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Abstract: In the current study, we used a linkage mapping—Genome-Wide Association Study
(GWAS) joint strategy to investigate quantitative trait loci (QTLs) governing rice grain shape and
weight in a doubled haploid (DH) population, using Kompetitive Allele-Specific PCR (KASP)
markers. Results revealed the co-detection of the QTLs, gGLE-12-1 and gGLE-12-2 (Chromosome 12),
gGTE-3-1 (Chromosome 3), and qGWL-5-1 and gLWRL-5-1 (Chromosome 5), associated with
grain length, width, and length-width ratio, by both linkage mapping and GWAS. In addition,
gqGLL-7-1 (logarithm of the odds (LOD): 18.0, late-transplanted rice) and qGLE-3-1 (LOD: 8.1,
early-transplanted rice), and gLWRL-7-1 (LOD: 34.5), detected only by linkage mapping, recorded a
high phenotypic variation explained (PVE) of 32.5%, 19.3%, and 37.7% for grain length, and grain
length-width ratio, respectively, contributed by the allele from 93-11. Meanwhile, gGWL-5-1
(LOD: 17.2) recorded a high PVE (31.7%) for grain width, and the allele from Milyang352 contributed
to the observed phenotypic variation. Furthermore, gGTL-5-1 (LOD: 21.9) had a high PVE (23.3%)
for grain thickness. Similarly, gTGWE-5-1 (LOD: 8.6) showed a high contribution to the PVE for
grain weight (23.4%). Moreover, QTLs, gGW-5-1, gGT-5-1, gLWR-5-1, and gTGW-5-1 coincided on
chromosome 5, flanked with KJ05_17 and KJ05_13 markers. Therefore, these QTLs are suggested
to govern rice grain shape and weight. Additionally, the identified candidate genes could play
active roles in the regulation of rice grain shape and weight, regarding their predicted functions,
and similarity with previously reported genes. Downstream breeding and functional studies are
required to elucidate the roles of these candidate genes in the regulation of grain shape and weight
in rice.

Keywords: grain shape; grain weight; quantitative trait loci; KASP marker; doubled haploid; rice

1. Introduction

For several decades, many plant breeding programs have been essentially oriented towards the
development of rice varieties with high yielding potential and improved productivity [1-3]. The interest
in developing high yielding rice varieties has been sustained by the rapid increase in population
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worldwide, which is projected to reach about 9.8 billion people by 2050 [4]. In recent years, the trend
in plant breeding has exhibited an emerging interest in the quality of grains, coupled with productivity,
as part of the diversification process to meet the increasing food demands in terms of quantity and
quality [5-7]. The advent of plant molecular breeding techniques and genomics approaches have
contributed significantly to sustaining and accelerating the improvement of food crops, such as rice,
in a relatively short time [8-10]. Despite the complexity of the food system and the diversity in the
preference for various foods across the globe, rice remains the major cereal crop solely cultivated for
human consumption, and the major food crop for more than half of the global population [11].

Recent advances in plant molecular breeding research and the emergence of genomics have
significantly improved the understanding of the genetic contributions to the overall plant growth
and development, seed formation, quality, and productivity. The use of strategic genetic approaches,
such as Genome-Wide Association Studies (GWAS) [12-14] and OMICS [15], and the advent of genome
sequencing technologies [16,17] have paved new paths towards the elucidation of the role of functional
genetic components of plants underlying the phenotypic diversity and variability of complex traits
between and within plant species.

In rice, grains are the ultimate target products of rice cultivation and consumption [18]; they also
serve as an important commodity for trade [19]. Several reports have identified genes or protein families
involved in the control of rice grain shape and weight, using natural variations and reverse genetics
approaches [20-24]. Grain traits, such as grain length, grain width, grain thickness, thousand grain
weight, are counted among the topmost agronomic traits with high potential for contributing to the yield
of rice. Grain weight has been suggested to be affected by grain length, width and thickness; therefore,
they are considered to be closely related, and controlled by multiple quantitative trait loci (QTLs) [25,26].
However, grain weight has been shown to be the most indicative, and the major determinant grain trait
of rice yield [27]. In addition to grain weight, grain length and width, and thickness are considered
as appearance quality, important for diverse uses or processing purposes [28-31]. The application of
linkage mapping has been widely used for the detection of quantitative trait loci (QTLs) associated with
various grain traits in rice in various types of mapping populations, which include advanced backcrossed
(BC) lines [32], near isogenic lines (NILs) [33], recombinant inbred lines (RILs) [34], doubled haploid
lines [35], with molecular markers that include amplified fragment length polymorphism (AFLP),
simple sequence repeat (SSR) or microsatellite (RM) [36,37], single nucleotide polymorphism (SNP) [38],
restriction fragment length polymorphism (RFLP) [39].

Many agronomic traits of rice are said to be controlled by multiple quantitative trait loci
(QTLs) [40,41]. Several studies have proposed a large number of QTLs controlling grain traits
in rice grown in single [18,42] or multiple environments [26,43,44]. Most of the reported QTLs
(major and minor) associated with grain shape or weight are mapped to almost all chromosomes of rice
(8-10), with diverse contributions to the overall phenotypic variation explained (PVE) [35,42,44-46].
However, of all the reported QTLs associated with grain shape or weight, only a few have been
isolated and characterized so far [47]. Among these, some genes have been isolated and functionally
characterized [48-81].

Fixed homozygous populations that include doubled haploid (DH) population [35] and
recombinant inbred lines (RILs) [81] have been used widely for detecting major QTLs for various
agronomic traits in rice. The indica and japonica rice subspecies are said to be independently domesticated
from the wild ancestor [82-84]. The morphological difference between rice grains from indica and
japonica varieties is evident; therefore, a mapping population derived from a cross between indica
and japonica would offer the best cross combination to investigate QTLs associated with grain shape
and weight.

Thus, from this perspective, the present study performed a linkage mapping on a doubled haploid
(DH) population developed through anther culture of a cross between cv. 93-11 and cv. Milyang352,
typical indica and japonica rice subspecies, grown under early-transplanting and late-transplanting
field conditions, to investigate putative quantitative trait loci (QTLs) controlling phenotypic grain
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traits of rice using Kompetitive Allele-Specific PCR (KASP) markers. In addition, with the purpose
of investigating QTLs associated with the control of complex rice grain traits, using two different
approaches, we conducted a Genome-Wide Association Study (GWAS) on the same population.
Additionally, this study identified candidate genes located in the co-detected genetic loci by linkage
mapping-GWAS, with interesting predicted functions, suggested to have the potential to regulate
various aspects of grain shape and weight in rice.

2. Materials and Methods

2.1. Mapping Population, Growth Conditions, and Phenotypic Measurements

The mapping population was a doubled haploid (DH) population developed though anther
culture of the cross between cv. 93-11 and cv. Milyang352 (typical Oryza sativa L. indica (P1) and japonica
(P2) subspecies, respectively) [85]. The japonica cv. Milyang352 was developed from a cross between
C18/Ungwang. C18 is a cultivar originated from China, which was also the origin of the indica cv. 93-11
used as P1 in the study. In essence, 117 rice DH lines and both parental lines (P1 and P2) were used in
the study. Initially, rice seeds were soaked in 0.7% nitric acid (HNO3) CAS: 7697-37-2, Lot No. 2016B3902;
Junsei Chemical Co. Ltd., Tokyo, Japan) for 24 h to break the dormancy, and incubated at 32 °C for 48 h
to induce germination. Germinated seeds were sown in 50-well trays, and grown until transplanting
time. Seedlings with uniform height were transplanted at two different periods of the same cropping
season, in the experimental field (altitude: 11 m, 35°29°31.4” N, and 128°44’30.0” E), located at the
National Institute of Crop Science (NICS), Department of Southern Area Crop Science, Paddy Crop
Division, Rural Development Administration, Miryang, Republic of Korea. One set of doubled haploid
(DH) lines and parental lines were transplanted on 10 May 2018 (early-transplanting), and the other on
1 July 2018 (late-transplanting). A total of 100 seedlings per rice line were transplanted in four rows,
with 25 plants per row and the spacing between and within the lines of 30 cm X 15 cm, respectively.
Parental lines were planted after every 20 rice DH lines, starting from the initial rows. The weather
parameters and conditions during the early- (first season) and late-transplanting (second season)
periods can be found in Figure S1.

Soon after harvesting and postharvest processing, the rice grain traits of the mapping population
were examined. Seven rice grain traits (major rice yield components) were measured from both
early- and late-transplanted rice doubled haploid lines, which included grain length (GL), grain width
(GW), grain thickness (GT) (measured with a Vernier Caliper, CD-20CP, Mitutoyo Corp, Tokyo, Japan),
grain length-width ratio (LWR), and thousand grain weight (TGW). The grain length-width ratio was
calculated as the grain length (GL) divided by grain width (GW). The thousand grain weight (TGW)
was calculated as the [(average grain weight/the number of samples (n)) X 100]. Phenotype data of
the DH lines were compared with the parental lines in each transplanting time. The samples for the
phenotypic observations were randomly pooled from the inside rows, excluding the border rows to
avoid the border effects on the traits studied and competition between lines. Ten individual panicles
from different plants were used to evaluate the grain phenotype.

2.2. Frequency Distribution, Quantile-Quantile Plots, Correlation Analysis, and Principal Component
Analysis

The frequency distribution, the Quantile-Quantile (Q-Q) plots, the correlation between traits,
the principal component analysis of all phenotypes of the mapping population, the pairwise kinship
matrix [86], and heat map, were generated using the hist, gqplotr, data functions (only for correlation
analysis in Microsoft Excel 2016), ggplot2, tidiverse, cluster, and factoextra (for heat map only) R packages
in RStudio [87,88].
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2.3. Genomic DNA Extraction and Molecular Markers Analysis

The genomic DNA was extracted from rice leaf samples following the previously reported CTAB
method [89] with slight modifications. Briefly, the frozen leaves samples were crushed in liquid nitrogen
in 1.5 mL Eppendorf tubes (e-tubes), and 600 pL of 2x CTAB buffer (D2026, Lot D2618U12K, Biosesang,
Seongnam-si, Korea) was added and the mixture was vortexed, and incubated at 65 °C for 30 min
in a dry oven. Then 500 uL PCI (Phenol:Chloroform:Isoamylalcohol, 25:24:1, Batch No. 0888k0774;
Sigma-Aldrich, St. Louis, MO, USA) solution was added, followed by gentle mixing by inversion.
The tubes were centrifuged at 13,000 rpm for 15 min, and the supernatant was transferred to fresh e-tubes,
and 500 pL of isopropanol (CAS: 67-63-0, Lot No. SHBC3600V; Sigma-Aldrich, St. Louis, MO, USA)
was added, followed by mixing by inversion and incubation for 1 h at —20 °C. Then centrifugation was
done at 13,000 rpm for 7 min. The supernatant was removed, and the pellets were washed with 70%
ethanol (1 mL). Samples were centrifuged at 13,000 rpm for 5 min and ethanol was discarded, followed
by drying at room temperature, and re-suspended in 100 mL 1x TE buffer (Lot No. 0000278325;
Promega, Madison, WI, USA).

For the molecular markers analysis, Kompetitive Allele-Specific PCR (KASP) markers were
amplified from genomic DNA and allelic discrimination was performed using the Nexar system
(LGC Doublas Scientific, Alexandria, VA, USA) at the Seed Industry Promotion Center (Gimje, Korea) of
the Foundation of Agri. Tech. Commercialization & Transfer in Korea. An aliquot (0.8 pL) of 2X master
mix (LGC Genomics, London, UK), 0.02 uL of KASP assay mix (LGC Genomics), and 5 ng DNA
template were mixed in 1.6 uL KASP reaction mixture in a 386-well array plate. KASP amplification
was performed as described earlier.

Fluidigm markers for SNP genotypes were determined using the BioMark™ HD system
(Fluidigm, San Fancisco, CA, USA) and 96.96 Dynamic Array IFC (96.96 IFC) chip following the
manufacturer’s instructions, at the National Instrumentation Center for Environmental Management,
Seoul National University (Pyeongchang, Korea).

2.4. Construction of Linkage Maps, QTL Analysis, and GWAS

Genotype and the phenotype data consisting of 240 markers, including KASP markers previously
reported [90] to be specific for detecting polymorphism between japonica ssp. and Fluidigm markers [91]
specific for detecting polymorphism between indica and japonica subspecies, and 117 rice doubled
haploid (DH) lines and the parental lines (93-11 and Milyang352) were used for detecting quantitative
trait loci (QTLs) associated with rice grain length, width, thickness, grain length-width ratio,
and thousand grain weight. The raw data (Genotype and phenotype) were initially formatted
in RStudio (v.1.2.5042; 2009-2020; RStudio Inc., Boston, MA, USA) using fread, pheno.raw, geno.raw,
and cbind functions. The linkage maps were constructed, and QTLs analyzed with IciMapping software
v.4.1.0.0, for a bi-parental population using position mapping and Kosambi mapping functions [92].
The permutation (1000 times) parameters explaining the probability for detecting statistically significant
QTLs associated with grain traits, were selected. The significant threshold for GWAS was selected
using the Bonferroni correction in the GAPIT function: my_GAPIT <- GAPIT (Y = myY, G = myG,
Model.selection = TRUE, PCA .total = 3, SNPMAF = 0.05).

From the perspective of investigating the possibility for a dual approach linkage mapping-GWAS
to detect similar genetic regions that could be associated with the control of rice grain traits, the same
genotype and phenotype data that served to constructing linkage maps were used to conduct a
Genome-Wide Association Study (GWAS) (multtest, gplots, LDheatmap, genetics, EMMREML, compiler,
scatterplot3d, data.table, MASS, R packages, and GAPIT function in RStudio). The interactive Manhattan
plots that help in the identification of physical positions and KASP tightly linked to the detected QTLs,
with their respective logarithm of the odds (LOD) values, were built using the Manhattanly R package.

The publicly available rice genome annotation database (http://rice.plantbiology.msu.edu/) browser
was used to identify candidate genes within the genetic region flanked by KASP marker KJ05_17
(4,783,888 bp) and KJ05_13 (5,984,919 bp) on chromosome 5 (major QTL).
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3. Results

3.1. Differential Grain Traits of Parental Genotypes and DH Population

The mapping population (117 DH lines and parental lines) was evaluated for the phenotypic grain
traits harvested from early- and late-transplanted rice, under field conditions. The results revealed a
normal distribution for almost all evaluated grain traits (Figure 1A-E,K-O). The Quantile-Quantile
(Q-Q) plots (observed quantiles plotted against theoretical quantile or z-scores) also indicate that
the majority of the trait values fall on the predicted (reference) line, therefore suggesting a normal
distribution for grain length (Figure 1A ,K), grain length-width ratio (Figure 1D,N), thousand grain
weight (Figure 1E,O) but grain width (Figure 1B,L), and grain thickness (Figure 1C,M) exhibited a
positive skewness and negative skewness, respectively.
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Figure 1. Frequency distribution of traits and quantile-quantile plots. (A-E) Frequency distribution

of grain length (GLE), grain width (GWE), grain thickness (GTE) grain length-width ratio (LWRE),

and thousands grain weight (TGWE) of 117 rice doubled haploid lines for early-transplanting. (F-J)

Quantile-Quantile (Q-Q) plots for GLE, GWE, GTE, LWRE, and TGWE for early-transplanting period,
(K-O) frequency distribution of grain length (GLL), grain width (GWL), grain thickness (GTL),

grain length-width ratio (LWRL), and thousands grain weight (TGWL) at late-transplanting. (P-T) Q-Q
plots for GLL, GWL, GTL, LWRL, and TGWL for late transplanting period. -log10(p) is the negative
logarithm base 10 quantile-quantile (Q-Q) of the P-values (expected and observed) for traits.

About 26.5% of the 117 DH lines grown under early-transplanting conditions had rice grains
similar to P1-type (>5.5 mm) against 73.5% with P2-type grain length (<5.5 mm), while about 37.6%
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and 62.4% of the DH lines cultivated under late-transplanting conditions had P1-type grain length
(5.8 mm) and P2-type (<5.8 mm), respectively. In addition, about 10.3% of the DH lines had large
grains (>2.5 mm), and 89.7% showed narrow grains (<2.5 mm) under early-transplanting conditions.
However, about 20.5% of the mapping population grown under late-transplanting conditions showed
wide rice grains (>2.8 mm), while 79.5% had narrow grains (<2.8 mm). Furthermore, around 53% of
the early-transplanted mapping population had bold grain phenotype (>1.8 mm), and 47% thin grains
(<1.8 mm). Moreover, 0.9% of the DH lines showed bold or thick grains (>2.0 mm), and 99.1% had
thin grains (<2.0 mm) when grown under late-transplanting conditions. About 31.6% of the studied
population, harvested under early-transplanting conditions, showed a high grain length-width ratio
(LWR > 2.5), against 68.4% with a low LWR (<2.5). The LWR of the late-transplanted rice revealed
that about 21.4% of the DH lines had a high LWR (>2.4) but only 78.6% recorded a low LWR (<2.4).
Furthermore, the observed patterns of grain weight, here expressed as thousand grain weight (TGW),
of the mapping population early-transplanted, indicated that about 34.2% recorded a high thousand
grain weight (TGW) value (>18 g), while 65.8% showed a low TGW value (<18 g). A similar pattern
was observed for the late-transplanted rice, showing about 47.9% with a high TGW (>19.5 g), and 52.1%
with a low TGW (<19.5 g).

Additionally, we observed a highly significant difference in grain length (GL) between early- and
late-transplanted DH lines (increase of GL in late-transplanted rice compared to early-transplanted
rice) (Figure S2A). A similar increasing pattern was observed in grain width (GW, Figure S2B),
grain thickness (GT, Figure 52D), and the thousand grain weight (TGW, Figure S2E), between the two
transplanting periods. However, a contrasting pattern was observed in the grain length-width ratio
(LWR, Figure 52C) (increased LWR of early transplanted rice, and decreased LWR of late-transplanted
rice). In addition, the linear regression analysis revealed that there was a very weak correlation
that could also be regarded as a non-existing correlation (R? = 0.118) between grain length (GL) and
thousand grain weight (TGW) for both early- and late-transplanted rice DH lines (Figure 2A, Table S1).
However, panel B in Figure 1 shows that there was a strong positive correlation (R? = 0.5313) between
grain width (GW) and thousand grain weight (TGW). A similar positive correlation (R? = 0.4226) was
observed between grain thickness (GT) and TGW. In contrast, a very weak negative or non-existing
correlation (R? = 0.1656) was found between grain length-width ratio (LWR) and TGW.

The parental lines (93-11, indica (P1) and Milyang352, japonica (P2)) showed highly significant
difference between all evaluated grain traits in both early-transplanted and late-transplanted rice.
For instance, the typical indica cv 93-11 had longer grains (Figure 3A), with smaller width (Figure 3B)
compared to its japonica counterpart. We also observed a high grain length-width ratio (LWR)
(Figure 3C) and thin grains in cv. 93-11 compared to Milyang352 (shorter and bold grains) in both
early- and late-transplanting periods (Figure 3D). We also observed that 93-11 recorded a significantly
low TGW for the early-transplanted rice compared to Milyang352. A similar pattern was observed
between the two parental lines in late-transplanted rice (Figure 3E).
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Figure 2. Correlation between rice grain traits. (A) Predicted correlation (very weak positive or
non-existing correlation) between grain length (GL) and thousand grain weight (TGW). (B) Predicted
strong positive correlation between grain width (GW) and thousand grain weight (TGW). (C) Predicted
positive correlation between grain thickness (GT) and thousand grain weight (TGW). (D) Predicted
negative correlation (very weak or non-existing correlation) between grain length-width ratio (LWR)
and thousand grain weight (TGW). Data are phenotypes of early-transplanted rice DH lines. A similar
correlation pattern was observed in late-transplanted rice (data not shown).
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Figure 3. Distinctive rice grain traits of 93-11 (P1, indica) and Milyang352 (P2, japonica). (A) Length of
rice grains of parental lines, 93-11 (P1) compared to Milyang352 (P2), at early- and late-transplanted
rice. (B) Grain weight of P1 and P2 recorded at early- (GLE) and late- (GLL) transplanting periods.
(C) Grain length—-width ratio (LWRE, for early-transplanted rice; LWRL, for late-transplanted rice) of P1
and P2. (D) Grain thickness (GTE, for early-transplanted rice; GTL, for late-transplanting) of P1 and
P2. (E) Thousand grain weight (TGWE, for early- transplanting, and TGWL, for late-transplanting) of
parental lines. Bars are mean values +SD. *** P < 0.001, * P < 0.05.

3.2. Relatedness and Principal Component Analysis (PCA)

The panel A in Figure 4 showed the Kompetitive Allele-Specific marker-based kinship matrix
(co-ancestry or half relatedness), revealing the distribution of coefficients of co-ancestry of the doubled
haploid lines used as the mapping population. In addition, the principal component analysis
(PCA, eigenvalues) showed the contribution from three (3) principal components (PCs, Figure 4B).
Furthermore, DH lines were grouped into three (3) different clusters with regard to their thousand
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grain weight (TGW) (Figure 4C). Moreover, panel D in Figure 4 indicates that the grain lengths (GL)
of early- and late-transplanted DH lines were positively correlated. Similarly, grain thickness (GT),
grain width (GW), and grain length-width ratio (LWR) showed a strong positive correlation for both
transplanting periods. This was also verified for the thousand grain weight (TGW) in both early- and
late-transplanting periods.
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Figure 4. Kinship matrix and principal component analysis (PCA) results. (A) The density map of
pairwise kinship matrix values generated based on 240 KASP markers on a doubled haploid (DH)
population of 117 lines following the VanRaden algorithm. The color key with a histogram indicates
the distribution of coefficients of co-ancestry. The color density shows the level of relatedness of DH
lines. (B) Eigenvalue accumulation variance among the principal components (PCs) revealing the
contribution to 3 PCs only. (C) Scattered plot of PCA of the DH population, calculated from 240 KASP
markers, and clustered based on thousand grain weight (TGW). High, middle, and low TGW are
grouped into brown (top ellipse), blue (middle ellipse), and green (bottom ellipse). (D) The principal
components indicating the correlation variables at early- and late-transplanting. (E) Heat map with
dendrograms showing the affinity between grain traits at early and late transplanting.
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From another perspective, the data in panel E in Figure 4 groups GL and LWR in the same cluster,
while GW, TGW, and GT are assigned to a different cluster (column dendrogram on top). Principal
component 1 (PC1), 2 (PC2), and 3 (PC3) explained 26.4%, 18.4%, and 12.1% of the proportion of
variance of the observed grain traits phenotypes, respectively, resulting in a cumulative proportion
of 56.9%.

3.3. Detected Quantitative Traits Loci (QTLs) Associated with Rice Grain Traits Mapped on Different
Chromosomes

The genotype and phenotype data were used to perform linkage mapping and QTL analysis.
The results revealed that a total of 48 QTLs (all traits considered) associated with the studied grain
traits, were mapped to all rice chromosomes, except chromosomes 6 and 9 (Table 1, Figure 5A-]).
In essence, seven QTLs (GLE-1-1, logarithm of the odds (LOD) of 4.85; gGLE-3-1, LOD: 8.1; gGLE-3-1,
LOD: 8.1; qGLE-3-2, LOD of 3.1; gGLE-5-1, LOD of 3.9; qGLE-7-1, LOD: 5.7; gGLE-12-1, LOD: 4.1; and
qGLE-12-2, LOD: 3.9) were associated with grain length (GLE) of early-transplanted rice DH lines
(Table 1, Figure 5).

In the case of grain length of late-transplanted DH lines, five QTLs (§GLL-1-1, LOD: 5.4; qGLL-1-2,
LOD: 4.6; qGLL-7-1, LOD: 18.0; and gGLL-11-1, LOD: 3.6) were detected. Of this number, gGLL-7-1,
flanked by id7003072 and cmb0723_0 markers, accounted for 32.2% of the PVE. The additive effects of
0.116 (gGLE-3-1) and 0.1963 (gGLL-7-1) showed that the allele from 93-11 contributed the observed
phenotypic variation for grain length in both early- and late-transplanted rice.

In addition, six QTLs (§GWL-1-1, LOD: 4.3, gGWL-2-1, LOD: 5.6; qGWL-4-1, LOD: 3.8; gGWL-5-1,
LOD: 17.2; gGWL-8-1, LOD: 3.1; and gGWL-10-1, LOD: 9.6) associated with grain width were detected
in late-transplanted rice, of which gGWL-5-1 was identified as the major QTL (LOD: 17.2), accounting
for 31.7% of the PVE. For grain thickness of both early- and late-transplanted rice, four QTLs (9GTE-3-1,
LOD: 9.9; gGTE-3-2, LOD: 9.5; gGTE-5-1, LOD: 14.2; and gGTE-12-1, LOD: 6.1) and seven QTLs
(gGTL-1-1, LOD: 7.2; qGTL-3-1, LOD: 9.0; gGTL-3-2, LOD: 13.9; gGTL-5-1, LOD: 21.9; gGTL-7-1, LOD:
4.9; qGTL-10-1, LOD: 10.2; and gGTL-12-1, LOD: 14.6) were identified, respectively. Interestingly,
the gGTE-5-1, flanked by KJ05_017 and KJ05_013 markers, was detected as the major QTL associated
with grain thickness in both early- and late-transplanted rice; the LOD scores were of 9.5 and 21.9,
and the PVE of about 20.3% and 23.3%, respectively. The recorded additive effects (—0.046) of the
major QTL gGWL-5-1 indicated that the allele from Milyang352 contributed to the observed phenotypic
variation for grain width.

Table 1. Quantitative trait loci (QTLs) associated with various grain traits in rice.

Traits @) QTL(b) Chr(c) Position(cM)(d) Left Marker (e) Right Marker (f) LOD(g) PVE (%) (h) Add (i)

GLE qGLE-1-1 1 32 Os01_KJ01_127 Os01_KJ01_129 4.8451 10.808 -0.087
qGLE-3-1 3 46 Os03_id3003462 Os03_KJ03_017 8.0562 19.294 0.116
qGLE-3-2 3 203 0s03_cmb0336_5  Os03_id3018439 3.1436 13.146 -0.058
qGLE-5-1 5 24 0Os05_KJ05_017 Os05_KJ05_013 3.9426 15.579 —-0.064
qGLE-7-1 7 156 0s07_id7003072  Os07_cmb0723_0 5.6943 13.751 0.1019
qGLE-12-1 12 13 0s12_id12000076 ~ Os12_cmb1202_4 4.0984 9.1872 0.0801
qGLE-12-2 12 130 Os12_cmb1224 0 Os12_cmb1226_0 3.8695 8.4563 -0.077

GLL qGLL-1-1 1 19 Os01_KJ01_125 Os01_KJ01_127 5.3501 9.0539 -0.107
qGLL-1-2 1 81 Os01_KJ01_097  Os01_ad01015967 4.5891 6.2337 0.091
qGLL-3-1 3 46 0s03_id3003462 Os03_KJ03_017 10.676 16.413 0.136
qGLL-7-1 7 150 0s07_id7003072  Os07_cmb0723_0 18.017 32.151 0.1963
qGLL-11-1 11 7 Os11_id11000131  Os11_KJ11_005 3.6033 5.1524 0.0766

GTE qGTE-3-1 3 25 0s03_ad03000001  Os03_KJ03_007 6.9497 10.081 0.032
qGTE-3-2 3 88 0s03_KJ03_031  Os03_ah03001094 9.4914 12.644 -0.036
qGTE-5-1 5 24 Os05_KJ05_017 Os05_KJ05_013 14.188 20.25 -0.046
qGTE-12-1 12 14 Os12_cmb1202_4  Os12_KJ12_007 6.0808 7.5265 0.0277
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Table 1. Cont.

Traits @) QTL(b) Chr(c) Position (cM) (d) Left Marker (e)  Right Marker (f) LOD(g) PVE (%) (h) Add @)
GTL qGTL-1-1 1 150 Os01_id1009557 Os01_KJ01_005 7.2095 5.5653 -0.025
qGTL-3-1 3 27 0s03_ad03000001  Os03_KJ03_007 9.9909 9.027 0.0291

qGTL-3-2 3 88 0s03_KJ03_031  Os03_ah03001094 13.934 12.367 —0.034

qGTL-5-1 5 24 0Os05_KJ05_017 Os05_KJ05_013 21.996 23.347 —-0.047

qGTL-7-1 7 210 0s07_cmb0730_3  Os07_KJ07_085 49114 3.7314 -0.019

qGTL-10-1 10 85 0s10_KJ10_039  Os10_ah10001182 10.159 8.4954 —-0.029

qGTL-12-1 12 13 Os12_id12000076 ~ Os12_cmb1202_4 14.613 13.242 0.0353

GWL qGWL-1-1 1 127 Os01_KJ01_075 Os01_SaF_CT 4.2995 6.2645 0.0568
qGWL-2-1 2 124 0s02_KJ02_043 0s02_KJ02_045 5.5625 8.0429 -0.05

qGWL-4-1 4 30 Os04_KJ04_049  Os04_cmb0418_8 3.8361 5.7157 —-0.042

qGWL-5-1 5 24 Os05_KJ05_017 Os05_KJ05_013 17.213 31.664 -0.098

qGWL-8-4 8 100 Os08_cmb0824_7  Os08_GW8-AG 3.0747 4.332 0.0377
qGWL-10-1 10 85 0Os10_KJ10_039  Os10_ah10001182 9.597 15.122 -0.07

LWRE qLWRE-5-1 5 24 Os05_KJ05_017 Os05_KJ05_013 9.8132 18.992 —-0.894
qLWRE-7-1 7 93 0s07_KJ07_021  Os07_id7001155 6.1326 15.95 0.0883
qLWRE-7-2 7 209 0s07_id7006027  Os07_cmb0730_3 4.8302 12.15 0.0797

LWRL qLWRL-1-1 1 80 Os01_KJ01_097  Os01_ad01015967 4.8679 2.7977 0.0496
qLWRL-3-1 3 156 0s03_ad03014175  Os03_Hd6-1AT 9.3938 6.6007 0.0717

qLWRL-4-1 4 159 Os04_ah04001252  Os04_id4009823 5.6156 3.272 —-0.053
qLWRL-5-1 5 24 Os05_KJ05_017 Os05_KJ05_013 25.747 22.935 0.1315
qLWRL-7-1 7 67 0s07_cmb0700_1  Os07_ud7000187 34.456 37.665 0.1677
gLWRL-10-1 10 68 0Os10_cmb1016_4  Os10_wd10003790 3.3679 2.0534 0.0422

TGWE qTGWE-2-1 2 132 0s02_KJ02_057 0Os02_id2012773 3.7903 6.4953 -0.525
qTGWE-3-1 3 193 0s03_ah03002520 Os03_cmb0336_5 3.0986 5.6929 —-0.488
qTGWE-5-1 5 4 Os05_KJ05_029  Os05_cmb0511_1 8.5874 23.405 0.1099
qTGWE-8-1 8 102 Os08_GWS8-AG Os08_id8007764 4.8611 8.5632 0.6181
qTGWE-11-1 11 110 Os11_id11008929  Osl11_cmb1127_4 3.5075 6.0367 —-0.526
qTGWE-12-1 12 14 Os12_cmb1202_4  Osl12_KJ12_007 7.2136 13.525 0.7519

TGWL qTGWL-2-1 2 138 0s02_KJ02_057 0Os02_id2012773 6.0649 12.667 —-0.886
qTGWL-3-1 3 31 0s03_KJ03_007  Os03_ah03000403 7.4325 14.514 0.9248
qTGWL-8-1 8 102 Os08_GW8-AG  Os08_id8007764 3.4418 6.7419 0.6509
qTGWL-12-1 12 52 0Os12_id12002113  Os12_id12003700 6.4314 13.021 0.9115

(a) rice grain traits evaluated: grain length (GLE), grain width (GWE), grain thickness (GTE), grain length/width
ratio (LWRE), and thousand grain weight (TGWE) for early-transplanting; grain length (GLL), grain width (GWL),
grain thickness (GTL), grain length/width ratio (LWRL), and thousand grain weight (TGWL) for late-transplanting;
(b) Detected QTLs names; (c) chromosome number; (d) absolute position of the QTLs from top of the linkage map
in centimorgan (cM); (e) left flanking KASP markers; (f) right flanking KASP markers; (g) logarithm of the odds
scores; (h) phenotypic variation explained (PVE) by the QTLs, in percentage; (i) additive effects: the negative value
indicates that the allele from Milyang352 (P2) increased the corresponding trait value, while the positive value
shows that the allele from 93-11 (P1) increased the trait value.
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Figure 5. Linkage maps and detected QTLs associated with various grain traits mapped to different
chromosomes of rice. Seven (7) QTLs (gGLE-1-1, 32 ¢cM; gGLE-3-1, 46 cM; gGLE-3-2, 203 cM; gGLE-5-1,
24 cM; gGLE-7-1, 156 ¢M; qGLE-12-1, 13 cM; and qGLE-12-2, 130 cM) associated with rice grain length
were mapped on four (4) chromosomes, for early-transplanting; and four (4) QTLs (9GLL-1-1, 19 cM;
qGLL-1-2, 81 cM; gGLL-7-1, 150 ¢cM; and qGLL-11-1, 7 cM) associated with rice grain length detected at
different positions for late-transplanting. The QTLs associated with rice grain weight were mapped
on two chromosomes (JGWE-3-1, 203 cM; gGWE-5-1, 24 cM) for early-transplanted rice, and for
late transplanting, six (6) QTLs (gGWL-1-1, 127 ¢cM; gGWL-2-1, 124 cM; gGWL-4-1, 30 cM; gGWL-5-1,
24 cM; gqGWL-8-1, 100 cM; and gGWL-10-1, 85 cM) associated with rice grain width, were mapped.
For both early- and late-transplanting, four QTLs (gGTE-3-1, 25 ¢cM; qGTE-3-2, 88 cM; qGTE-5-1,
24 cM; and qGTE-12-1, 14 cM) and seven QTLs (9GTL-1-1, 150 cM; qGTL-3-1, 27 ¢<M; gGTL-3-2, 88 cM;
qGTL-5-1, 24 cM; qGTL-7-1, 210 cM; qGTL-10-1, 85 cM; and qGTL-12-1, 13 cM) associated with rice grain
thickness were detected, respectively. QTLs for grain length-width ratio (LWR) were detected on two
chromosomes (JLWRE-5-1, 4 cM; gLWRE-7-1, 93 cM; and gLWRE-7-2, 209 cM) for early-transplanted rice,
and mapped to six chromosomes (JLWRL-1-1, 80 cM; gLWRL-3-1, 156 cM; gLWRL-4-1, 159 ¢M; gLWRL-5-1,
24 cM; gLWRL-7-1, 67 cM; and gLWRL-10-1, 68 cM) for late-transplanting. Finally, QTLs associated
with thousand grain weight in rice, were mapped to six (6) chromosomes for early-transplanting
(GTGWE-2-1, 132 ¢cM; qTGWE-3-1, 193 cM; qTGWE-5-1, 24 cM; qTGWE-8-1, 102 cM; qTGWE-11-1,
110 cM; and qTGWE-12-1, 14 cM), and four chromosomes for late-transplanted rice (jTGWL-2-1, 138 cM;
gTGWL-3-1, 31 cM; qTGWL-8-1, 102 cM; and qTGWL-12-1, 52 cM). (A-J) Chromosomes 1, 2, 3,4,5,7, 8,
10,11, and 12.
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Moreover, three QTLs associated with rice grain length-width ratio in early-transplanted rice
(gLWRE-5-1, LOD: 9.8; gLWRE-7-1, LOD: 6.1; and gLWRE-7-2, LOD: 4.8) and late-transplanted rice
(gLWRL-1-1, LOD: 4.9; gLWRL-3-1, LOD: 9.4; gLWRL-4-1, LOD: 5.6; gLWRL-5-1, LOD: 25.8; gLWRL-7-1,
LOD: 34.5; and gLWRL-10-1, LOD: 3.4) were detected. Among them, gLWRE-5-1, flanked by KJ05_017
and KJ05_013 markers, and gLWRL-7-1, flanked by cmb0700_1 and ud7000187 markers, were identified
as major QTLs accounting for 18.9% and 37.7% of the phenotypic variation explained (PVE), respectively.
The recorded additive effects (LWRE, -0.894; LWRL: 0.1677) indicated that alleles from Milyang352
and 93-11 contributed to the observed LWR phenotypic variation in early- and late-transplanted
rice, respectively.

Furthermore, six and four QTLs associated with thousand grain weight (TGW) in early-
and late-transplanted rice were detected, and mapped to chromosomes 2, 3, 5, 8, 11, and 12
(for early-transplanted rice), and 2, 3, 8, and 12 (for late-transplanted rice). Of these QTLs, gTGWE-5-1,
flanked by KJ05_029 and cmb0511_1 markers, and gTGWL-3-1, flanked by KJ03_007 and ah03000403
markers, accounted for 23.4% and 14.5% of the total phenotypic variation explained (PVE). The additive
effects, 0.1099 (gTGWE-5-1) and 0.9248 (gTGWL-3-1), revealed that alleles from 93-11 contributed to the
observed phenotypic variation for TGW in both early- and late-transplanted DH lines.

3.4. Detected QTLs by Genome-Wide Association Study (GWAS)

With the purpose of investigating the possibility for detecting genetic loci associated with complex
rice grain traits, a joint linkage mapping-GWAS approach was employed. With the same raw
data used for linkage mapping and QTL analysis, the GWAS results revealed that both approaches
co-detected QTLs, gGLE-12-1 and gGLE-12-2, mapped to chromosome 12, associated with grain length,
with cmb1202_4 and cmb1226_0 closely linked, respectively (Figure 6A). Similarly, using the same
approach, the QTL gGTE-3-1 associated with grain thickness (GT), and mapped to chromosome 3,
was detected with the same KASP marker linked to the QTL (KJ03_007) (Figure 6C,D). In the same
way, gGWL-5-1, associated with grain width (GW) of late-transplanted rice, was similarly detected
by linkage mapping and GWAS, with KJ05_013 KASP marker being closer to the QTL (Figure 6F).
In addition, the QTL gLWRL-5-1 associated with grain length—width ratio of late-transplanted rice,
was co-detected by both linkage mapping and GWAS on chromosome 5, with KJ05_017 maker linked
to the QTL (Figure 6H). However, significant QTLs for thousand grain weight were only detected
using linkage mapping but not GWAS in both early- and late-transplanted rice (Figure 61-J).
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Figure 6. Genome-wide Manhattan plots for grain traits of a DH population. (A) QTL for grain length
(GLE) on chromosome 12, cmb1226_0 (closest marker), and cmb1202_4 (Closest marker). (B) QTLs
with low the logarithm of the odds (LOD) below the predicted genome line were considered as
non-significant. (C,D) identical QTL associated with rice grain thickness (GT) detected on chromosome
3 with KJ03_007 being closest marker. (E,F) two major QTLs for grain weight (GW), gGWL-5-1, closer
marker: KJ05_013); and gGWL-5-2, closer marker: KJ05_017). (G,H) QTL for rice grain length/width
ratio (JLWRL-5-1, closer marker: KJ05_013), and gLWRL-5-2, closer marker: KJ05_17). (L]J) QTLs
associated with thousand grain weight, gTGWE-12, closer marker: cmb1226_0), and gTGWL-7 (LOD: 2.3,
closest marker: id7001155) and gTGWL-10, closest marker: id10007384).

Candidate genes (Table 2) were pooled from the genetic regions covered by the QTLs co-detected
by both linkage mapping and Genome-Wide Association Studies (GWAS) on chromosome 5 flanked
by KJ05_17 (4,783,888bp) and KJ05_13 (5,984,919) KASP markers.

Table 2. List of candidate genes.

No. Locus Name Gene Name Description Similar Papers
1 Os05g08800 DUF581 DUF581 domain containing protein, expressed [93]
2 Os05g08790 MFP1 MAR-binding filament-like protein 1, putative, expressed [94]
3 Os05g08810 PPL3-K phosphatidylinositol 3-kinase, root isoform, putative, expressed -
4 Os05g08840 DnaK DnaK family protein, putative, expressed -
5 0s05g08850 CP450 cytochrome P450, putative, expressed [51]
6 Os05g08870 Ty1-copia retrotransposon protein, putative, Tyl-copia subclass, expressed -
7 0s05g08920 LEA Late embryogenesis abundant protein, putative, expressed, LEA, TF -
8 0s05g08930 Clo-lumen chloroplast lumen common family protein, putative, expressed -
9 Os05g08940 Mariner Transposon protein, putative, Mariner sub-class, expressed -

10 Os05g08960 Ubiquitin E2 Ubiquitin-conjugating enzyme, E2 putative, expressed [49]
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Table 2. Cont.

No. Locus Name Gene Name Description Similar Papers
11 Os05g08970 SSRP1 SSRP1-like FACT complex subunit, putative, expressed, TF -
12 0s05g09020 WRKY67 WRKY67 Transcription factor, expressed -
13 Os05g09050 MLO MLO domain containing protein, putative, expressed -
14 0s05g09080 Ty3-gyspsy Retrotransposon protein, putative, Ty3-gypsy subclass, expressed -
15 0s05g10210 HAD HAD superfamily phosphatase, putative, expressed -
16 Os05g10230 En-Spm Transposon protein, putative, CACTA, En/Spm sub-class, expressed -
17 0s05g10380 RWP-RK RWP-RK, putative, expressed -
18 Os05g10580 Cullin Cullin family domain containing protein, putative, expressed -
19 Os05g10620 NAM no apical meristem protein, putative, expressed -
20 Os05g10650 PFK6 6-phosphofructokinase, putative, expressed —
21 Os05g10670 Zinc finger Zinc finger CCCH type family protein, putative, expressed -

Grain shape and weight have been shown to be regulated at different levels of the plant metabolism.
It is said that carbohydrates regulate different aspects of plant growth via the modulation of cell
division, and expansion. Among the identified candidate genes (Table 2), DUF581 (domain of unknown
function-581 containing proteins) was reported to be a generic SnRK1 (Sucrose nonfermenting-1
(SNF1)-related protein kinase) interaction module and co-expressed with SnRK1 during plant cell
signaling [93]. SnRK1 has also been suggested as a positive regulator of seed maturation and ABA
signaling [95] and cell division [96]. In the same way, MFP1 (MAR-BINDING FILAMENT-LIKE
PROTEIN 1, AT3G16000) was proposed to be involved in starch biosynthetic process in Arabidopsis [94].
Moreover, the cytochrome P450 encoding gene (LOC_Os05g08850) was also found within the region
covered by qGW-5-1/gGT-5-1/gGLWR-5-1/gTGW-5-1, mapped to chromosome 5. In a study conducted by
Tanabe and his colleagues [51], a cytochrome P450 (CYP724B1), located on chromosome 4, was found to
be encoded by the DWARF11 gene (LOC_Os04g39430), proposed to be involved in the regulation of seed
length in rice. The alignment of the protein sequences of both Cytochrome P450 encoding genes revealed
that they were 93% similar (data not shown). Additionally, a gene encoding ubiquitin-conjugating
enzyme E2, found in the same genetic region could play an important role in the regulation of grain
shape and weight in rice. A recent study identified GW2 as a major QTL for grain width; GW2 encodes
an E3 ubiquitin ligase possessing a new type RING domain, functioning as a negative factor for grain
width by mediating the degradation of substrate in cell division [49].

4. Discussion

4.1. Grain Width and Thickness are Closely Related to Grain Weight in Rice

Previous reports have suggested that grain weight is affected by grain shape attributes, such as
grain length, width, thickness, and grain length—width ratio. The results of the linear regression analysis
(Figure 2) revealed that of all the evaluated rice grain traits, only grain width and grain thickness showed
a strong positive correlation with grain weight (here expressed as thousand grain weight). On the
contrary, a very weak positive correlation, which could also be regarded as a non-existing correlation,
was observed between grain length and grain weight, while a very weak negative correlation was
recorded between grain length-width ratio and grain weight. It is then suggested that a unit increase
in grain width would result in an increase in grain weight by one unit. Similarly, an increase in grain
thickness would increase grain weight by the same measure. In addition, changes in grain length or
grain length-width ratio would not cause fundamental changes in rice grain weight.
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4.2. Combined Linkage Map and Genome-Wide Association Study (GWAS) Detected Similar Genetic Loci
Associated with Grain Shape and Weight in Rice

Many agronomic traits of rice are said to be controlled by multiple quantitative trait loci
(QTLs) [40,41]. Permanent populations that include doubled haploid (DH) population [35],
and recombinant inbred lines (RILs) [81] have been widely used for detecting QTLs associated
with various agronomic traits in rice. Several studies have proposed a large number of QTLs controlling
grain traits in rice in different environments [18,26,43,44]. Most of the reported QTLs (major and minor)
related to grain shape or weight are mapped across 8-10 rice chromosomes, with diverse contributions
to the overall phenotypic variation explained in rice [35,42,44-46]. However, out of the numerous
reported QTLs associated with grain shape or weight, only a small number of QTLs have been isolated
and characterized so far [47].

In the present study, a total of 48 QTLs associated with various grain traits were detected,
using Kompetitive Allele-Specific PCR (KASP) markers in a doubled haploid (DH) population grown
under two transplanting periods (early- and late-transplanting time). Results showed that only
one QTL for grain length was similarly detected in both early- and late-transplanted DH lines,
and mapped to chromosome 3 (§GLE-3 and gGLL-3) (Table 1); the other QTLs were specific to each
transplanting time, and were mapped to chromosome 1 but different positions (§GLE-1-1, gGLL-1-1,
and gGLL-1-2), chromosome 7 (JGLE-7, and qGLL-7-1), and chromosome 12 (§GLE-12-1, gGLE-12-2,
only for early-transplanted rice). A study conducted by Zeng and colleagues reported that OsPPKL1 [48],
RING-type E3 ubiquitin ligase [49], GS3 [50], Dwarf11 (reduced seed length) [51], GIF1 (Grain incomplete
filling) [52], and FLO2 (Floury endosperm2) [53] were identified as important genes, covered by gGL3,
qGW?2, qgGS3, and associated with grain length, grain weight, grain shape and weight, and grain size,
respectively, and mapped to chromosome 4 in rice.

Furthermore, our study identified two QTLs associated with grain width in early-transplanted
rice, which were mapped to chromosomes 3 (§GWE-3) and 5 (JGWE-5), the latter being similarly
detected in late-transplanted rice (JGWL-5); whereas others, mapped to chromosomes 1, 2, 4, 8 and 10,
were specific to late-transplanted rice. Similarly, GW5 (qGW5), [27,54], GS5 (9GS5) [55], SRS3 (small and
round seed) [56], and Dwarfl [57], previously characterized genes, have been suggested to be involved
in the control of grain width and weight, the regulation of grain size, and the regulation of grain length,
respectively, and mapped to chromosome 5.

For grain thickness, three QTLs associated with this trait were commonly detected in both
early- and late-transplanted rice; of this number, two QTLs were mapped to chromosome 3 (9GT-3-1,
and gGT-3-2), and one to chromosome 5 (§GT-5-1). Interestingly, the genetic region covered by gGT-5-1
was similarly associated with grain width in both early- and late-transplanted rice. The additional
detected QTLs associated with grain thickness (4 QTLs), and mapped to chromosomes 7 (9GTL-7),
10 (9GTL-10), and 12 (qGTE-12-1, and gGTL-12-1), were specific to each transplanting period. Moreover,
of all detected QTLs associated with grain length-width ratio (LWR), one QTL (gLWR-5; PVE: 22.9%)
that was mapped to chromosome 5 in late-transplanted rice, was equally associated with grain width,
and grain thickness. This would imply that grain width, thickness, and grain length-width are
closely related, and could be controlled by the same QTL covered by gGW-5-1/4GT-5-1/gGLWR-5-1,
with the phenotypic variation explained (PVE) ranging from 15.6%-31.7% for grain width (early- and
late-transplanting, respectively), and 14.2%-21.9% for grain thickness (early- and late-transplanting,
respectively), and 22.9% for grain length-width ratio of late-transplanted rice. In rice, grain weight has
been reported to be affected by grain shape attributes (grain length, width, and thickness). With this
consideration, rice grain weight and shape were said to be closely related [25,26]. Our data showed that
qTGW-5-1 (PVE: 18.9%), associated with thousand grain weight of both early- and late-transplanted
and mapped to chromosome 5, coincided with gGW-5-1/gGT-5-1/gGLWR-5-1, associated with grain
shape, and flanked by same KASP markers, KJ05_17 and KJ05_13 markers (1.201Mbp), on chromosome
5. It is therefore becoming obvious that the genetic loci covered by the above-mentioned QTLs
would be involved in the control of rice grain width, thickness, length-width ratio, and grain weight.
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In addition, gTGW-2, mapped to chromosome 2, and flanked by KJ02_057 and id2012773 markers,
was similarly detected in both early- and late-transplanted rice. In the same way, gTGW-8 (PVE: 8.6%,
and 6.7% in early-transplanted and late-transplanted rice, respectively), flanked by GW8-AG and
id8007764 markers, which was mapped to chromosome 8, was similarly identified in both early- and
late-transplanted rice. However, the QTLs, gTGWE-3-1, gTGWE-11, and gTGWE-12-1, associated with
grain weight, and mapped to chromosomes 3, 11, and 12, were specific to early-transplanted rice,
whereas gTGWL-3-1 and TGWL-12-1 were solely detected in late-transplanted rice. Additionally,
when comparing the two transplanting periods (early- and late-transplanting), most of the detected
QTLs associated with grain shape and size were shown to be specific to early- or late-transplanted rice
growth conditions.

Other reports have suggested that the following genes, SRS1/DEP2 (regulating seed size) [58],
OsSPL16-GW7 (qGW7/qGL?7, associated with grain size and weight) [59,60], and OsSPL13-GLW7 (gGLW?7,
associated with grain length—-width ratio) [61], located on chromosome 7, OsSPL16-GWS$ (Controlling
grain shape and quality) [62], SP1 (Short panicle 1) [63], and SRS5 [64], located on chromosome 11,
play important roles in the control of grain shape or weight in rice. Moreover, fine-mapping of previously
identified QTLs for grain shape and weight revealed that another set of genetic loci responsible for the
changes in the major attributes of grain shape or weight, were mapped to chromosome 1 (GW1-1,
qGW1-2, qGRL1.1, qTGW1.1a, and gTGW1.1b) [65-67], chromosome 2 (qGS2) [68], chromosome 3
(9GL-3a, qGW3-1, qGW3, TGW3b/SPP3b, gTGW3-1, and gTGW3.2 [69-74], chromosome 4 (9GL4b,and
Spr3) [75], Chromosome 6 (GW6, and spd6) [71,76], chromosome 7 (gGL7, G57, and qSS7) [77-79],
chromosome 8 (gw8.1) [97], chromosome 9 (gw9.1) [80], and chromosome 11 (tgw1.1) [98].

From another perspective, we were interested to investigate the possibility of detecting similar
genetic loci, and sustain their association with rice grain shape or weight, using two widely known
genetics approaches (linkage mapping and Genome-Wide Association Study, GWAS). We therefore
performed a GWAS based on the same genotype and phenotype data used for linkage mapping and
QTL analysis. It was interesting to see that gGLE-12-1 and qGLE-12-2, mapped to chromosome 12
(cmb1202_4 and cmb1226_0 are closest KASP markers, respectively) (Figure 6A) and associated with
grain shape and weight, were detected equally by GWAS and linkage mapping. Similarly, using both
approaches, gGTE-3-1 (associated with grain thickness) earlier detected by linkage mapping, was also
identified by GWAS on chromosome 3, with the same KASP marker linked to the QTL (KJ03_007)
(Figure 6C,D). In the same way, gGWL-5-1, associated with grain width (GW) of late-transplanted
rice, was detected, and KJ05_013 KASP marker was linked to the QTL (Figure 6F). In addition,
gLWRL-5-1, associated with grain length—width ratio in late-transplanted rice, was also detected by
both linkage mapping and GWAS on chromosome 5, with KASP marker KJ05_017 being closer to the
QTL (Figure 6H). In contrast, significant QTLs for grain weight (TGW) were only identified by linkage
mapping but not GWAS, as observed in the study under both early- and late-transplanting periods.

Some of the identified candidate genes (Table 2), such as DUF581 was reported to be a generic
SnRK1 interaction module and co-expressed with SnRK1 during plant cell signaling [93]. SnRK1 has
previously been proposed to be a positive regulator of seed maturation and ABA signaling [95], and cell
division [96]. In the same perspective, MFP1 was proposed to be involved in starch biosynthetic process
in Arabidopsis [94]. In addition, the cytochrome P450 was similarly found within the region covered by
qGW-5-1/gGT-5-1/gGLWR-5-1/gTGW-5-1 (Chromosome 5). Tanabe and his colleagues [51] reported that a
cytochrome P450 (chromosome 4) encoded by the DWARF11 gene was involved in the regulation of seed
length in rice. Interestingly, the alignment of the protein sequences of both Cytochrome P450 encoding
genes revealed that they were 93% similar. Additionally, a ubiquitin-conjugating enzyme E2 encoding
gene, found in the same genetic region, could play an important role in the regulation of grain shape
and weight in rice. Recently, GW2 was identified as a major QTL for grain width; GW2 encodes an E3
ubiquitin ligase possessing a new type RING domain, functioning as a negative factor for grain width
by mediating the degradation of substrate in cell division [49]. Thus, taken together, the candidate
genes located in the genetic region covered by the QTLs, gGW-5-1/gGT-5-1/3GLWR-5-1/gTGW-5-1,
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could play active roles in the regulation of major rice grain shape and grain weight, with regard to
their predicted functions and annotations, and similarity with previously reported genes.

5. Conclusions

Grain trait attributes, such as grain length, width, thickness, grain length-width ratio, and grain
weight are major targets for many breeding programs, due to their importance in consumption, trade,
and industry. In the current study, we investigated quantitative trait loci (QTLs) associated with
grain shape and weight through a joint linkage mapping—Genome-Wide Association Study (GWAS)
strategy in a rice doubled haploid population, using Kompetitive Allele-Specific PCR (KASP) markers.
Results indicated that gGLE-12-1 and qGLE-12-2 mapped to chromosome 12, gGTE-3-1 mapped to
chromosome 3, and gGWL-5-1 and gLWRL-5-1, mapped to chromosome 5, were co-detected by both
linkage mapping and GWAS. In addition, gGLL-7-1, gGLE-3-1, and gLWRL-7-1, detected only by linkage
mapping, recorded the highest phenotypic variation explained (PVE) of 32.5%, 19.3%, and 37.7% for
grain length, and grain length-width ratio, respectively, contributed by the allele from 93-11. Similarly,
gTGWE-5-1 showed the highest contribution to the PVE for grain weight (23.4%). This study also
revealed that the QTLs gGW-5-1, gGT-5-1, GLWR-5-1, and qTGW-5-1 were co-located on chromosome 5
and flanked by KJ05_17 (left) and KJ05_13 (right) KASP markers. Therefore, these QTLs are suggested
to collectively govern grain shape and weight, and taken together, the candidate genes located in the
above mentioned QTLs (chromosome 5) are proposed to play active roles in the regulation of grain
shape and weight in rice, with regard to their predicted functions, similarity with previously reported
genes, and their annotations. Thus, combined linkage mapping—GWAS could be used as a reliable
strategy for detecting major QTLs controlling quantitative traits in rice.
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