US Department of Agriculture MC collection consists of

217 accessions that represent the genotypic and phenotypic

diversity of the rice core subset of 1794 accessions, but it is

based on a small number of simple sequence repeats (SSRs)

and InDel markers (Agrama et al., 2009). More recently, a Rice

Diversity Panel was developed that consisted of different

collections: Rice Diversity Panel 1 (RDP1), Rice Diversity Panel

2 (RDP2), and a collection from the Institute of Agrobiological

Sciences, NARO (Eizenga et al., 2014; Ebana et al., 2008;

McCouch et al., 2016). However, the accessions in these

panels were genotyped with a fixed array of 700K SNPs (Liakat

Ali et al., 2011; Eizenga et al., 2014; McCouch et al., 2016).

Recently, with the availability of a resequencing dataset for 3000

diverse rice accessions that generated 32 million SNPs, a deep

and robust platform has been provided to promote marker-

associated breeding efforts for various agronomic traits (Li et al.,

2014; Alexandrov et al., 2015; Mansueto et al., 2016). Follow-up

studies have explored the detailed structural variation and

introgression patterns in the 3KRG dataset, further strengthening

our understanding of diverse genomes and trait domestication

(Wang et al., 2018; Fuentes et al., 2019). Although this panel of

3000 accessions represents the core collection of global rice

accessions, it is still relatively large and may present difficulties

in management and phenotypic evaluation (Brown, 2011).

Therefore, there is a need for a smaller subset that mirrors this

large germplasm panel for convenient breeding efforts. In this

study, we have developed a mini-core collection (520 accessions)

from the original collection of 3004 rice accessions and have used

it as an association panel for GWAS analysis with >2 million

genome-wide SNPs. In designing the mini-core collection, we

consideredgenotypic data (SNPs), phenotypic data (18 agronomic
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traits), and representation from various regional gene pools

(geographic diversity) to preserve the maximum possible diversity.

The comparatively small size of the association panel designed in

this study will be useful and convenient for various phenotype–

genotype relationship studies, which currently remain a major lim-

itation in plant-breeding programs.Wedemonstrate that such sub-

set formulations and analyses can lead to the identification of both

existing and novel trait associations that are important for

increasing crop yield.
RESULTS AND DISCUSSION

Generation of the SNP Dataset

We used publically available SNP data from the 3000 rice acces-

sions in the 3K Rice Genome (3KRG) project (Alexandrov et al.,

2015;Mansueto et al., 2017). In addition, we resequenced four In-

dian rice accessions: LGR, PB 1121, Sonasal, and Bindli. After

filtering and alignment, we obtained 3 564 117 high-quality

SNPs for these four genotypes with reference to the Nipponbare

genome. The SNP read depth varied from 10 tomore than 11 000,

and the overall sequencing depth for the four rice accessions

ranged from 423 to 483. In the present study, we combined

the new Indian rice dataset with the 3KRG SNP dataset. Overall,

18.9 million SNPswere identified among the 3000 sequenced ge-

nomes with an average depth of �143, ranging from �43 to

603. To bring the 3KRG dataset to the same level of quality as

the new data, we considered the filtered dataset (�4 800 000

SNPs) corrected for excess of heterozygosity and linkage

disequilibrium (LD). Finally, we merged both datasets and identi-

fied their common SNPs (2 081 521). The common SNPs were

non-uniformly distributed over different rice chromosomes. The

greatest number of SNPs were located on chromosomes 1, 11,

and 2, whereas the smallest number of SNPs was found on

chromosome 9.
Development of the Mini-Core Collection

To create a representative mini-core group, we used genotypic

data (SNPs) from 3000 rice accessions and phenotypic data on

18 agronomic traits from 2266 rice accessions (Mansueto et al.,

2017). We intitially chose to develop independent mini-cores

from phenotypic data and genotypic data to avoid tradeoffs

and capture the maximum possible phenotypic and genotypic

variability present in the original collection. For the phenotype-

based subset, scanning of 2266 accessions resulted in a mini-

core collection (CC1) of 227 accessions that represented 10%

of the initial collection. We added the four Indian accessions

(LGR, PB 1121, Sonasal, and Bindli) to this panel because of their

notable genomic and phenotypic diversity. Mini-core collection

CC1 therefore consisted of 231 accessions representing diversity

in phenotypic traits. The 3000 accessions with their SNP data

were analyzed separately for the development of a second

mini-core collection (CC2) consisting of 300 accessions that rep-

resented 10% of the original collection and also included the four

Indian accessions sequenced in our laboratory.

Mini-core collections CC1 and CC2 were assessed for their

coverage of phenotypic variation with reference to the original

panel (Supplemental Table 1). Neither of the two mini-cores

captured the entire range of phenotypic traits present in the orig-

inal collection. Traits that could not be captured in the mini-cores
e Author(s).



Figure 1. Venn Diagram Showing the Distribution of
Accessions in Different Mini-Core Collections Developed in
This Study.
CC1 represents the mini-core designed using phenotypic data. CC2

represents the mini-core designed using SNP data. CC3 represents the

merged (CC1 + CC2 + 17 accessions) mini-core collection.
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included days to 80% heading (DEH), 100 grain weight (HGW),

days to first flowering (DFF), grain width (GW), panicle length

(PL), and seedling height (SH). The two mini-core collections

were further assessed with various evaluation criteria such as

Shannon’s diversity index, Nei’s gene diversity, mean difference

percentage (MD%), variance difference percentage (VD%), vari-

able rate of coefficient of variance (VR%), and coincidence rate of

range (CR%) to assess their efficiency in capturing the maximum

diversity present in the original collection. The MD% of the mini-

core collections ranged from 2.8% to 4.08%, well below the pre-

scribed value of 20% (Supplemental Table 2). VD%, which

represents the variance captured in the mini-core collections,

ranged from 19.78% to 39.77%. The VR% ranged from 86%

for CC1 to 107.68% for CC2. CC1 had a higher CR% value of

92%, whereas that of CC2 was 91.1%. The value of the Shan-

non–Weaver index (H) ranged from 1.98 for CC1 to 2.25 for

CC2. The value of Nei’s genetic diversity (I) was higher for CC2

(0.79) than for CC1 (0.77) (Supplemental Table 2).

The mini-core collections were also assessed for their represen-

tation of all the varietal groups and regional gene pools present in

the original panel (Supplemental Tables 3 and 4). The most

prevalent group in mini-core CC1 was indica (129 accessions),

followed by Temperate japonica (38), Intermediate (19), Tropical

japonica (15), japonica (14), aus/boro (11), and Aromatic (5). The

most prevalent group in mini-core CC2 was indica (171),

followed by Intermediate (45), aus/boro (42), Aromatic and

japonica (12 each), Tropical japonica (10), and Temperate

japonica (8) (Supplemental Table 3). We also compared the

distribution of accessions from different varietal groups in the

mini-cores and found that CC2 had a higher proportion of acces-

sions from the aus/boro (19.5% of the original collection), Inter-
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mediate (33.3%), and Aromatic (16.9%) groups. On the other

hand, CC1 had only 5.1% of the original representation from

aus/boro, 14% from Intermediate, and 7% from Aromatic

(Supplemental Table 3). Accessions from the Temperate

japonica group were highly represented in CC1 (11.9% of the

original representation), whereas only a small proportion (2.5%)

was represented in CC2 (Supplemental Table 3). Comparable

portions of accessions from the indica (7.4% in CC1 and 9.8%

in CC2), Tropical japonica (3.8% in CC1 and 2.5% in CC2), and

japonica (10.6% in CC1 and 9% in CC2) groups were present in

both CC1 and CC2 mini-cores. Thus, neither of the two mini-

cores developed here contained 10% of the representatives

from all varietal groups (Supplemental Table 3).

The mini-core collections were then assessed for their distribu-

tion of accessions from different regional gene pools

(Supplemental Table 4). Mini-core CC1 contained 55

accessions from South Asia (6.9% of the original collection),

followed by 52 accessions from South East Asia (5.1%), 52

accessions from China (10.8%), 18 accessions from Europe

(15.2%), 17 accessions from America (10.2%), 15 accessions

each from East Asia and Africa (11.4% and 5.9%, respectively),

four accessions from Oceania (23.5%), and three accessions of

unknown origin (8.8%). CC2 contained 122 accessions from

South Asia (15.5% of the original collection), followed by 70

accessions from South East Asia (6.9%), 55 accessions from

China (11.4%), 23 accessions from Africa (9.1%), 13

accessions from America (7.8%), eight accessions from East

Asia (6%), six accessions of unknown origin (17.4%), two

accessions from Europe (1%), and one accession from Oceania

(5.9%; Supplemental Table 4).

Only 28 accessions were shared between CC1 and CC2,

showing that different accessions were selected on the basis of

phenotypic and genotypic variation and justifying our concern

about designing the mini-cores independently using only pheno-

typic or genotypic data. An ideal mini-core should represent the

maximum possible diversity present in the original collection.

However, different evaluation criteria such as phenotypic range

(Supplemental Table 1), MD%, VD%, VR%, CR%, Shannon’s

and Nei’s indices (Supplemental Table 2), and varietal

(Supplemental Table 3) and geographic coverage

(Supplemental Table 4) revealed that neither of the mini-cores

(CC1 and CC2) captured sufficient diversity from the original

collection to be considered an ideal representative subset.

Therefore, we merged CC1 and CC2 to develop mini-core collec-

tion CC3, comprising 520 non-redundant accessions (503 acces-

sions from the merging of CC1 and CC2 and 17 accessions that

captured the extreme values of the phenotypic traits discussed

below), in order to capture the maximum possible allele/trait di-

versity and prevent any tradeoffs between the two datasets

(phenotypic and genotypic) when used in conjunction

(Figure 1). The 520 accessions of CC3 represented 17.3% of

the original collection (3004 accessions) and fulfilled the initial

size requirement for an ideal core collection, which should

range between 5% and 20% of the original collection (Brown

and Spilllane, 1999). CC3 was assessed for its representation

of the original collection and various traits under consideration

by different evaluation criteria (Supplemental Tables 1–4). CC3

covered the entire range of traits from the original collection,

including traits not completely covered by CC1 and CC2, such
ications 1, 100049, September 14 2020 ª 2020 The Author(s). 3



Figure 2. Grouping of the 3004 Rice Accessions Based on
Polymorphic SNP Markers.
(A) Maximum-likelihood dendrogram illustrating the genetic relationships

among accessions. The two clusters were designated CL I (CL Ia, b) and

CL II (C IIa–c) with further subclustering shown.

(B) Principal component analysis of the 3004 accessions from the original

collection, showing principal component axes 1 and 2. The distribution of

accessions in different quadrants (I–IV) is shown. Varietal group color

codes are provided. Color codes representing different varietal groups are

given on the right.
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as DEH, HGW, DFF, GW, PL, and SH (Supplemental Table 1). The

MD%of CC3was 2.9%andwaswithin the range of 2.8%–4.08%

observed for CC1 and CC2 (Supplemental Table 2). The value of

VD% representing the variance captured by the CC3 accessions

was 18.9%, which was lower than the VD% values of CC1 and

CC2. The value of VR% captured by the CC3 accessions was

109.3%, the highest of the three mini-cores. Furthermore, CC3

had the highest value of CR% (96.2%) of the three mini-cores.

The values of Shannon–Weaver H and Nei I for CC3 were 2.17

and 0.79, respectively (Supplemental Table 2).

Mini-core CC3 was also assessed for its representation of the va-

rieties and regional gene pools present in the original collection

(Supplemental Tables 3 and 4). All varieties had at least 10%

representation from the original collection except for the

Tropical japonica group, which had only 6.9% representation

from the original collection (27 accessions; Supplemental

Table 3). The number of accessions and the percentage
4 Plant Communications 1, 100049, September 14 2020 ª 2020 Th
representation of all varietal groups from the original collection

in mini-core CC3 are presented in Supplemental Table 3.

Representation of accessions from different regional gene

pools in the original collection varied from 12% to 29.4% in

mini-core CC3 (Supplemental Table 4). The most prevalent

region in CC3 was South Asia (176 accessions; 22.4% of its

original representation), followed by China (101 accessions;

20.95%), Africa (38 accessions; 15%), America (28 accessions;

16.9%), East Asia (21 accessions; 15.9%), Europe (19

accessions; 16.1%), unknown origin (9 accessions; 25.5%),

and Oceania (5 accessions; 29.4%; Supplemental Table 4).

Thus, mini-core collection CC3 more successfully fulfilled the

criteria for capturing the maximum possible diversity from the

original panel than did mini-cores CC1 and CC2, and it was

considered further for its utility as an association panel.
Distance-Based Cluster Analysis and Principal
Component Analysis

Distance-based cluster analysis was performed to assess the

grouping of accessions from the original collection of rice geno-

types. Analysis of the SNP data (2 081 521 SNPs) using the

maximum-likelihood method grouped the 3004 accessions into

two major clusters (CL I and CL II) with internal subgroupings

(Figure 2A). The CL I cluster contained the greatest number of

accessions (66%) from the original collection, and CL II

contained approximately 32% of the original accessions

(Supplemental Table 5). Approximately 1.4% of the accessions

did not belong to either of the clusters (Figure 2A). These

unclustered accessions (43) were mainly Intermediate (21) and

indica (15) genotypes. In addition, some of the japonica (3),

Tropical japonica (2), Temperate japonica (1), and Aromatic (1)

genotypes also remained unclustered. The 1987 accessions of

Cluster CL I were further grouped into two subclusters, CL Ia

and CL Ib. The larger subcluster, CL Ia, consisted of 1771

accessions and was mainly dominated by indica (1641)

genotypes, whereas cluster CL Ib consisted of 216 accessions

with major contributions from aus/boro (172) and indica (25)

genotypes. The 974 accessions of CL II were divided into three

subclusters, CL IIa, IIb, and IIc. The largest subcluster, CL IIa,

contained 519 accessions and was mainly dominated by

Tropical japonica (329) and japonica (80) genotypes. Subcluster

CL IIb contained 358 accessions and was dominated by

Temperate japonica (250) genotypes. The Indian genotype LGR

was also part of subcluster CL IIb. CL IIc was the smallest

subcluster of CL II and contained 97 accessions, with major

representation from Aromatic (50) and Intermediate (23)

genotypes. Notably, Bindli, PB 1121, and Sonasal grouped

together in subcluster CL IIc (Figure 2A and Supplemental

Table 5).

In the principal component analysis (PCA), the 3004original acces-

sionswere evenly distributed along coordinate axes 1 and 2,which

accounted for 45.6% and 26% of the total variance, respectively

(Figure 2B). The indica accessions clustered together in the PCA,

consistent with the results of the distance-based analysis. They

formed the largest group in the original collection and were

mainly present in Cluster Ia of the distance-based analysis and

quadrants I and IV of the PCA. The japonica, Temperate

japonica, and Tropical japonica accessions were part of Cluster II

in the distance-based analysis and were found in quadrants III
e Author(s).



Figure 3. Distribution of the 520 Accessions of Mini-Core
Collection CC3.
(A) Distribution of rice accessions in different clusters of the maximum-

likelihood dendrogram of the original collection of 3004 rice accessions

(Figure 2A). CC3 accessions are indicated by red dots.

(B) Principal component analysis of the 520 accessions of mini-core

collection CC3, showing principal component axes 1 and 2. The distri-

bution of the accessions in different quadrants (I–IV) is shown. Varietal

group color codes are provided. Color codes representing different vari-

etal groups are given on the right.
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and IV of the PCA. Accessions from the aus/boro group were

present in quadrant I, and Aromatic accessions were present in

quadrant II. Accessions of the Intermediate type were spread

across all quadrants of the PCA, consistent with the maximum-

likelihood dendrogram in which they were present in all clusters

in even proportions (Figure 2A and 2B).

Next, we checked the distribution of the CC3 accessions on the

distance-based maximum-likelihood dendrogram and the

PCA of the original collection to assess their distribution in all

clusters and quadrants. CC3 showed balanced representation

(10.5%–25.7%) of all clusters of themaximum-likelihood dendro-

gram (Figure 3A and Supplemental Table 6). It contained 18.1%

of the accessions from subcluster CL Ia, 19.4% of the

accessions from subcluster CL Ib, 25% of the unclustered

accessions, 10.5% of the accessions from subcluster CL IIa,

18% of the accessions from subcluster CL IIb, and 25.7% of

the accessions from subcluster CL IIc (Figure 3A and

Supplemental Table 6). Similarly, accessions from all quadrants
Plant Commun
of the PCA were present in CC3 (Figure 3B). Thus, CC3 had

contained representative accessions from all clusters of the

maximum-likelihood dendrogram and all quadrants of the PCA,

capturing the maximum possible genotypic diversity.
Population Structure Analysis of the Original Collection
Using FastSTRUCTURE

Population structure analysis of the original 3004 rice accessions

was performed using the FastSTRUCTURE program (Raj et al.,

2014). The best clustering was observed at K = 7, and the

clusters obtained were named FSTR CL 1–7 (Figure 4A). FSTR

CL 1 consisted of 219 accessions and was mainly dominated

by aus/boro (179 accessions) and indica genotypes (28;

Supplemental Table 7); it showed congruence with CL Ib from

the maximum-likelihood analysis. FSTR CL 2 consisted of 522

accessions, with highest representation from the Tropical

japonica (310) and japonica groups (94); its accessions were

similar to those of CL IIa from the maximum-likelihood analysis.

Some indica (47), Temperate japonica (35), and Intermediate

(27) accessions were also found in FSTR CL 2. The smallest

cluster was FSTR CL 3, whose 90 accessions were dominated

by the Aromatic group (50), followed by the Intermediate group

(19); it showed congruence with CL IIc from the maximum-

likelihood analysis. The largest cluster was FSTR CL 4, which

contained 973 accessions and was dominated by the indica

group (885), with minor contributions from the Tropical japonica

(26), Intermediate (21), Temperate japonica (17), and aus/boro

(14) groups. FSTR CL 5 contained 372 accessions and was

dominated by the Temperate japonica group (248), with minor

contributions from the Tropical japonica (35), Intermediate (29),

indica (26), and japonica (25) groups; it was similar to CL IIb

from the maximum-likelihood analysis. FSTR CL 6 consisted of

323 accessions and was dominated by indica varieties (297),

and FSTR CL 7 consisted of 505 accessions with major contribu-

tions from indica (451) and Intermediate varieties (27). FSTR CLs

4, 6, and 7 together corresponded to CL Ia from the maximum-

likelihood dendrogram, suggesting that the CL Ia accessions

could be further divided into three subgroups. The numbers of ac-

cessions that constituted different clusters in the FastSTRUC-

TURE analysis are provided in Supplemental Table 7.

Next,we looked for admixedgenotypes inall groupsand found that

41% (1242) of the accessions were admixed in nature

(Supplemental Table 8). Among all the clusters, the 505

accessions of FSTR CL 7 contained more admixed individuals

(351) than pure individuals (154 accessions), followed by FSTR

CL 6 (145 admixed and 148 pure accessions; Supplemental

Table 8). Assessment of admixtures within varietal groups

revealed that the Intermediate category contained more

admixtures (94) than pure (41) accessions, whereas the indica

population had 821 admixed individuals (47%) out of 1743

accessions. Analysis of regional gene pools revealed that only the

European region had more admixed (65) than pure individuals

(53) (Supplemental Table 8). Distribution of the 520 CC3

accessions in different clusters of the FastSTRUCTURE analysis

(FSTR CL 1–7) was assessed to determine the representation of

individuals from each cluster in the mini-core collection. CC3

captured 50 (40 pure individuals with Q value >80%) of the 219

FSTR CL 1 accessions (Supplemental Table 9), 42 (23 pure

individuals) of the 522 FSTR CL 2 accessions, 24 (13 pure
ications 1, 100049, September 14 2020 ª 2020 The Author(s). 5



Figure 4. Population Structure Analysis of the Rice Accessions
from the Original Collection and the Mini-Core Panel.
(A) Population structure of the 3004 accessions from the original collec-

tion. Each sub-population is represented by a different color code

(FSTR CL1–FSTR CL7).

(B) Population structure of the 520 rice accessions from mini-core CC3.

Each sub-population is represented by a different color code (CC CL1–

CC CL7.) Each vertical bar represents a single rice accession.
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individuals) of the FSTRCL3accessions, 185 (109pure individuals)

of the973FSTRCL4accessions, 74 (37pure individuals) of the372

FSTRCL 5 accessions, 61 (28 pure individuals) of the 323 FSTRCL

6 accessions, and 84 (25 pure individuals) of the 505 FSTR CL 7

accessions (Supplemental Table 9). Thus, CC3 contained

representatives of both pure and admixed accessions from all

seven clusters of the population structure analysis derived from

the original collection of rice accessions. We were therefore able

to fulfil the initial objective of developing a mini-core collection

(CC3) that represented the maximum phenotypic, genotypic, vari-

etal, and geographic variability present in the original collection of

3004 rice accessions.
Assessment ofMini-Core CollectionCC3 for Its Utility as
an Association Panel

To avoid spuriousmarker–trait associations, an association panel

should contain nucleotide diversity (p) equivalent to that of a

larger panel, as well as low population structure and low kinship

among its members (Yu and Buckler, 2006; Zhu et al., 2008; Yang

et al., 2010; Nachimuthu et al., 2015). We therefore performed

nucleotide diversity, population structure, and kinship analyses

for the mini-core CC3 collection to assess its utility as an associ-

ation panel.

Nucleotide Diversity and Population Structure Analysis of

Mini-Core CC3

To determine whether mini-core C3 recapitulated the nucleotide

diversity of the original collection, we tested important genes
6 Plant Communications 1, 100049, September 14 2020 ª 2020 Th
known to be associated with various traits, including GW, cook-

ing quality, grain color, grain size, flowering time, and panicle

development. We found that the nucleotide diversity within these

important genes was comparable in both panels (Supplemental

Table 10). This result suggests that mini-core CC3, despite

being a smaller subset, captures the essential nucleotide

diversity of the larger panel. Next, the underlying population

structure of the 520 mini-core CC3 accessions was estimated

using FastSTRUCTURE, which grouped them into seven

clusters (K = 7) named CC CL1–CC CL7 (Figure 4B and

Supplemental Table 11). CC CL1 contained 73 accessions and

was dominated by the indica (57) and Intermediate (12) groups.

CC CL2 was the smallest of the clusters; it contained 23

accessions and was dominated by the Aromatic (9) and

Intermediate (8) groups. CC CL3 contained 49 accessions and

was dominated by aus/boro (41). CC CL4 contained 70

accessions and had representatives from the indica (58

accessions) and Intermediate (8) groups. CC CL5 contained 43

accessions from different varietal groups, including the Tropical

japonica (17), japonica (10), and Intermediate (8) groups.

CC CL6 was the largest cluster and contained 191 accessions

predominately from the indica (165) and Intermediate (11)

groups. CC CL7 contained 77 accessions mainly from the

Temperate japonica (36), Intermediate (14), and japonica (9)

groups. A detailed distribution of the accessions from different

varietal groups in the seven clusters of mini-core collection

CC3 is presented in Supplemental Table 11.

We found that 47% (245) of the accessions in the CC3 mini-core

collection were admixtures (Supplemental Table 12). CC CL1

contained 73 accessions and had more admixed individuals

(48) than pure individuals (25), followed by CC CL4 with 70

accessions (42 admixed and 28 pure individuals) (Supplemental

Table 12). Clusters CC CL2, 5, and 7 had approximately equal

numbers of pure and admixed accessions, whereas CC CL3

and CC CL6 had more pure individuals than admixed

individuals. Admixture assessment of the varietal groups in CC3

revealed that the Intermediate group had more admixtures (47)

than pure (14) individuals, followed by japonica with 12

admixed and 11 pure individuals. The indica group had 144

admixed genotypes (49%) out of 295 accessions, and the

Tropical japonica group had 13 admixed accessions out of 27

individuals. Analysis of rice accessions from different regional

gene pools in CC3 revealed that South East Asia (63 admixed

and 60 pure accessions), China (54 admixed and 47 pure

accessions), America (23 admixed and 15 pure accessions),

Europe (13 admixed and 6 pure accessions), and Oceania (3

admixed and 2 pure accessions) gene pools contained more

admixed individuals than pure individuals (Supplemental

Table 12). A detailed distribution of admixed and pure

accessions from the different groups present in CC3 is

provided in Supplemental Table 12. An increased number of

admixed individuals in the clusters derived from population

structuring (CC CL1–CC CL7), varietal, and

geographic identities confirms that CC3 contained more

unrelated individuals than the original collection and validates

its suitability as an association panel.

Kinship Analysis of Mini-Core CC3 Individuals

Kinship analysis between individuals from mini-core collection

CC3 was performed to estimate their co-ancestry. Seventy

percent of the possible pairs of CC3 accessions had kinship
e Author(s).



Figure 5. Kinship Analysis of the 520 Accessions from Mini-Core CC3.
(A) Histogram showing the kinship status of rice accessions from mini-core CC3.

(B) Kinship matrix showing the relatedness of rice accessions from mini-core CC3.
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values less than zero, whereas 25.4% of the accession pairs had

kinship values ranging between 0% and 0.25% (Figure 5).

Approximately 4.5% of the CC3 accession pairs showed

kinship values in the range of 0.25%–0.50%, and only 0.1% of

accession pairs had kinship values in the range of 0.5%–0.75%

(Figure 5). Thus, the kinship values for most CC3 accessions

exhibited an absence or a weak level of genetic relatedness,

fulfilling the primary requirement for utilization of the CC3 mini-

core collection as an association panel.
GWAS of Mini-Core Collection CC3

Because mini-core collection CC3 showed low population struc-

ture and low kinship values, we proceeded to study its utility for

GWAS in rice. GWAS was performed on 520 CC3 mini-core ac-

cessions using a compressed mixed linear model (MLM) with

2 081 521 SNPs (MAF >0.02) and 18 yield-related traits of agro-

nomic importance. Association between markers and traits was

considered to be significant atP< 13 10�8, with a false discovery

rate (FDR) adjusted P value of <0.05 and a correlation value (R2) of

R10%. Six of the 18 traits showed significant marker–trait asso-

ciations, namely endosperm type (ET), grain length (GL), GW,

panicle axis (PA), secondary branching (SB), and seed coat color

(SCC) (Table 1). In all, 5924 SNPs were found to be significantly

associated with the aforementioned six traits, explaining

between 10.4% and 61.6% of their phenotypic variation.

Three SNPs on chromosome 3 were significantly associated with

GL. The most significant SNP (G/T) associated with GL on chro-

mosome 3 was located at position 16 733 441. It had an FDR-

adjusted P value of 1.4 3 10�3 and explained 32.2% of the

phenotypic variation (Figure 6A and Table 1). This was

previously reported as GS3, a well-known QTL for GL (Fan

et al., 2006). Another important trait, GW, showed significant

association with 64 SNPs on chromosome 5. The most
Plant Commun
significant SNP (C/G) associated with GW on chromosome 5

was located at position 5 371 949, had an FDR-adjusted P

value of 2.8 3 10�4, and explained 34.2% of the phenotypic

variation (Figure 6B and Table 1). This SNP was associated with

the gene qSW5/GW5, which has a well-established correlation

with GW (Shomura et al., 2008). ET showed significant

associations with 3651 SNPs on chromosomes 2, 4, 6, 8, 11,

and 12. The most significant SNP (G/T) was located on

chromosome 6 at position 6 294 468, had an FDR-adjusted P

value of 1.2 3 10�8, and explained 29% of the phenotypic

variation (Figure 6C and Table 1). The other significant SNP (T/

G) associated with ET was located on chromosome 6 at

position 1 765 761, had an FDR-adjusted P value of 6.4 3 10�8,

and accounted for 25% of the phenotypic variation. This was

also previously reported by various researchers as the locus of

the Waxy gene (GAO, 2003; Tian et al., 2009; Huang et al.,

2010). Another SNP showing significant association with ET

was located on chromosome 2 at position 7 413 964 (C/G), had

an FDR-adjusted P value of 8.8 3 10�6, and explained 20.3%

of the phenotypic variation (Table 1). SCC was associated with

306 SNPs on chromosome 7. The most significant SNP (T/C)

was located at position 6 124 457, had an FDR-adjusted P value

of 4.5 3 10�8, and explained 61.6% of the phenotypic variation

(Figure 6D and Table 1). This SNP was associated with the Rc

gene described in a previous report as an important locus for

SCC (Sweeney et al., 2006). Another SNP (T/G) significantly

associated with SCC was located at position 6 660 825 on

chromosome 7, had an FDR-adjusted P value of 1.6 3 10�6,

and explained 59.7% of the phenotypic variation. SB was

associated with 1779 SNPs on chromosomes 2, 4, 6, 7, 9, and

11. The most significant SNP (C/T) associated with SB was

located on chromosome 2 at position 5 032 535, had an FDR-

adjusted P value of 6.43 10�7, and explained 32% of the pheno-

typic variation (Figure 6E and Table 1). Two SNPs significantly

associated with SB were identified on chromosome 4 at
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Trait Chr Position
Major
allele

Minor
allele

Minor allele
frequency

Nipp.
allele

FDR-
adjusted
P value

R2 value
(%)

Known
loci

*Grain length 3 16 733 441 G T 0.36 G 1.4 3 10�3 32.3 GS3

#Grain length 3 16 733 441 G T 0.36 G 3.4 3 10�43 43.5 GS3

*Grain width 5 5 371 949 C G 0.46 C 2.8 3 10�4 34.2 qSW5

#Grain width 5 5 371 686 C T 0.49 C 9.3 3 10�34 51.4 qSW5

*Endosperm type 6 1 765 761 T G 0.13 T 6.4 3 10�8 25 Waxy

#Endosperm type 6 1 731 808 G C 0.20 G 1.03 3

10�29
20.2 Waxy

*Endosperm type 6 6 294 468 G T 0.07 G 1.2 3 10�8 29

#Endosperm type 6 6 830 286 G A 0.21 G 3.4 3 10�8 15.6

$Endosperm type 2 7 413 964 C G 0.24 C 8.8 3 10�6 20.3

*Seed coat color 7 6 124 457 T C 0.456 T 4.5 3 10�8 61.6 Rc

#Seed coat color 7 6 133 394 G A 0.26 G 6.6 3 10�11 7.2 Rc

*Seed coat color 7 6 660 825 T G 0.454 T 1.6 3 10�6 59.7

#Seed coat color 7 6 656 052 T C 0.43 T 1.8 3 10�8 6.8

$Secondary

branching

2 5 032 535 C T 0.013 C 6.4 3 10�7 32

$Secondary

branching

4 2 521 459 A G 0.052 A 1.6 3 10�4 23.5

$Secondary

branching

4 12 427 420 G A 0.208 G 1.6 3 10�4 23.4

$Panicle axis 4 1 075 655 A C 0.013 A 3.7 3 10�4 24

$Panicle axis 6 28 676 456 G A 0.0078 G 3.7 3 10�4 23.1

$Panicle axis 10 14 829 875 C A 0.0078 C 3.7 3 10�4 23

Table 1. List of SNPs that Showed Significant Associations with Different Traits Identified in Mini-Core Collection CC3 and in the
Original Collection of 3004 Rice Accessions.
Nipp, Nipponbare, Chr, chromosome.

* and # represent the mini-core and original collection association markers, respectively. $ represents the association markers found exclusively in the

mini-core subset CC3.
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positions 2 521 459 (A/G) and 12 427 420 (G/A). They had an FDR-

adjusted P value of 1.6 3 10�4 and explained 23.5% and 23.4%

of the phenotypic variation, respectively. PA was associated with

121 SNPs on chromosomes 2, 4, 6, and 10. The most significant

SNP (A/C) was located on chromosome 4 at position 1 075 655,

had an FDR-adjusted P value of 3.7 3 10�4, and explained 24%

of the phenotypic variation (Supplemental Figure 1 and Table 1).

SNPs on chromosomes 6 and 10 at positions 28 676 456 (G/A)

and 14 829 875 (C/A) also showed an association with PA. They

had an FDR-adjusted P value of 3.7 3 10�4 and explained

23.1% and 23% of the phenotypic variation, respectively.

Next, we evaluated the utility of the mini-core collection for a trait

other than yield. Fortunately, salt-tolerance data are now available

for the original panel accessions. We therefore performed GWAS

for salt injury (EC18) using the 520 mini-core CC3 accessions

and identified seven SNPs that showed significant association

with salt tolerance. These SNPswere distributed on chromosomes

1, 5, 6, 8, 9, 11, and 12. Of the seven SNPs, five had previously re-

ported associations with salt-tolerance- or abiotic-stress-linked

QTLs (saltol, qSNC1, qClLV-8.1a, qSSISFH-8.1, qSSIGY5.1, and

qSSIGY6.2) (Pandit et al., 2010; Tiwari et al., 2016; Naveed et al.,

2018). The details of the SNPs associated with salt stress are
8 Plant Communications 1, 100049, September 14 2020 ª 2020 Th
provided in Supplemental Table 13. One recent study evaluated

the salinity tolerance of 191 Temperate japonica accessions from

the 3KRG panel and identified one overlapping QTL,

qPD18_11.1 & qSES18_11.1 (Batayeva et al., 2018). There were

24 accessions in common between this panel of 191 Temperate

japonica accessions and mini-core CC3 designed in the present

study (Supplemental Table 14). This result suggests that mini-

core CC3 is also suitable for studying other traits. The

identification of previously characterized QTLs for yield traits

confirms the utility and importance of mini-core CC3. A detailed

description of the SNPs that showed significant associations

with ET, GL, GW, PA, SB, and SCC in the CC3 GWAS analysis is

presented in Table 1.
GWAS Using the Original Panel of 3004 Accessions

To further validate the efficiency of the CC3 mini-core collection

in capturing the maximum number of marker–trait associations,

we performed GWAS analyses for the same yield traits using

the original collection of 3004 rice accessions covering

genome-wide SNPs. The number of SNPs was reduced due to

limitations onmatrix size in the R program. For the original collec-

tion, 1790 SNPs were significantly associated with different traits
e Author(s).



Figure 6. Genome-wide Mapping of SNPs Associated with Different Yield-Related Traits in Accessions from Mini-Core CC3.
Manhattan (left) andQ–Q (right) plots of compressedMLM for (A) grain length, (B) grain width, (C) endosperm type, (D) seed coat color, and (E) secondary

branching. Negative log10-transformed P values (y axis) from the compressed MLM are plotted against the positions of SNPs (x axis) on different

chromosomes. The green line in each figure represents the genome-wide cutoff for significant association. Red and blue lines in the Q–Q plot represent

the trajectory for the null hypothesis and the observed values, respectively.
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and explained from 5.6% to 51.4% of phenotypic variation.

Notably, four of the six traits (ET, GL, GW, and SCC) showed sig-

nificant marker–trait association. However, two traits, 100 grain

weight (HGW) and panicle threshability (PT), showed associa-

tions in the analysis of the original collection but were missing

in the analysis of the CC3 mini-core (Supplemental Table 15).

GL was associated with 325 SNPs on chromosomes 3 and 5.

The most significant SNP (G/T) associated with GL was located

on chromosome 3 at position 16 733 441, had an FDR-adjusted

P value of 3.4 3 10�43, and explained 43.5% of the phenotypic

variation (Supplemental Figure 2A and Supplemental Table 15).

Another SNP associated with GL was located on chromosome

5 (G/A) at position 5 361 894, had an FDR-adjusted P value of

1.03 3 10�9, and explained 38.8% of the phenotypic variation.

GW was associated with 737 SNPs on chromosome 5. Consis-

tent with the earlier studies, the most significant SNP on chromo-

some 5 (C/T) was located at position 5 371 686, had an FDR-

adjusted P value of 9.3 3 10�34, and explained 51.4% of the

phenotypic variation (Supplemental Figure 2B and

Supplemental Table 15). The second SNP (T/C) associated with

GW on chromosome 5 was located at position 28 019 687, had

an FDR-adjusted P value of 8.4 3 10�6, and explained 48% of

the phenotypic variation. HGW was significantly associated

with 54 SNPs on chromosomes 3 and 5. The most significant

SNP (G/T) was located on chromosome 3 at position

16 733 441, had an FDR-adjusted P value of 7.9 3 10�5, and ex-

plained 35.2% of the phenotypic variation. Another SNP (T/C)

was present on chromosome 5 at position 5 375 201, had an

FDR-adjusted P value of 7.9 3 10�5, and explained 35.2% of

the phenotypic variation (Supplemental Figure 2C and

Supplemental Table 15). ET was associated with 503 SNPs on

chromosome 6. The most significant SNP (G/C) was located at

position 1 731 808, had an FDR-adjusted P value of 1.03 3

10�29, and explained 20.2% of the phenotypic variation

(Supplemental Figure 2D). The next significant SNP (G/A) was

identified at position 6 830 286, had an FDR-adjusted P value

of 3.4 3 10�8, and explained 15.6% of the phenotypic variation.

Several SNPs significantly associated with SCC were identified

on chromosomes 2 and 7. The most significant SNP was

located on chromosome 7 (G/A) at position 6 133 394, had an

FDR-adjusted P value of 6.6 3 10�11, and explained 7.2% of

the phenotypic variation (Supplemental Figure 2E). Three

additional SNPs were associated with SCC: SNP (G/T,

6 417 000) and SNP (T/C, 6 656 052) on chromosome 7 and

SNP (A/G, 32 431 463) on chromosome 2. These three

associations explained between 5.6% and 7.1% of the

phenotypic variation. One SNP (C/T) on chromosome 2 showed

a significant association with PT; it had an FDR-adjusted P

value of 6.8 3 10�3 and explained 16.4% of the phenotypic

variation (Supplemental Figure 2F). A detailed distribution of the

SNPs associated with traits such as ET, GL, GW, HGW, PT,

and SCC in the original panel of 3004 accessions is provided in

Supplemental Table 15.
Linkage Disequilibrium and Haplotype Analysis

To gain further insight into some of the less well-characterized

marker–trait associations identified in the CC3 panel, we stud-

ied the associated SNPs for LD pattern and haplotype block for-

mation using their flanking nucleotides. In the case of trait SB,

100 SNPs flanking the most significantly associated SNP (A/G,
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2 521 459) on chromosome 4 were used, and an LD block con-

taining the associated SNP was identified. The formulated block

showed strong LD in a span of 2 kb that contained seven neigh-

boring SNPs, including the A/G at 2 521 459 (Figure 7A).

Haplotype analysis of this block revealed that the PSB_H1

(ATCAGGT) haplotype had the highest frequency (f = 0.45).

Distribution of haplotypes between light and dense panicle

secondary branching revealed that all but the H4 haplotype

had significant associations with light-level branching

(Figure 7A). By contrast, the H4 haplotype showed an

inclination toward a dense branching trait. One recent study

has demonstrated the association of elevated haplotype

diversity in SHORT PANICLE 1 (SP1) with phenotype in the

japonica rice group (Jang et al., 2018). Similarly, a GL-

associated SNP (G/T, 16 733 441) on chromosome 3 was also

analyzed for haplotype mining. LD analysis was performed to

identify a block that contained the associated SNP. This block

showed strong LD within a span of 1 kb that contained three

neighboring SNPs, including the associated one (Figure 7B).

Haplotype analysis of this block revealed that the GL_H1

(TTG) haplotype had the highest frequency (f = 0.631) of all the

haplotypes (GL_H2; TTT = 0.315, GL_H3; TCG = 0.034,

GL_H4; CCG = 0.013). Distribution of these haplotypes

between long- and short-grain accessions revealed that

GL_H2, in addition to being the second most frequent haplo-

type, was also maximally associated with long grains, with an

average of 9.33 mm GL. Similarly, haplotypes GL_H1 and

GL_H3 were linked to intermediate GL, with mean values of

8.2 and 7.9 mm, respectively (Figure 7B). On the other hand,

the H4 haplotype showed an inclination toward the short-grain

trait, with the lowest mean GL of 4.8 mm. This haplotyping

observation was similar to that of a previous study that

dissected the separate clustering of grain-length haplotypes

for varying size and different rice groups (Singh et al., 2017).
Concluding Remarks

Despite tremendous efforts, the resolution of QTLs responsible

for yield-related traits and their causative genes has remained

limited due to their complex, multifactorial nature. QTL mapping

using a diverse panel and GWAS analysis have been proven to

be effective tools for understanding the genetic basis of any trait.

For GWAS analysis, estimation of the underlying population

structure of the panel under consideration is important and helps

to avoid spurious associations between phenotypes and geno-

types (Pritchard and Rosenberg, 1999; Pritchard et al., 2000;

Pritchard and Donnelly, 2001). Most earlier studies in rice have

considered a particular population (Huang et al., 2010; Lu et al.,

2015) that may have had a high level of structure and kinship

affecting the GWAS analysis and resulting in spurious marker–

trait associations. This study represents the first time that a

large set of diversified rice germplasms (3004) was used,

providing complete coverage of the global rice gene pool. The

mini-core was developed using more than 2 million genome-

wide SNPs, 18 different phenotypes, and 89 country locations.

The mini-core accounted for 17.3% of the original

collection and captured the maximum SNP polymorphism. All

the original phenotypes and geographic regions were repre-

sented in the mini-core. The mini-core showed nucleotide diver-

sity equivalent to that of the original panel, as well as low popula-

tion structure and low or no kinship among individuals, thereby
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Figure 7. Linkage Disequilibrium and Haplo-
type Analysis.
(A) Depiction of strong linkage disequilibrium (LD)

on chromosome 4 and the haplotype block con-

taining the GWAS-identified SNP for panicle sec-

ondary branching (PSB). The table shows the dis-

tribution of various haplotypes for the PSB trait in

the mini-core CC3 population.

(B) Depiction of strong LD on chromosome 3 and

the haplotype block containing the GWAS-

identified SNP for grain length (GL). The table

shows the distribution of various haplotypes for the

GL trait in the mini-core CC3 population. The

GWAS-identified SNP ID is highlighted in blue. The

SNP ID in black bold format depicts the block

comprising SNP. F. S denotes the block flanking

SNP. Red blocks, D0 (normalized LD measure or D)

%1.0, with logarithm of odds (LOD) score R2.0;

white blocks, D0 < 1.0 with LOD < 2.0; blue blocks,

D0 = 1.0 with LOD < 2.0. Numbers in blocks denote

D0 values. The genomic organization is described

above the LD plot. LOD was defined as log10(L1/

L0), where L1 = likelihood of the data under LD, and

L0 = likelihood of the data under linkage equilibrium.
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avoiding spurious marker–trait associations. Furthermore, an in-

crease in the number of admixed individuals in different clusters

of the CC3 structure analysis showed that the panel was unstruc-

tured and diverse in nature, appropriate for use in association

analysis.

On the utility front, GWAS with the mini-core panel identified

various novel marker–trait associations and validated earlier

reported associations. This analysis also provided a tool for

comparison between the CC3 mini-core and the original

collection. We were able to show that CC3 captured the asso-

ciations prevalent in the original collection and was therefore a

representative subset. In conclusion, we were able to generate

and validate mini-core CC3 as a robust, diversified, non-

redundant, and manageable association panel that efficiently

mirrored the large collection of 3004 diverse rice accessions.

We suggest that this relatively small subset can be used effec-

tively for efficient agronomic trait evaluation, which in turn will

be useful for marker-assisted breeding programs for rice crop

improvement.
METHODS

Genotypic and Phenotypic Data of the Rice Germplasm
Collection

We used SNP data from 3004 rice accessions (hereafter referred to as the

original collection) and phenotypic data for 18 yield-related traits (DEH,
Plant Communications 1, 100049, S
HGW, ET, DFF, GL, GW, leaf senescence, PA, PL,

panicle shattering, PT, SB, SCC, SH, spikelet

fertility, culm length, culm number, and culm diam-

eter) to develop mini-core collections and perform

association analyses. The 3000 Rice Genome Proj-

ect (3K RGP) data for 18.9 million polymorphic

SNPs and associated phenotypic data were

retrieved from the SNP-Seek database (http://

snp-seek.irri.org) (Alexandrov et al., 2015;

Mansueto et al., 2017). In addition, we performed
whole-genome sequencing of four Indian accessions (LGR, PB-1121, So-

nasal, and Bindli) at a depth of 453 and collected phenotypic data for the

aforementioned traits during the 2016 and 2017 growing seasons. The

original collection of rice accessions came from 89 countries and repre-

sented all the regional pools and varieties of rice grown throughout the

world.

Isolation of Genomic DNA, Genome Sequencing, and SNP
Calling

The four Indian rice accessions (long grain: LGR [LG] and PB 1121 [PB];

short grain: Sonasal [SN] and Bindli [BN]) were grown in a research field

at the National Institute of Plant Genome Research in 2016. Ten-day-old

rice seedlings were used for the isolation of genomic DNA with the Sigma

GenElute Plant genomic DNA kit. The integrity of the genomic DNA was

analyzed using a 2100 Bioanalyzer (Agilent Technologies, Singapore).

Samples for sequencing were prepared using the Illumina TruSeq DNA

sample preparation kit (Illumina, USA). Sequencing was performed with

90-bp paired-end chemistry on an Illumina HiSeq 2000 instrument.

Raw reads were quality-checked, and low-quality bases (Phred score <

Q30) were removed. The filtered reads were then mapped to the rice Nip-

ponbare reference genome (IRGSP-1.0 pseudomolecule/MSU7) using the

BWA program with the –q20 setting. The Picard program was used to re-

move duplicate reads.

Variant calling of SNPs and InDels was performed using theGenome Anal-

ysis TKLite-2.3-9 Unified Genotyper (GATK) (McKenna et al., 2010). SNPs

and InDels with a polymorphism call rate of <90% were eliminated. After

calling, total variants were stringently filtered based on a read depth
eptember 14 2020 ª 2020 The Author(s). 11
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threshold of R10 and a quality score threshold of R30 to eliminate low-

quality variants; only good-quality variants were retained for subsequent

analysis. All SNPs consecutive and adjacent to indels were also elimi-

nated. The Ensembl Plants database was used to obtain gene models

for annotation. All identified SNPs and IndDels were annotated using

customized VariMAT (SciGenome, India).

Development of the Mini-core Collections

The program Core Hunter 3 (De Beukelaer et al., 2018) was used to

develop independent mini-core collections based on phenotypic and

genotypic data. More than 2 million genome-wide SNPs and 18 pheno-

typic traits for 3004 rice accessions were used. A cutoff value of 10% of

the initial collection was used to design the mini-core collections in Core

Hunter 3 with default parameters. The mini-cores were also assessed

for coverage of the entire range of all quantitative traits with reference to

the initial collection. The diversity captured in the mini-core collections

relative to the initial collection was assessed using multiple evaluation

indices, such as Shannon’s diversity index H, Nei’s gene diversity I, MD

%, VD%, VR%, and CR% (Hu et al., 2000). The Pearson correlation

coefficient (r) was used to determine correlations between different

quantitative traits using PAST version 3.10 (Hammer et al., 2001).

Phylogenetic and Population Structure Analysis

The SNP data were used to construct a distance-based dendrogram

with the maximum-likelihood method in the SNPhylo program (Lee

et al., 2014). Principal component analysis was performed to estimate

the overall relationships among accessions. Bayesian analysis of the

population structure was performed using FastSTRUCTURE (Raj et al.,

2014), which estimated the optimal K value for the dataset. Pairwise

kinship coefficients were estimated using SPAGeDi (Hardy and

Vekemans, 2002). To estimate the proportion of ancestral contribution

for each accession, we followed the admixture model. The analysis

was performed independent of the geographic and varietal origin of

the accessions. Accessions with a Q value (membership proportion)

R80% were considered to be pure and assigned to a particular

cluster, whereas accessions with Q < 80% were considered to be

admixtures.

Genome-wide Association Studies

All GWAS analyses were performed using GAPIT (Lipka et al., 2012) based

on a compressed MLM for 18 rice agronomic traits. For the original panel

(3004 accessions) and the CC3 mini-core (520 accessions), 520 381 and

2 081 521 SNP markers were used, respectively. Due to a computational

bottleneck in the R program, SNPs (520 381) for the original panel

association study were filtered from 2 081 521 by selecting every fourth

SNP. The phenotyping data for 18 traits in 2266 rice accessions were

obtained from the SNP-Seek-II repository (http://snp-seek.irri.org)

(Alexandrov et al., 2015; Mansueto et al., 2017). Phenotyping of the four

Indian accessions was performed at two different locations (New Delhi

and Chennai) in two consecutive years (2016 and 2017). The SNP data

(filtered with a minor allele frequency of >0.02) and various phenotypic

data for 3004 rice accessions (including the four accessions sequenced

in the current study) were combined with their relative kinship matrix (K)

and PCA information using a P3D/compressed MLM as described

elsewhere (Lipka et al., 2012; Upadhyaya et al., 2015). The inflation

factor (l) and test statistics were evaluated using a quantile–quantile (Q–

Q) plot. An FDR-corrected P value threshold of 0.05 was used for the

analysis. The 100-kb genomic region (based on accepted LD decay in

different rice populations) on both sides of the most significantly

associated SNP was identified as the QTL region (McNally et al., 2009).

LD and Haplotype Analyses

Haplotypes were generated from the genotype data. The LD and haplo-

type analyses were performed using Haploview 4.2 (Barrett et al., 2005)

with default parameters (MAF < 0.001), the Hardy–Weinberg equilibrium

test (<0.001), and the percent genotype test (cutoff value = 75%). The
12 Plant Communications 1, 100049, September 14 2020 ª 2020 Th
four-gamete-rule method was employed to identify the more refined

genomic block that contained the associated SNPs.
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Supplemental Figure 1: Genome-wide mapping of SNPs associated with panicle axis trait 

among accessions within mini-core CC3. Manhattan (left) and QQ (right) plots of compressed 

MLM GWAS. Negative log10-transformed P values (y axis) values from the compressed mixed linear 

model are plotted against position of SNPs (x axis) on different chromosomes. Green line in figure 

represents the genome-wide cut-off for significant association. Red and blue line in QQ plot represent 

trajectory for null hypothesis and observed values, respectively. 
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Supplemental Figure 2: Genome-wide mapping of SNPs associated with different yield-related 

traits among accessions within original collection. Manhattan (left) and QQ (right) plots of 

compressed MLM for (A) Grain length. (B) Grain width. (C) Hundred grain weight. (D) Endosperm 

type. (E) Seed coat color. (F) Panicle thresability. Negative log10-transformed P values (y axis) values 

from the compressed mixed linear model are plotted against position of SNPs (x axis) on different 

chromosomes. Green line in each figure represents the genome-wide cut-off for significant 

association. Red and blue line in QQ plot represent trajectory for null hypothesis and observed values, 

respectively. 
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Supplemental Table 1: Range of quantitative traits in original collection and different core 

collections. 
 

 

 

Highlighted traits were not picked up for their complete range in any mini-core collection (CC1, CC2 and CC3). 

Seventeen accessions were included in CC3 (503+17 = 520 accessions) to cover the entire range for all the traits 

with respect to original collection. 

 

 

Supplemental Table 2: Assessment of mini-core collections for various evaluation indices 

using phenotypic data. 
 

Core 

collection 
MD% VD% VR% CR% H I 

CC1  

(231 acc) 
4.08 39.77 86 92 2.25 0.79 

CC2  

(300 acc) 
2.8 19.78 107.68 91.1 1.98 0.77 

CC3  

(520 acc) 
2.9 18.9 109.3 96.2 2.17 0.79 

 

MD% (Mean difference percentage), VD% variance difference percentage, VR % (Variable rate of coefficient 

of variance), CR% (coincidence rate of range), H (Shannon diversity index), I (Nei’s diversity index) 

 

Traits 

Original 

collection  

(3004 acc) 

CC1 

(231acc) 

CC2  

(300 acc) 

Merged  

CC1 &CC2  

(503 acc) 

CC3 (503 + 

17 = 520 acc) 

 Max Min Max Min Max Min Max Min Max Min 

Days to 80% 

flowering 
184 50 175 50 175 52 175 50 184 50 

100 GW (gm) 5 0.98 4.6 0.98 4.6 0.98 4.6 0.98 5 0.98 

Days to 1st flowering 182 45 171 46 171 45 171 45 182 45 

Grain length (mm) 12.7 4.4 12.7 4.4 12.4 4.4 12.7 4.4 12.7 4.4 

Grain width (mm) 4.4 1.5 4.1 1.7 4.3 2.1 4.4 1.7 4.4 1.5 

Panicle length (cm) 37 13 36 13 36 13 36 13 37 13 

Seed coat color 99 10 88 10 99 10 99 10 99 10 

Seedling height (cm) 74 12 71 16 74 13 74 13 74 12 

Culm length (cm) 204 27 204 35 181 27 204 27 204 27 

Culm number 40 5 40 6 33 5 40 5 40 5 

Culm diameter (mm) 9.1 2 9.1 2 7.7 3 9.1 2 9.1 2 
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Supplemental Table 3: Distribution of accessions from different varietal groups in different 

mini-core collections to check representation from original collection. 

 

Core/varietal  

group 
indica 

Tropical 

japonica 

Temperate 

japonica 
japonica aus/boro Intermediate 

Aromatic 

(Basmati) 

Original 

collection  

(3004 acc) 

1743 388 320 132 215 135 71 

CC1 (231 acc) 
129 

(7.4%) 

15  

(3.8%) 

38  

(11.9%) 

14 

(10.6%) 

11  

(5.1%) 

19  

(14%) 

5  

(7%) 

CC2 (300 acc) 
171 

(9.8%) 

10  

(2.5%) 

8  

(2.5%) 

12 

(9.1%) 

42 

(19.5%) 

45  

(33.3%) 

12  

(16.9%) 

CC3 (520 acc) 
295 

(16.9%) 

27  

(6.9%) 

44  

(13.4%) 

23 

(17.4%) 

55 

(25.6%) 

61  

(44.4%) 

15  

(21%) 

 

 

 

 

 

 

Supplemental Table 4: Distribution of accessions from different regional gene pools in 

different mini-core collections to check representation from original collection. 

 

Core/ 

Regions 

South-

Asia 

South 

East-

Asia 

China Africa America Europe 
East 

Asia 
Oceania Unknown 

Original 

collection  

(3004 acc) 

787 1016 482 252 166 118 132 17 34 

CC1  

(231 acc) 

55 

(6.9%) 

52 

(5.1%) 

52 

(10.8%) 

15 

(5.9%) 

17 

(10.2%) 

18 

(15.2%) 

15 

(11.4%) 

4 

(23.5%) 

3  

(8.8%) 

CC2  

(300 acc) 

122 

(15.5%) 

70 

(6.9%) 

55 

(11.4%) 

23 

(9.1%) 

13 

(7.8%) 
2 (1%) 8 (6%) 1 (5.9%) 

6  

(17.4%) 

CC3  

(520 acc) 

176 

(22.4%) 

123 

(12%) 

101 

(20.95%) 

38 

(15%) 

28 

(16.9%) 

19 

(16.1%) 

21 

(15.9%) 

5 

(29.4%) 

9  

(25.5%) 
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Supplemental Table 5: Distribution of 3004 accessions of original rice collection in different 

clusters of maximum likelihood dendrogram (based on different varietal group). 

Cluster/varietal 

group 
indica japonica 

Tropical 

japonica 

Temperate 

japonica 
aus/boro Intermediate 

Aromatic 

(Basmati) 

Cluster Ia 

(1771 acc) 

1641 

(92.6%) 
7 27 30 30 26 10 

Cluster Ib   

(216 acc) 
25 1 2 7 

172 

(72.6%) 
5 4 

Cluster IIa  

(519 acc) 
35 

80 

(15.4%) 

329 

(63.3%) 
31 4 35 5 

Cluster IIb  

(358 acc) 
18 36 22 

250   

(69.8%) 
6 25 1 

Cluster IIc     

(97 acc) 
9 5 6 1 3 

23            

(23.7%) 

50                

(51.5%) 

Un-clustered 

accessions 

(43 acc) 

15 

(34.8%) 
3 2 1 0 

21              

(48.8%) 
1 

 

 

 

 

Supplemental Table 6: Distribution of CC3 accessions (520) in different clusters of 

maximum-likelihood dendrogram of original collection of rice (3004 accessions). 

Accession distribution in cluster of maximum-

likelihood dendrogram of original collection 

(3004 accessions) 

Distribution of accession from different 

clusters of maximum-likelihood dendrogram 

captured in CC3 (520 accessions) 

Cluster Ia - 1771 accessions Cluster Ia - 322 accessions (18.1%) 

Cluster Ib - 216 accessions Cluster Ib - 42 accessions (19.4%) 

Cluster IIa - 519 accessions Cluster IIa - 55 accessions (10.5%) 

Cluster IIb - 358 accessions Cluster IIb - 65 accessions (18%) 

Cluster IIc - 97 accessions Cluster IIc - 25 accessions (25.7%) 

Un-clustered group - 43 accessions Un-clustered group - 11 accessions (25%) 
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Supplemental Table 7: Distribution of different varietal group of original collection (3004 

accessions) in different clusters of FastSTRUCTURE analysis. 

Varietal 

group/ 

Cluster 

FSTR CL1 

(219 acc) 

FSTR CL2                            

(522 acc) 

FSTR CL3 

(90 acc) 

FSTR CL4 

(973 acc) 

FSTR CL5 

(372 acc) 

FSTR CL6 

(323 acc) 

FSTR CL7 

(505 acc) 

indica 

(1743 acc) 
28 47 9 885 (91%) 26 297 (92%) 

451 

(89.3%) 

japonica 

(132 acc) 
1 94 (18%) 4 5 25 0 3 

Temperate 

japonica 

(320 acc) 

4 35 1 17 
248 

(66.6%) 
6 9 

Tropical 

japonica 

(388 acc) 

1 
310 

(59.3%) 
2 26 35 5 9 

aus/boro 

(215 acc) 

179 

(81.7%) 
3 5 14 5 4 5 

Intermediate  

(135 acc) 
3 27 19 (21.1%) 21 29 9 27 

Aromatic 

(Basmati)  

(71 acc) 

3 6 50 (55.5%) 5 4 2 1 
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Supplemental Table 8: Analysis of original collection (3004 accessions) for admixtures 

through population structure using FastSTRUCTURE. 

 

Pure accessions (1762 acc) Admixtures (1242 acc) 

Structure analysis (K=7) Structure analysis (K=7) 

FSTR CL 1 189 FSTR CL 1 30 

FSTR CL 2 330 FSTR CL 2 192 

FSTR CL 3 64 FSTR CL 3 26 

FSTR CL 4 591 FSTR CL 4 382 

FSTR CL 5 256 FSTR CL 5 116 

FSTR CL 6 148 FSTR CL 6 145 

FSTR CL 7 154 FSTR CL 7 351 

Varietal group (K=7) Varietal group (K=7) 

indica 922 indica 821 

japonica 90 japonica 42 

Temperate japonica 234 Temperate japonica 86 

Tropical japonica 236 Tropical japonica 152 

aus/ boro 186 aus/ boro 29 

Aromatic (Basmati) 53 Aromatic (Basmati) 18 

Intermediate 41 Intermediate 94 

Region wise (K=7) Region wise (K=7) 

South Asia 497 South Asia 290 

South East Asia 567 South East Asia 449 

China 275 China 207 

Africa 166 Africa 86 

America 87 America 79 

Europe 53 Europe 65 

East Asia 89 East Asia 43 

Oceania 9 Oceania 8 

Unknown 19 Unknown 15 

Accessions with ≥ 80% genome similarity were considered as pure while accessions with ˂ 80% shared genome 

were termed as admixtures. Accessions highlighted in red have around equal or more number of admixtures than 

pure accessions. 
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Supplemental Table 9: Distribution of CC3 accessions (520 accessions) in 

FastSTRUCTURE derived clusters of original collection of (3004 rice accessions). 

FastStructure 

Clusters 

Accessions 

from 

original 

collection 

Accessions 

of original 

collection 

with                   

Q value > 

80% (Pure) 

Accessions of 

original 

collection 

with                                              

Q value < 

80%                          

(Admixtures) 

Accessions 

picked 

from 

original 

collection 

in CC3 

mini-core 

Accessions 

of CC3 

with Q 

value > 

80% 

(Pure) 

Accessions 

of CC3 with 

Q value < 

80% 

(Admixture) 

FSTR CL 1 219 189 30 50 40 10 

FSTR CL 2 522 330 192 42 23 19 

FSTR CL 3 90 64 26 24 13 11 

FSTR CL 4 973 591 382 185 109 76 

FSTR CL 5 372 256 116 74 37 37 

FSTR CL 6 323 148 145 61 28 33 

FSTR CL 7 505 154 351 84 25 59 

Accessions with ≥ 80% genome similarity were considered as pure while accessions with ˂ 80% shared genome 

were termed as admixtures. Accessions highlighted in red have around equal or more number of admixtures than 

pure accessions. 

 

 

 

 

 

 

Supplemental Table 10: Assessment of nucleotide diversity of important agronomic genes 

across original and mini-core panel. 

Gene (+/- 1.5 Kb) MSU Id Trait regulation Mean Pi value  

(Original collection) 

Mean Pi value 

(mini-core, CC3) 

GW5 LOC_Os05g09520 Grain width 0.30 0.28 

Waxy LOC_Os06g04200 Grain cooking 

quality 

0.43 0.43 

Rc LOC_Os07g11020 Grain color 0.44 0.45 

OsSPL13/GLW7 LOC_Os07g32170 Grain length 0.31 0.30 

OsFIE1 LOC_Os08g04290 Grain size 0.24 0.23 

GIF1 LOC_Os04g33740 Grain filling 0.41 0.40 

Hd1 LOC_Os06g19444 Flowering time 0.40 0.40 

Ehd1 LOC_Os10g32600 Flowering time 0.33 0.34 

Ghd7 LOC_Os07g15770 Flowering time & 

Grain number 

0.44 0.42 

RFT1 LOC_Os06g06300 Flowering time 0.48 0.47 

LAX1 LOC_Os01g61480 Panicle development 0.45 0.42 

SP1 LOC_Os11g12740 Panicle development 0.27 0.27 
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Supplemental Table 11: Distribution of CC3 accessions (520 accessions) based on varietal 

groups in different clusters of FastSTRUCTURE analysis (K=7). Numbers in parentheses 

represents accessions. 

Cluster/ 

Varietal 

group 

indica               

(295) 

Tropical 

japonica 

(27) 

Temperate 

japonica 

(44) 

Japonica 

(23) 

aus/boro 

(55) 

Intermediate 

(61) 

Aromatic 

(Basmati) 

(15) 

CC CL1 

(73 acc) 
57 0 1 1 1 12 1 

CC CL2 

(23 acc) 
1 0 0 0 5 8 9 

CC CL3 

(49 acc) 
6 0 1 1 41 0 0 

CC CL4 

(70 acc) 
58 1 0 0 3 8 0 

CC CL5 

(43 acc) 
3 17 4 10 0 8 1 

CC CL6 

(191 acc) 
165 5 2 2 4 11 2 

CC CL7 

(71 acc) 
5 4 36 9 1 14 2 
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Supplemental Table 12: Analysis of CC3 (520 accessions) for admixtures through 

population structure using FastSTRUCTURE. 

Pure accessions (275 accessions) Admixtures (245 accessions) 

Structure analysis (K=7) Structure analysis (K=7) 

CC CL1 25 CC CL1 48 

CC CL2 13 CC CL2 10 

CC CL3 40 CC CL3 9 

CC CL4 28 CC CL4 42 

CC CL5 23 CC CL5 20 

CC CL6 109 CC CL6 82 

CC CL7 37 CC CL7 34 

Varietal group (K=7) Varietal group (K=7) 

indica 151 indica 144 

japonica 11 japonica 12 

Temperate japonica 29 Temperate japonica 15 

Tropical japonica 14 Tropical japonica 13 

aus/ boro 45 aus/ boro 10 

Aromatic (Basmati) 11 Aromatic (Basmati) 4 

Intermediate 14 Intermediate 47 

Region wise (K=7) Region wise (K=7) 

South Asia 106 South Asia 70 

South East Asia 60 South East Asia 63 

China 47 China 54 

Africa 23 Africa 15 

America 15 America 23 

Europe 6 Europe 13 

East Asia 11 East Asia 10 

Oceania 2 Oceania 3 

Unknown 5 Unknown 4 

Accessions with ≥ 80% genome similarity were considered as pure while accessions with ˂ 80% shared genome 

were termed as admixtures. Accessions highlighted in red have equal or more number of admixtures than pure 

accessions. 
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Supplemental Table 13: Association analysis using 520 accessions of mini-core (CC3) for 

salt Injury (EC18) trait. 

 

 

 

Supplemental Table 14: List of common accessions between mini-core (520) and  temperate 

japonica (191) panel. 

 

 

 

 

 

 

 

 

 

 

Chr Position 
Major 

allele 

Minor 

allele 
MAF 

Nipponbare 

allele 

p-value FDR 

adjusted 

Allele 

effect 

Known 

QTL (Ref) 

11 21158097 G A 0.17 G 1.5 X 10-5 0.5 
qPD18_11.1 & qSES18_11.1 

(Batayeva et al., 2018) 

8 9199572 C T 0.04 C 5.3 X 10-5 -0.98 

qClLV-8.1a & 

qSSISFH-8.1 

(Pandit et al., 2010) 

1 18708590 C T 0.37 C 4.4 X 10-4 -0.25 

Saltol or qSNC1 

(Naveed et al., 2018; Rohila et al., 

2019) 

5 21472511 T A 0.03 T 7.2 X 10-4 0.78 
qSSIGY5.1 

(Tiwari et al., 2016) 

6 11673230 C A 0.02 C 0.017 0.53 
qSSIGY6.2 

(Tiwari et al., 2016) 

12 1395155 A G 0.02 A 0.033 0.84 
 

9 16614202 G A 0.035 G 0.04 0.81 
 

S. No IRIS ID S. No IRIS ID 

1 IRIS_313-8099 13 IRIS_313-8387 

2 IRIS_313-8125 14 IRIS_313-8399 

3 IRIS_313-8127 15 IRIS_313-8665 

4 IRIS_313-8137 16 IRIS_313-8690 

5 IRIS_313-8140 17 IRIS_313-9002 

6 IRIS_313-8141 18 IRIS_313-9410 

7 IRIS_313-8145 19 IRIS_313-9463 

8 IRIS_313-8155 20 IRIS_313-9468 

9 IRIS_313-8162 21 IRIS_313-9523 

10 IRIS_313-8168 22 IRIS_313-9769 

11 IRIS_313-8200 23 IRIS_313-10437 

12 IRIS_313-8208 24 IRIS_313-11153 
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Supplemental Table 15: List of SNPs showing significant association with different traits in 

3004 rice accessions of original collection. 

Trait Chr Position 
Major 

allele 

Minor 

allele 

Minor allele 

frequency 

Nipp.

allele 

P-value 

FDR 

adjusted 

R2 

value 

(%) 

Known  

loci 

Grain length 3 16733441 G T 0.36 G 3.4 X 10-43 43.5 GS3 

Grain length 5 5361894 G A 0.36 G 3.4 X 10-9 38.8 qSW5 

Grain width 5 5371686 C T 0.49 C 9.3 X 10-34 51.4 qSW5 

Grain width 5 28019687 T C 0.10 T 8.4 X 10-6 48  

Hundred Grain weight 3 16733441 G T 0.36 G 7.9 X 10-5 35.2 GS3 

Hundred Grain weight 5 5375201 T C 0.48 T 7.9 X 10-5 35.2 qSW5 

Endosperm type 6 1731808 G C 0.20 G 1.03 X 10-29 20.2 waxy 

Endosperm type 6 6830286 G A 0.21 G 3.4 X 10-8 15.6  

Seed coat color 7 6133394 G A 0.26 G 6.6 X 10-11 7.2 Rc 

Seed coat color 7 6417000 G T 0.32 G 1.7 X 10-10 7.1  

Seed coat color 7 6656052 T C 0.43 T 1.8 X 10-8 6.8  

Seed coat color 2 32431463 A G 0.27 A 3.7 X 10-5 5.6  

Panicle thresability 2 21739453 C T 0.23 C 6.8 X 10-3 16.4  

 Nipp; Nipponbare, Chr; Chromosome 
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