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Abstract: The development of efficient, robust, and high-throughput SNP genotyping platforms is
pivotal for crop genetics and breeding. Recently, SNP genotyping platforms based on target capture
sequencing, which is very flexible in terms of the number of SNP markers, have been developed for
maize, cassava, and fava bean. We aimed to develop a target capture sequencing SNP genotyping
platform for rice. A target capture sequencing panel containing 2565 SNPs, including 1225 SNPs
informative for japonica and 1339 SNPs informative for indica, was developed. This platform was
used in diversity analysis of 50 rice varieties. Of the 2565 SNP markers, 2341 (91.3%) produced useful
polymorphic genotype data, enabling the production of a phylogenetic tree of the 50 varieties. The
mean number of markers polymorphic between any two varieties was 854. The platform was used for
QTL mapping of preharvest sprouting (PHS) resistance in an F8 recombinant inbred line population
derived from the cross Odae × Joun. A genetic map comprising 475 markers was constructed, and
two QTLs for PHS resistance were identified on chromosomes 4 and 11. This system is a powerful
tool for rice genetics and breeding and will facilitate QTL studies and gene mapping, germplasm
diversity analysis, and marker-assisted selection.

Keywords: genotyping; preharvest sprouting; QTL; rice; SNP; target capture sequencing

1. Introduction

Rice (Oryza sativa) is an essential component of the diet of over 3.5 billion people [1].
Worldwide, nearly 504.7 million metric tons of milled rice were produced from ~164.2 million
hectares of paddy fields in 2020 (http://www.fao.org/faostat, accessed 18 January 2022).
The predicted increase in the global population to ~10 billion by 2050 demands urgent
improvements in rice productivity. At the same time, rice breeding programs must develop
varieties that require less fertilizer and are resistant to the intensifying biotic and abiotic
stresses resulting from global climate change [1].

Single-nucleotide polymorphism (SNP) markers are now the most commonly used
DNA marker type for assisting crop genetics and breeding. SNPs possess several char-
acteristics useful in DNA markers, being abundant, codominant, and evenly distributed
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across plant genomes. Mapping of genes or quantitative trait loci (QTLs), genome-wide
association studies (GWAS), germplasm diversity analysis, marker-assisted selection, and
genomic selection studies are nowadays most frequently performed using SNP genotyping.
Therefore, the development of efficient, robust, and high-throughput SNP genotyping
platforms is pivotal for crop genetics and breeding.

Arrays and next-generation sequencing (NGS) are two major high-throughput SNP
genotyping platforms [2]. Various high-throughput arrays for genotyping SNPs have been
developed for rice. They can be classified into low-, medium-, and high-density arrays
according to the number of SNP markers included. Existing low- and medium-density
arrays include an Illumina GoldenGate array consisting of 1536 SNPs [3]; a suite of Illumina
BeadXpress arrays including 384 SNPs [4]; an Illumina GoldenGate array for diversity and
genetic analysis of Japanese temperate japonica rice varieties consisting of 768 SNPs [5];
two Illumina Infinium-based 6 K arrays, RiceSNP6K [6] and C6AIR [7]; and the C7AIR
SNP array containing 7098 markers, which is an enhancement of the C6AIR array [8].
These arrays have all been used successfully for studies including QTL mapping, diversity
analysis, and marker-assisted backcross breeding (MABB). High-density arrays include the
Affymetrix array, which consists of 44,100 SNPs [9]; two 50 K arrays, RiceSNP50 [2] and
OsSNPnks [10]; and the 700 K High-Density Rice Array (HDRA700K) [11]. These arrays
have mainly been used for GWAS analyses.

Genotyping by sequencing (GBS) is an NGS-based SNP genotyping platform that
has been widely used for genetic studies, including GWAS, gene and QTL mapping, and
diversity analysis, because it is highly efficient and cost-effective. GBS-based approaches
require considerable bioinformatics support, however [12]. Another NGS-based SNP
genotyping platform is Targeted Amplicon Sequencing (TAS), in which several hundred
to a few thousand target SNP markers are genotyped by sequencing multiplex PCR-
based amplicons [13]. The 1000-SNP (1 K) Rice Custom Amplicon assay, or 1k-RiCA, was
developed for genetic and breeding purposes using highly informative SNPs from indica
rice breeding pools [13]. Other SNP genotyping assays using target capture sequencing
technology have been developed for crop plants. With this technology, DNA fragments
including a 100-200 bp region of each SNP marker were captured by two to four probes
and sequenced using next-generation sequencing. This technology is both very flexible,
as it is available for both small and large numbers of markers, and easy to improve by
adding new SNPs to the probe panels. It has been used to develop genotyping systems
with 1 K, 5 K, 10 K, 20 K, and 251 K SNP marker panels in maize (Zea mays) [14,15]. In
addition, a 130 K SNP genotyping platform using this technology was developed in faba
bean (Vicia faba) [16], and a 27,469 SNP marker probe panel was used successfully for a QTL
analysis of starch viscosity traits in cassava (Manihot esculenta Crantz) [17]. Moreover, a
core Kompetitive Allele-Specific PCR (KASP) array that included 467 informative markers
was used successfully to assess germplasm and genetic diversity and evaluate populations
in rice [18].

We previously developed 1225 KASP markers based on SNPs detected by resequencing
13 Korean temperate japonica rice varieties [19–21]. These markers have enabled QTL
mapping of several important traits, including bakanae disease resistance [22], preharvest
sprouting (PHS) resistance [23], seed size [24], and spikelet sterility [25], as well as for
MABB programs [26–28] in temperate japonica rice varieties. These markers, however, were
not useful for analyzing variation in indica rice due to their low polymorphism in indica
varieties. This motivated us to develop an SNP genotyping platform suited to both japonica
and indica varieties.

In this study, we aimed to develop a novel SNP genotyping platform for rice that
is applicable to both japonica and indica, based on target capture sequencing technology.
We developed a target capture sequencing panel including 2565 SNPs: the SNPs used to
develop the 1225 KASP markers for temperate japonica varieties [19–21]; the 1339 SNPs
included in the 1k-RiCA [13] and the core KASP array [18], which are informative for indica
varieties; and an SNP located in the semi dwarf 1 (sd1) gene [29]. This system was used in a
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diversity analysis of 50 rice varieties and for QTL mapping of PHS resistance. This platform
is suited to use across a wide range of rice varieties because it includes informative SNPs
for both japonica and indica varieties. It provides an important contribution to rice genetics
and breeding that will facilitate QTL and gene mapping, analyses of germplasm diversity,
and marker-assisted selection.

2. Materials and Methods
2.1. Plant Materials

Seeds of the 50 rice varieties listed in Supplementary Table S1 and from 162 F8 recom-
binant inbred lines (RILs) derived from the cross Odae × Joun were sown in seedling trays.
After 1 month, 20 seedlings per variety and RIL were transplanted to the experimental
field of the National Institute of Agricultural Sciences (NIAS) of the Rural Development
Administration (RDA, Jeonju, Korea). Leaf samples for DNA extraction were collected from
healthy plants about 1 month after transplanting. DNA was extracted using the DNeasy
Plant Mini Kit (QIAGEN, Hilden, Germany).

2.2. Target Capture Panel Design and Next-generation Sequencing

In total, 2565 SNPs were included in the target capture panel design. These included
the SNPs used to develop 1225 KASP markers for temperate japonica varieties [19–21]. To
ensure SNPs informative for indica varieties were also present, the 895 SNPs included in
the 1k-RiCA [13] and the 467 SNPs from the core KASP array [18] were included in the
target capture panel design. Once duplicated SNPs from the 1k-RiCA and the core KASP
array had been removed, 1339 indica SNPs were included in the panel. Finally, an SNP
from sd1 [29] was included. The target capture panel and reagent kits were manufactured
based on liquid-phase hybridization technology by Celemics, Inc. (Seoul, Korea). For
each selected SNP, surrounding 60 bp regions were defined as targets. Capture probes
were designed to complementarily bind to the corresponding target region. Probes for
the same target partially overlapped with each other so that each SNP could be captured
by at least two different probes. The rice capture panel was manufactured by chemically
synthesizing the designed probes. Each probe contained a biotin molecule and therefore
could be recovered using streptavidin beads after binding to the target.

Genomic DNA was cut into approximately 250 bp fragments using a Bioruptor Pico
Sonication System (Diagenode, Liege, Belgium) and processed for Illumina sequencing by
the following steps: end-repair, dA-tailing, adapter ligation, and pre-PCR for indexed NGS
library. The prepared gDNA library and capture probes were hybridized to capture target
regions using the Celemics target enrichment kit (Celemics, Seoul, Korea). Target-captured
libraries were amplified by post-PCR to enrich the amount of sample and sequenced on
an Illumina NextSeq550 instrument (Illumina, San Diego, CA, USA) using the read layout
2 × 150 bp. The raw sequencing data were analyzed using the CLC Genomics Workbench
program version 21 (QIAGEN, Hilden, Germany).

2.3. Variety Diversity Analysis and QTL Mapping

The polymorphism information content (PIC) value of markers was calculated using
the following equation, which is applicable to inbred varieties [30]:

PIC = 1 −
n

∑
i=1

Pi2

The population structure of the 50 varieties was determined using the STRUCTURE
(version 2.3.4) [31,32] program and by varying the number of clusters (K) between one and
eight, with ten replications. A model following admixture and correlated allele frequency
with a 5000 burn-in length and a run length of 50,000 was used for model-based struc-
ture analysis. The output of the STRUCTURE analysis was collected using STRUCTURE
harvester [33], and the most probable K value was determined based on the LnP(D) and



Genes 2022, 13, 794 4 of 13

Evanno’s ∆K [34]. Phylogenetic analysis of the 50 varieties was performed using the MEGA
X program [35]. The evolutionary history was inferred during phylogenetic analysis using
the Neighbor-Joining method [36], and the evolutionary distances were computed using
the Maximum Composite Likelihood method [37].

For a QTL analysis of PHS resistance, 162 RILs derived from an Odae × Joun cross
were grown in a greenhouse with maximum/minimum temperatures of 32 ◦C/22 ◦C and
light/dark periods of 14 h/10 h. Seeds of both parental varieties and 162 RILs were sown
in 50-hole seedling raising trays. Seedlings were transferred to pots (150 mm diameter;
125 mm height) approximately 4 weeks after sowing; a total of six seedlings per line were
transferred to two pots (three plants per pot). During plant growth, the main culm was
retained on each plant, but all tillers were removed. This ensured PHS was measured in
panicles from main culms of plants, thus eliminating variation in PHS caused by different
tiller positions. PHS rates were evaluated according to the method of Cheon et al. [23]. The
heading panicles were tagged by wrapping their culms with colored tape, and heading
dates were recorded. Panicles were harvested from six plants per line (one panicle from
each plant) 38 days after heading, when the cumulative daily mean temperature during
seed ripening reached 1000 ◦C. The panicles were placed on paper towels on stainless
steel trays (465 × 365 × 35 mm), and tap water was added until the panicles were slightly
immersed. Paper towels were spread over the panicles, and then the tray was covered with
plastic wrap to prevent water loss through evaporation and placed in an incubator at 25 ◦C.
After 7 days, the panicles were removed from the tray, and the numbers of germinated
and nongerminated seeds per panicle were counted. Any seed with a shoot that had
emerged from a break in the husk was considered to have germinated. The PHS rate (%)
was calculated as (germinated seeds/total filled seeds) × 100. The average PHS rate for
each RIL was calculated from four panicles per line, removing maximum and minimum
PHS rate panicles, and used for QTL analysis. The QTL IciMapping 4.1 program [38] was
used to construct a genetic map and perform QTL analysis. The Kosambi function was
used for mapping. The LOD threshold was calculated using 1000× permutations.

3. Results
3.1. Target Capture Panel Design

Our target capture panel contained, in total, 2565 SNP markers: 1225 SNPs used
to develop KASP markers for temperate japonica rice varieties; 1339 SNPs from the 1k-
RiCA [13] and the core KASP array [18], which cover indica varieties; and an SNP from
sd1. The positions of all the SNP markers in the rice reference genome are listed in
Supplementary Table S2.

3.2. Diversity Analysis of Rice Varieties Using the Target Capture Panel

We analyzed 50 rice varieties (29 japonica and 21 indica varieties; Supplementary
Table S1) using our novel target capture panel. The genotype data for the 50 rice varieties
and the PIC value of each marker are shown in Supplementary Table S3. Of the 2565 SNP
markers present in the target capture panel, 2341 (91.3%) produced useful polymorphic
genotype data; over the 50 varieties tested, 2334 of the markers produced no missing
data, 6 markers missed one datapoint, and 1 marker missed two datapoints. We therefore
concluded that the target capture panel contained 2341 informative SNP markers. The
distribution of these markers across the rice reference genome is shown in Figure 1. Overall,
the markers were distributed relatively evenly, with an average density of 6.3 markers/Mbp
(Supplementary Table S4). The PIC value ranged from 0.039 to 0.5 (mean: 0.356). The
distribution of PIC values is shown in Figure 2; there were more markers with higher PIC
values than markers with lower ones.
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Figure 2. Polymorphism information content (PIC) values of SNP markers present on the target
capture panel.

The number of markers polymorphic between two varieties was calculated for all
variety pairs (Table 1). It ranged from 159 to 1368 (mean: 854) across all varieties, although
within the japonica group, the range was 159–916 (mean: 623), and within the indica
group, the range was 162–861 (mean: 491). When japonica and indica varieties were
compared, the number of markers polymorphic between two varieties ranged from 603
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to 1368 (mean: 1177). These results indicate that the markers on the target capture panel
could acquire sufficient genotypic data for gene or QTL mapping or for MABB from almost
all combinations of varieties.

Table 1. Number of polymorphic markers for different variety pairs.

Group Mean Minimum Maximum

All varieties 854 159 1368
Within japonica 623 159 916
Within indica 491 162 861

Between japonica and indica 1177 603 1368

We used the STRUCTURE 2.3.4 program to analyze the population structure of the
50 rice varieties [31,32]. Two distinct populations were identified by Evanno’s ∆K values
(i.e., K = 2; Supplementary Figure S1), which corresponded to the japonica and indica
subspecies (Figure 3a). A phylogenetic tree of the 50 rice varieties was constructed using
the MEGA X program (Figure 3b). Most varieties of japonica and indica were clearly
separated, although three varieties (Mokyang, Nongan, and Milyang392ho) were of the
intermediate type.
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(a) Assignment of the rice varieties to two populations (japonica and indica) using the STRUCTURE
2.3.4 program. (b) Phylogenetic tree of the rice varieties. Their evolutionary history was inferred using
the Neighbor-Joining method. The optimal tree with the sum of branch length = 5.76867357 is shown.
The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tree. The evolutionary distances were computed using the Maximum
Composite Likelihood method and are in the units of the number of base substitutions per site.
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3.3. QTL Analysis of Preharvest Sprouting Resistance Using the Target Capture Panel

To test the usefulness of the target capture panel for QTL mapping, we performed
a QTL analysis of PHS resistance using 162 RILs derived from an Odae × Joun cross.
Both parents are Korean temperate japonica rice varieties; Odae is moderately resistant
to PHS, and Joun is resistant to PHS. We genotyped the RIL population using the target
capture panel and found 475 SNP markers produced polymorphic genotype data, enabling
construction of a genetic map (Figure 4). The total length of this genetic map was 1901.3 cM,
with a mean interval between markers of 4.11 cM.

We measured PHS rates in the RILs and the parental varieties, Odae and Joun. PHS
rates differed, both between the parental varieties and within the RIL population (Figure 5a).
The distribution of PHS rates across the 162 F8 RILs is shown in Figure 5b.

A QTL analysis of the PHS rate was performed using the genetic map and phenotypic
data obtained from the 162 RILs derived from the Odae × Joun cross. This analysis
identified two QTLs: qPHS4, located 126 cM from the top of chromosome 4, and qPHS11,
located 77 cM from the top of chromosome 11. The logarithm-of-the-odds (LOD) scores
of these QTLs were 4.06 and 14.74, respectively (Table 2; Figure 6). The LOD threshold
was determined to be 3.704 through 1000× permutations. The additive effects of these
two QTLs were −4.84 and −10.13, respectively, with 6.48% and 28.66% of phenotypic
variation, respectively, being explained by QTL effects (PVE); Joun alleles decreased the
PHS rate at both QTLs. The QTL intervals (95% probability) were 121.5–126.5 cM for qPHS4
and 74.5–78.5 cM for qPHS11 (Table 2). The qPHS4 region was flanked by the markers
chr04_29751343 and chr04_32748870 (29.751–32.749 Mbp) on chromosome 4, whereas the
qPHS11 region was flanked by chr11_14468323 and chr11_15591509 (14.468–15.592 Mbp)
on chromosome 11.

Table 2. Identification of QTLs affecting PHS rate.

QTL name Chromosome Location (cM) QTL Interval * (cM) LOD Additive Effect PVE (%) **

qPHS4 4 126 121.5–126.5 4.06 −4.84 6.48
qPHS11 11 77 74.5–78.5 14.74 −10.13 28.66

* Interval at 95% probability. ** Phenotypic variation explained by QTL effects.
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Figure 4. Construction of a genetic map using genotype data from 162 F8 recombinant inbred lines
(RILs) derived from an Odae × Joun cross obtained from the target capture panel. Chromosomes are
numbered at the top. Marker names are indicated on the right-hand side of each chromosome, and
the genetic distance of each marker from the first marker at the top of the chromosome is shown on
the left-hand side. Genetic distances, measured in cM, were calculated using the Kosambi function.
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a recombinant inbred line (RIL) population derived from an Odae × Joun cross. (a) PHS phenotypes
of the parental varieties and representative RILs. Scale bar: 20 mm. (b) Distribution of PHS rates
across 162 RILs and their parental lines. Inverted triangles indicate the parental varieties.
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Figure 6. Positions of two QTLs affecting preharvest sprouting (PHS) rate in the genetic map of
162 RILs derived from the cross Odae × Joun. The names of each marker and their genetic distances
from the first marker at the top of each chromosome are shown on the left-hand side. The LOD score
(red line) is shown on the right-hand side.

4. Discussion

We successfully developed a target capture sequencing platform for genotyping SNPs
in rice. This platform produced useful polymorphic genotype data for 2341 SNP markers
across 50 different rice varieties (29 japonica and 21 indica), providing a mean of 854 for every
combination of two varieties tested. Most previous QTL or gene mapping studies in rice
have used traditional markers such as SSR and RFLP and involved 100–300 polymorphic
markers. Our novel platform thus contained a sufficient number of polymorphic markers
for QTL and gene mapping studies, MABB, and germplasm diversity analysis. In addition,
the mean PIC value of markers in our platform was fairly high (0.356), while all PIC values
were in the range 0–0.5 (Figure 2). The majority of markers had high PIC values (Figure 2),
which indicated most of the markers present in this platform were highly polymorphic
between rice varieties and therefore provided informative genotypic data. In addition, this
platform produced very few missing datapoints; of a total of 117,050 datapoints obtained
from 50 varieties using 2341 markers, only 8 (0.007%) were missing. These results indicate
that the target capture sequencing SNP genotyping platform developed in this study offers
a very powerful tool for various types of genetic studies, including QTL and gene mapping
analyses and the development of breeding programs.

A target capture sequencing SNP genotyping platform is highly flexible because it is
very easy to add liquid probes to an existing panel [14–16]. The mean number of markers
revealing polymorphisms in indica varieties was lower than for japonica varieties (491 vs.
623) in the rice platform described here. Most of the indica varieties used in this study were
Korean Tongil-type varieties, which have low genetic diversity as there is far less breeding
of Tongil-type rice than of japonica rice in Korea. The requirement to develop new lines
of Tongil-type rice is increasing in Korea, however, as these varieties are suited to diverse
uses, including livestock feed and raw material for processed foods such as rice noodles
and cookies. It is therefore important to ensure a sufficient number of suitable markers is
available to enable breeding of such indica rice varieties. This will involve the development
of markers capable of detecting polymorphisms within Tongil-type varieties by using
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genome sequence analysis to identify highly polymorphic SNPs within representative
Korean Tongil-type varieties.

PHS occurs when seeds break dormancy under warm and humid circumstances prior
to harvest. It is observed in many cereal crops, including wheat, barley, and rice [39]. PHS
is a serious problem that causes yield and quality reduction in rice because it alters the
physicochemical properties of starch. This results in reduced amylose content and irregular
starch granules, leading to a deterioration in appearance and processing quality [40]. PHS
is a major problem across a wide range of rice-cultivating regions, including the Republic
of Korea, China, Japan, Europe, and Australia, and results in an annual economic loss of
USD one billion on a global scale [41]. Achieving PHS resistance is therefore one of the
most important targets for breeding programs in rice. To date, 185 QTLs linked to PHS
and related traits, such as seed dormancy and low-temperature germination, have been
identified [41]. To test the applicability of the target capture sequencing SNP genotyping
platform to QTL analysis, we performed an analysis of PHS resistance with an F8 RIL
population derived from a cross between two Korean temperate japonica rice varieties,
Odae and Joun. Joun is resistant to PHS, whereas Odae is moderately resistant to PHS. We
constructed a genetic map comprising 475 SNP markers (Figure 4) and found two QTLs,
qPHS4 and qPHS11, associated with PHS resistance. qPHS4 was located in an interval
between 29.751 and 32.749 Mbp on chromosome 4, whereas the region containing qPHS11
was located between 14.468 and 15.592 Mbp on chromosome 11. A QTL associated with
seed dormancy, qSD4-2, has previously been reported in the qPHS4 region [42]. No QTL
for PHS or seed dormancy has been detected previously in the qPHS11 region, however,
which indicates that qPHS11 is a novel PHS QTL. As qPHS11 is a major QTL with a high
LOD score (14.74) and high PVE (28.66%), it may be productive to identify the gene(s)
responsible for its effect using map-based cloning approaches. However, this QTL mapping
was performed with PHS rate data measured in only 1 year. Therefore, PHS rates must be
measured in another year or environment for complete QTL mapping.

5. Conclusions

We developed a target capture sequencing SNP genotyping platform containing
2341 SNP markers that were polymorphic across 50 rice varieties. The mean number of
polymorphic markers for any combination of two rice varieties was high (854), which
indicates that this platform has the potential to become a powerful tool for diverse types of
genetic studies, including QTL and gene mapping analyses and the development of novel
breeding programs. This platform was used to identify two QTLs for PHS resistance with
an F8 RIL population derived from a cross between two Korean temperate japonica rice
varieties, Odae and Joun.
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chromosome of SNP markers present on the target capture sequencing SNP genotyping platform.
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