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Abstract: Pod-shattering causes a significant yield loss in many soybean cultivars. Shattering-tolerant
cultivars provide the most effective approach to minimizing this loss. We developed molecular
markers for pod-shattering and validated them in soybeans with diverse genetic backgrounds.
The genes Glyma.16g141200, Glyma.16g141500, and Glyma.16g076600, identified in our previous
study by quantitative trait locus (QTL) mapping and whole-genome resequencing, were selected
for marker development. The whole-genome resequencing of three parental lines (one shattering-
tolerant and two shattering-susceptible) identified single nucleotide polymorphism (SNP) and/or
insertion/deletion (InDel) regions within or near the selected genes. Two SNPs and one InDel were
converted to Kompetitive Allele-Specific PCR (KASP) and InDel markers, respectively. The accuracy
of the markers was examined in the two recombinant inbred line populations used for the QTL
mapping, as well as the 120 varieties and elite lines, through allelic discrimination and phenotyping
by the oven-drying method. Both types of markers successfully discriminated the pod shattering-
tolerant and shattering-susceptible genotypes. The prediction accuracy, which was as high as 90.9%
for the RILs and was 100% for the varieties and elite lines, also supported the accuracy and usefulness
of these markers. Thus, the markers can be used effectively for genetic and genomic studies and the
marker-assisted selection for pod-shattering tolerance in soybean.

Keywords: Kompetitive Allele-Specific PCR; soybean; pod shattering tolerance; single nucleotide
polymorphism; insertion/deletion; candidate gene; molecular marker

1. Introduction

Soybean is an economically important crop worldwide. The productivity of soybean is
affected by various biotic and abiotic factors, including pod-shattering. The characterization
of soybean productive units and the use of growth simulation models can help to identify
some of the related factors of soybean productivity [1,2]. Pod-shattering is the opening
of the mature pod along the dorsal or ventral suture with the dispersal of the seeds [3].
While it is essential for seed dispersal in wild species, in domesticated crops it can cause
significant yield loss [4]. These losses vary from negligible to significant, depending on the
harvest delay, the environmental conditions, and/or the tolerance of the variety [5–7].

Linkage mapping, commonly known as the quantitative trait locus (QTL) analysis [8],
as well as genome-wide association studies (GWAS) [9] are mapping techniques that locate
genomic regions associated with the quantitative variations for target traits. In soybean, the
major genomic regions associated with the pod-shattering tolerance are on chromosome
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16. These regions were identified through linkage mapping using diverse molecular mark-
ers, including restriction fragment length polymorphism markers [10], simple-sequence
repeat (SSR) markers [11–13], and high-density single nucleotide polymorphism (SNP)
markers [14]. A few minor QTLs have been mapped on chromosomes 2, 5, 10, 14, and 19 by
linkage mapping [10,11]; on chromosomes 1, 4, 6, 8, 9, 11, 17, 18, and 20 through GWAS [15];
and on chromosomes 1, 5, 8, and 14 through linkage mapping using specific locus-amplified
fragment sequencing [16]. We previously mapped major and minor QTLs on chromosome
16 and reported candidate genes for the pod-shattering tolerance in soybean [17].

Although pod-shattering is more than 90% heritable [18], pod-shattering in the field is
greatly affected by diverse environmental factors, including humidity and temperature.
To address the problems inherent in field evaluations, most pod-shattering assessments
in soybeans are made using the oven-dry method [15,19,20]. However, the conventional
method for evaluating pod-shattering (i.e., keeping the mature pods at room temperature
for a few days to equalize the moisture content among samples) is time-consuming and
labor-intensive. Moreover, this technique is applicable only for mature pods (R8 stage)
at later growth stages. Therefore, an efficient and accurate selection technique, such as
molecular markers that can be applied at all growth stages, is needed to determine the
pod-shattering tolerance versus susceptibility in soybean breeding programs.

Among various molecular markers, Kompetitive Allele-Specific PCR (KASP) and
insertion/deletion (InDel) markers have been used widely for many crops because they
are simple, reproducible, stable, accurate, fast, and are low-cost [21–24]. KASP assays for
the marker-assisted selection (MAS) of the egusi trait in the watermelon [24], the flowering
gene in lentils [22], and the white tip nematode (Aphelenchoides besseyi) in rice [25] have
been developed and applied to diverse genetic backgrounds. In soybean, KASP assays
have been employed for a few traits, including soybean cyst nematode resistance [26,27],
frogeye leaf spot resistance [28], and Fusarium graminearum resistance [29]. However, there
are few reports of selection markers for the pod-shattering tolerance in soybean [30,31].
We designed SNP and/or InDel markers and validated them in populations with diverse
genetic backgrounds. These markers could be used by MAS for initial germplasm selection
and for developing soybean cultivars with a pod-shattering tolerance.

2. Results
2.1. Development of KASP Markers

For KASP markers, we selected the SNPs or InDel regions in the candidate genes
of the major QTL [17] by comparing the DNA sequences of the tolerant parent Dae-
wonkong (DW) and the susceptible parents Tawonkong (TW) and Saeolkong (SO). Of
the five candidate genes from within the major QTL, three genes had five SNPs. For the
two genes Glyma.16g141200 and Glyma.16g141500 (Supplementary Figures S1 and S2) on
chromosome 16, these SNPs had no other polymorphic variations within 100 bp upstream
or downstream.

The first marker, KASP-PS-1 for Glyma.16g141200, had a single bp deletion (TC > T) at
29,916,524 bp on chromosome 16. The tolerant parent DW and the reference genome (refer-
ence, version) had a “C” allele in the target region, whereas the susceptible parents TW and
SO had the deletion (Table 1, Supplementary Figure S1). The second marker, KASP-PS-2 for
Glyma.16g141500, had a SNP variant (T > G) at 29,966,815 bp on chromosome 16. The toler-
ant parent DW and the reference genome had the “T” allele in the target region, whereas the
susceptible parents had the “G” allele. We developed the KASP marker with allele-specific
primers and common primers in each SNP (Table 1, Supplementary Figure S2).
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Table 1. Summary of SNP information on the candidate genes of the major quantitative trait locus [17].

Gene Model SNP Position (bp) Polymorphic Site SNP Information Amino Acid Change

Glyma.16g141200 29,916,524 3′ UTR Deletion (TC > T) -
Glyma.16g141500 29,964,216 5′ UTR A > C -
Glyma.16g141500 29,966,815 5′ UTR T > G -
Glyma.16g141600 29,970,894 Coding region T > C Nonsynonymous (Asp > Gly)
Glyma.16g141600 29,970,957 Coding region T > C Nonsynonymous (Asn > Ser)

2.2. Development of InDel Markers

Previously, we reported a novel candidate gene Glyma.16g076600 related to abscisic
acid (ABA) catabolism [17]. There were four SNPs, one insertion, and one deletion in
the target region, causing amino acid changes (Table 2). This gene had a translational
stop codon (nonsense) mutation, which would stop protein expression from the gene.
We designated the InDel marker for the 18-bp insertion region of the candidate gene
Glyma.16g076600 (Supplementary Figure S3). DW had the additional sequence differences
(the DW-specific allele) compared to the reference genome TW and SO (Table 2).

Table 2. Summary of SNP/InDel information on the candidate gene of the minor quantitative trait
locus [17].

Gene Model Position (bp) Polymorphism Site Codon Change Amino Acid Change

Glyma.16g076600

7,775,892 Coding region C > T Nonsynonymous (Glu > Lys)
7,775,945 Coding region T > A Nonsynonymous (Lys > Met)
7,775,948 Coding region A > G Nonsynonymous (Ile > Thr)

7,775,970 Coding region Insertion (18 bp) Stop gained and disruptive
inframe insertion

7,776,045 Coding region C > T Nonsynonymous (Met > Ile)

7,777,575 Coding region Deletion (3 bp)
Nonsynonymous

Inframe deletion
(Asn > -)

2.3. Validation of KASP and InDel Markers in RIL Populations

To validate the KASP markers in RILs, we genotyped the lines with two KASP markers
and determined the pod-shattering ratio in 154 RILs from the DW × TW (DT population)
and 153 RILs from the DW × SO (DS population). In the scatter plot, the RILs, shown by
the blue spot, had a tolerance allele from DW, while the RILs indicated by the red spot had
a susceptibility allele (Figures 1 and 2). The results showed that the pod-shattering-tolerant
parent DW and the susceptible parents TW and SO were successfully distinguished by
both markers. Similarly, the tolerant lines and susceptible lines were clearly distinguished
according to their genotypes. Among the RILs, 56 lines had the tolerance allele and 88 lines
had the susceptibility allele, and the others were undetermined or had a heterozygous
allele in the DT population. Similarly, 72 lines had the tolerance allele, 78 lines had
the susceptibility allele, and the others had a heterozygous allele in the DS population
(Figures 1 and 2).

In the DT population, the lines with the tolerance genotype had 1.6%, 5.1%, and 9.0%
pod-shattering ratios for 24, 48, and 72 h of oven-drying, respectively. Those with the
susceptible genotype had high ratios of 25.9%, 55.0%, and 75.1% for the same periods
of drying, respectively. Similarly, in the DS population, 4.9%, 12.3%, and 18.3% of the
pods of tolerant lines were shattered after 24, 48, and 72 h, respectively. Shattered pods of
susceptible lines were 44.0%, 80.4%, and 86.3% for the same periods of drying, respectively
(Table 3).
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Figure 1. Allelic discrimination of RIL populations using the KASP-PS-1 marker. The upper two
((A): 91 RILs and 2 parents, (B): 63 RILs and 2 parents because up to 96 genotypes were accommodated
in a single experimental set-up) figures for 154 RILs of DT combination (DW × TW population) and
the lower two ((C): 91 RILs and 2 parents, (D): 62 RILs and 2 parents) figures for 153 RILs of DS
combination (DW × SO population). NTC: No template control, DW: Daewonkong, TW: Tawonkong,
and SO: Saeolkong.
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Figure 2. Allelic discrimination of RIL populations using the KASP-PS-2 marker. The upper two
figures ((A): 91 RILs and 2 parents, (B): 63 RILs and 2 parents because up to 96 genotypes were ac-
commodated in a single experimental set-up) for 154 RILs of DT combination (DW × TW population)
and the lower two figures ((C): 91 RILs and 2 parents, (D): 62 RILs and 2 parents) for 153 RILs of DS
combination (DW × SO population). NTC: No template control, DW: Daewonkong, TW: Tawonkong,
and SO: Saeolkong.

As expected for the InDel marker in the RILs, the tolerant parent and susceptible
parents gave different product sizes (DW, 144 bp; TW and SO, 126 bp) for the InDel marker
(Supplementary Figure S4). Among the RILs, 69 lines had the tolerance allele, 74 lines had
the susceptibility allele, and the others had undetermined or heterozygous alleles in the
DT population. Similarly, 74 lines had the tolerance allele, 76 lines had the susceptibility
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allele, and the others had undetermined or heterozygous alleles in the DS population
(Supplementary Figure S4).

Table 3. Phenotypic (pod-shattering ratio) variations in the recombinant inbred line populations
according to the genotypes.

Marker Type Population Genotype
Pod Shattering Ratio (%)

24 h 48 h 72 h

KASP DT P1 1.6a 5.1a 9.0a
P2 25.9b 55.0b 75.1b

DS P1 4.9a 12.3a 18.3a
P2 44.0b 80.4b 86.3b

InDel DT P1 7.4a 20.3a 27.9a
P2 24.7b 49.5b 69.0b

DS P1 7.6a 19.7a 26.4a
P2 43.0b 75.9b 81.2b

DT: Daewonkong × Tawonkong, DS: Daewonkong × Saeolkong. ‘P1’ indicates that the target allele is the
same as the tolerant parent ‘Daewonkong’, ‘P2’ indicates that the target allele is the same as susceptible parents
‘Tawonkong’ and ‘Saeolkong’. Pod-shattering ratio is the mean value at the different drying periods (24, 48, and
72 h). Different letters within the same column indicate significant differences (p < 0.05).

In the DT population, 7.4%, 20.3%, and 27.9% of the pod-shattering ratios were found
for the genotypes with the DW allele after 24, 48, and 72 h of drying, respectively. However,
the lines with the TW or SO allele produced 24.7%, 49.5%, and 69.0% of the pod-shattering
ratios for the same periods of drying, respectively (Table 3). Likewise, in the DS population,
7.6%, 19.7%, and 26.4% of the pod-shattering ratios were observed in the tolerant lines,
whereas the susceptible lines gave 43.0%, 75.9%, and 81.2% of the pod-shattering ratios
after 24, 48, and 72 h of oven-drying, respectively (Table 3).

2.4. Validation of KASP and InDel Markers in Diverse Varieties and Elite Lines

A total of 120 varieties and elite lines with diverse genetic backgrounds were tested
to validate the KASP (Figure 3) and InDel (Supplementary Figure S5) markers. Although
the efficiency of the InDel marker was lower than that of KASP, both markers success-
fully distinguished the pod-shattering-tolerant and -susceptible genotypes. In the KASP
marker analysis, 1.4%, 3.6%, and 5.7% of the pod-shattering ratios were seen in the tolerant
genotypes after 24, 48, and 72 h of oven-drying, respectively, while 44.6%, 76.2%, and
85.1% of the pod-shattering ratios were observed in the susceptible genotypes, respectively
(Table 4). In the case of the InDel marker, the varieties and elite lines with the tolerant
genotype showed 4.7%, 11.6%, and 14.4% of the pod-shattering ratios after 24, 48, and 72 h
of oven-drying, respectively. However, the lines representing the susceptible genotype
had 15.0%, 26.1%, and 30.7% pod-shattering ratios after 24, 48, and 72 h of oven-drying,
respectively (Table 4).

Table 4. Phenotypic (pod-shattering ratio) variations in the 120 varieties and elite lines according to
the genotypes.

Marker Type Genotype
Pod-Shattering Ratio (%)

24 h 48 h 72 h

KASP
P1 1.4a 3.6a 5.7a
P2 44.6b 76.2b 85.1b

InDel
P1 4.7a 11.6a 14.4a
P2 15.0b 26.1b 30.7b

‘P1’ indicates that the target allele is the same as that of the tolerant parent ‘Daewonkong’, ‘P2’ indicates that the
target allele is the same as that of the susceptible parents ‘Tawonkong’ and ‘Saeolkong’. Pod-shattering ratio is the
mean value at the different drying periods (24, 48, and 72 h). Different letters followed by the values within the
same column indicate significant differences (p < 0.05).
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Figure 3. Allelic discrimination of 120 varieties and elite lines using KASP-PS-1 ((A): 93 and (B): 27)
and KASP-PS-2 ((C): 93 and (D): 27) markers. NTC: No template control.

2.5. Association between Allelic Combination and Phenotypes

To determine the associations between the allelic combinations obtained with KASP
and InDel markers (A, tolerant; B, susceptible) and phenotypic variations, we divided
307 RILs from the two populations into four groups; i.e., the tolerant genotypes in both
markers (AA); the tolerant genotypes with the KASP marker, but also the susceptible
genotypes with the InDel marker (AB); the susceptible genotypes with the KASP marker,
but also the tolerant genotypes with the InDel marker (BA); and the susceptible genotypes
with both markers (BB). As a result, we discovered significant differences in the pod-
shattering ratio depending on the allelic combinations of RILs. The RILs with the allele
type AA had 2.4%, 7.2%, and 12.2% of the pod-shattering ratios after 24, 48, and 72 h
of oven-drying, respectively, while allele type AB had 10.0%, 20.6%, and 26.1% of the
pod-shattering ratios after 24, 48, and 72 h of oven-drying, respectively. Allele type BA had
24.0%, 61.3%, and 75.1% of the pod-shattering ratios after 24, 48, and 72 h of oven-drying,
respectively, and allele type BB had 37.2%, 68.5%, and 81.7% of the pod-shattering ratios
after 24, 48, and 72 h of oven-drying, respectively (Figure 4A). The varieties and elite lines
also showed similar patterns of pod-shattering after 24, 48, and 72 h of oven-drying to that
of RILs (AA, 0.2%, 0.5%, and 1.3%; AB, 1.8%, 4.6%, and 7.2%; BA, 24.3%, 60.9%, and 71.8%;
and BB, 48.5%, 79.1%, and 87.7%) (Figure 4B).

The prediction accuracy of the KASP marker was very high, with 81.7% to 88.2% in the
RIL populations and 91.3% to 95.5% in the varieties and elite lines. Considering both types
of markers in the strains with tolerant genotypes, for the RIL populations, the prediction
accuracy was 83.4% to 90.9%, and for the varieties and elite lines, the prediction accuracy
was 100%, which was higher than the KASP marker alone (Table 5).

2.6. Haplotype Analysis of Candidate Genes

The results of the haplotype analysis for Glyma.16g076600, Glyma.16g141200, and
Glyma.16g141500 are shown in Figure 5. For Glyma.16g076600, there were four SNPs, one
insertion (18 bp) at 7,775,970 bp that was used to develop the InDel marker, and one deletion
in the target region (Table 2, Figure 5, and Supplementary Figure S3). Glyma.16g141200
had a single bp deletion (TC > T) at 29,916,524 bp. Glyma.16g141500 had an SNP variant
(T > G) at 29,966,815 bp that was considered while developing KASP markers (Table 1,
Figure 5, and Supplementary Figures S2 and S3). The haplotype analysis of the 120 varieties
and elite lines showed that the InDel and SNPs were divided into four haplotypes (Haps),
with the maximum pod-shattering variations of 48.3, 78.6, and 86.4 at 24, 48, and 72 h of
oven-drying, respectively, between Haps 1 and 4 (Figure 5B).
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Figure 4. Phenotypic variation for pod-shattering ratio according to their genotypes: (A) two RIL
populations and (B) varieties and elite lines. AA: tolerant genotypes in both markers; AB: tolerant
genotypes in KASP marker but susceptible genotype in InDel marker; BA: susceptible genotypes in
KASP marker but tolerant genotypes in InDel marker; and BB: susceptible in both markers. Standard
errors are used to depict error bars. The letters (a–c) above bar diagrams represent significant
differences at p < 0.05 by Duncan’s multiple range test.

Table 5. The prediction accuracy between the genotypes and phenotypes of recombinant inbred lines
(RILs), varieties, and elite lines for three drying periods.

Genotypes

RIL Populations Varieties and Elite Lines

24 h 48 h 72 h 24 h 48 h 72 h

Tol Sus Tol Sus Tol Sus Tol Sus Tol Sus Tol Sus

X 116 12 101 27 82 46 84 4 80 8 73 12
Y 31 135 4 162 1 165 4 27 0 31 0 31

Accuracy (%) 86.0 88.2 81.7 91.3 95.5 92.9

AA 101 7 90 18 73 35 22 0 22 0 22 0
BB 22 109 2 129 1 130 0 26 0 26 0 26

Accuracy (%) 88.4 90.9 83.4 100 100 100

Genotypes, X: tolerant genotype for KASP marker; Y: susceptible genotype for KASP marker; AA: tolerant
genotype in both types of markers; and BB: susceptible genotype in both types of markers. Tol: number of tolerant
lines (shattered pods ≤ 10%) and Sus: number of susceptible lines (shattered pods > 10%). Accuracy: prediction
accuracy is the possibility that tolerant genotypes showed a tolerant phenotype and susceptible genotypes showed
a susceptible phenotype.
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3. Discussion

Pod-shattering causes a significant yield loss in soybeans. The selection of elite
breeding lines with good agronomic traits, including pod-shattering tolerance, is essential
for soybean breeding programs around the world. Molecular markers offer an effective
and efficient approach for studying pod-shattering, as well as for breeding programs.

Several studies have identified molecular markers targeting genes on chromosome 16,
the major genomic region associated with the pod-shattering phenotype [10,17,32]. Three
InDel markers (SRM0, SRM1, and SRM2) were developed for the qPDH1 locus [13]. The
one SNP variation in the coding region of Glyma16g25580 (Wm82.a1.v2) was developed
as a Pdh1 Simple Probe real-time PCR assay for predicting pod-shattering [4]. The SNPs
within Glyma.16g141600 on chromosome 16 also have significant associations with pod-
shattering [32]. However, for a highly accurate selection of soybean genotypes, we need
additional molecular markers for pod-shattering tolerance [31]. Therefore, we wanted to
confirm the candidate genes and develop additional allele-specific markers related to the
pod-shattering tolerance from an elite cultivar DW with strong tolerance to pod-shattering.

It has been reported that the inheritances of pod shattering in soybean are controlled
by additive gene action [33,34], which is the effect of multiple genes with a linear or
additive fashion [35]. Previous studies have suggested that the genetic variation in pod-
shattering in soybean is controlled by partial dominance [36], dominant epistasis [37],
dominance, or partial dominance [38]. Bhor et al. [39] found that two major genes with
inhibitory epistasis were responsible for the mode of inheritance of pod-shattering. A
single major gene may not be enough to differentiate soybean genotypes for pod-shattering.
Han et al. [40] reported no difference between soybean cultivars Heihe 43 (tolerant pod-
shattering) and Heihe 18 (susceptible to pod-shattering) using the major pod-shattering
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tolerance gene SHATTERING1-5 [41]. However, the cultivars were successfully differenti-
ated by Glyma.05g225900 and Glyma.05g227400. Therefore, the identifications of additional
genes and the use of molecular markers linked with the genes would be highly useful for
genetic studies and breeding programs in soybean. In the present study, we developed
KASP markers for Glyma.16g141200 and Glyma.16g141500, as well as an InDel marker for
Glyma.16g076600, which are all candidate genes for pod-shattering that we identified within
the QTLs detected previously [17]. Glyma.16g076600 is a novel candidate gene found in
our previous study [17]. In addition, we evaluated the efficiency of the markers using
soybean genotypes with diverse genetic backgrounds that are tolerant or susceptible to
pod-shattering.

The functions of the three candidate genes involved in the pod-shattering mechanisms
have been studied previously. It has been suggested that pod-shattering involves a bZIP
transcription factor related to Glyma.16g141500 (bZIP transcription factor bZIP117), located
in a major pod-shattering QTL (qPDH1) in soybean [14]. The bZIP proteins play a role in
the expression of the proline dehydrogenase (ProDH) gene in Arabidopsis [42]. Kavi Kishor
et al. [43] reported that proline is an important source of the cell wall matrix. Proline-based
signaling proteins are also important for the cell wall of Arabidopsis thaliana [44]. The
increased expression of ProDH2 in senescent leaves and in the abscission zone of floral
organs implicates a bZIP transcription factor in pod-shattering [45].

The pod-shattering tolerance in soybean may result from excessive secondary cell wall
deposition and lignification in the outer part of the suture [41]. This is supported by a
study in common vetch, in which high-throughput RNA sequencing was used to evaluate
global transcriptome variations associated with the pod ventral sutures of accessions for the
shattering-susceptible and shattering-resistant strains [46]. A similar study demonstrated
that the shattering-resistant varieties of common vetch did not have an abscission zone in
the bundle sheath; thus, this favors the development of strong sutures [47]. The expression
of a gene associated with stem bolting in Arabidopsis indicates that members of the bZIP
family may be involved in secondary cell wall thickening [48]. Moreover, several TGA-
type bZIP genes may control the expression of the genes involved in abscission [49]. The
upregulation of 11 bZIP genes in the abscission zones of Elymus nutans supports their role
as positive regulators in abscission [50]. Similar to the involvement of Glyma.16g141500 in
abscission, protein phosphatase 2C, which is related to Glyma.16g141200, may also function
in abscisic acid signal transduction in Arabidopsis thaliana [51]. Glyma.16g076600, a homolog
of AT4G19230 in Arabidopsis, is a member of the CYP707A gene family that encodes a
protein related to ABA catabolism [52]. Plant hormones, such as ABA, may regulate silique
dehiscence in Arabidopsis and Brassica [53].

We evaluated the KASP and InDel markers for the pod-shattering phenotypes using
the oven-drying method in 307 RILs and 120 varieties and elite lines. The prediction
accuracy of the KASP marker was very high, with 81.7% to 88.2% in the RIL populations,
and 91.3% to 95.5% in the varieties and elite lines. The lower prediction accuracy in the
RIL populations may be due to a recombination in the RILs (although they were F7:8),
and these results were similar to the results of Kim et al. [31]. The prediction accuracy of
this study is comparable to a previous study [31]. The slightly higher values obtained in
the study [31] might be due to their use of fewer RILs of the shattering-tolerant breeding
lines. Using both types of markers could increase the prediction accuracy in soybean lines,
compared to using KASP markers alone. Adding markers from the additional candidate
genes could increase the prediction accuracy. The haplotype analysis of candidate genes
revealed distinct groups of soybean genotypes for the pod-shattering tolerance. The three
genes used here as markers for pod-shattering in soybean, as well as the KASP and InDel
markers developed in this study, could be used in MAS to improve the pod-shattering
tolerance in soybean breeding programs.
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4. Materials and Methods

A summary of the study design has been provided as a schematic diagram (Supple-
mentary Figure S6).

4.1. Plant Materials

The QTLs and candidate genes for pod-shattering tolerance were identified using two
RIL populations (F7:8) derived from the cross between a pod-shattering-tolerant cultivar
Daewonkong (DW) and the pod-shattering-susceptible cultivars, Tawonkong (TW) and
Saeolkong (SO), as described previously [17,54] (Supplementary Figure S7). Populations
consisting of 154 RILs (DW × TW; DT), 153 RILs (DW × SO; DS), and 120 varieties and
elite lines were used to validate the KASP and InDel markers for the candidate genes
Glyma.16g141200, Glyma.16g141500, and Glyma.16g076600. Two RIL populations, as well
as 120 soybean varieties and elite lines used in this study, were developed in our institute
according to the cultivation methods of the Agricultural Science Technology Standards for
Investigation (Rural Development Administration, Jeonju, Korea) and they comply with
the guidelines and legislation of Korea. The varieties and elite lines were selected based on
their economic values and cultivation practices in Korea. The panel of the 120 varieties and
elite lines includes 86 pod-shattering-tolerant and 34 pod-shattering-susceptible soybeans.
All the plant materials are deposited at the National Institute of Crop Science, Rural
Development Administration, Miryang, Korea, and can be obtained on reasonable request
after meeting the institutional obligations.

4.2. Evaluation of Pod-Shattering Tolerance

The pod-shattering tolerance for 400 genotypes (307 RILs, 120 varieties, and elite lines)
was calculated, as described previously [17,54]. In brief, mature pods were harvested at
the R8 stage, stored at room temperature for a week, oven-dried (40 ◦C) for 24, 48, or 72 h,
and the number of shattered pods were counted. The pod-shattering ratio = (number of
shattered pods/total number of pods) × 100 (%).

4.3. DNA Extraction from the Parental Lines and Whole-Genome Resequencing

Genomic DNA was extracted from the young trifoliate leaves of three parental cultivars
(Daewonkong, Tawonkong, and Saeolkong) of the RIL populations using a DNA extraction
kit (Exgene Plant SV Miniprep Kit; GeneAll, Seoul, Korea) following the manufacturer’s
instructions. The concentration and quality of the extracted DNA were determined with a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The
Illumina Hi-seq 4000 whole-genome resequencing of the parental cultivars (Macrogen Inc.,
Seoul, Korea) revealed the SNP and/or InDel regions, as compared to the reference genome
of Glycine max (Wm82.a2.v1) [55]. The sequences were visualized using the Golden Helix
Genome Browser v 3.0.0 software (Golden Helix, Bozeman, MT, USA).

4.4. Molecular Marker Development and Genotyping

The genomic DNA from 307 RILs of two populations, as well as 120 varieties and
elite lines, was extracted, as described above. The KASP markers for the target SNPs were
developed with allele-specific primers and common primers. The KASP markers were
genotyped by using the ABI7300 system (ABI, Foster City, CA, USA) and were analyzed
with 7300 system SDS RQ study software (Thermo Fisher Scientific, Waltham, MA, USA).
The PCR (polymerase chain reaction) conditions for genotyping with the KASP marker
were as follows: 94 ◦C for 15 min; 10 cycles of 94 ◦C for 20 s, 61 ◦C for 1 min; and 26 cycles
of 94 ◦C for 20 s; followed by 55 ◦C for 1 min. The InDel marker for the target sequence
was generated using the Primer3 program (http://bioinfo.ut.ee/primer3-0.4.0, Accessed
19 October 2021). The InDel marker was genotyped by capillary electrophoresis (QIAxcel,
Qiagen, Hilden, Germany). The PCR conditions for genotyping with the InDel marker
were as follows: 95 ◦C for 5 min; 35 cycles of 95 ◦C for 20 s, 55 ◦C for 1 min, 72 ◦C for 1 min;
followed by 72 ◦C for 5 min.

http://bioinfo.ut.ee/primer3-0.4.0
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4.5. Determination of Prediction Accuracy

The prediction accuracy was evaluated following the method by Kim et al. [31]. The
susceptibility accuracy was calculated as the proportion of the lines with susceptible
phenotypes, compared to the lines with susceptibility alleles. Similarly, the tolerance
accuracy was calculated as the proportion of the lines with resistant phenotypes compared
to the lines with resistance alleles. The prediction accuracy was calculated as the mean of
susceptible accuracy and tolerant accuracy.

4.6. Haplotype Analysis

The haplotype analysis for Glyma.16g076600, Glyma.16g141200, and Glyma.16g141500
was carried out to assess genetic variations among soybean genotypes using the methods
by Zhang et al. [56] with some modifications. In 120 varieties and elite lines panels, one
InDel and two SNPs markers were used for the haplotype analysis. The average score and
genotype count were determined from the pod-shattering ratio, and the haplotypes that
were significantly associated with pod shattering were identified.

4.7. Statistical Analysis

R software V 4.1.1 (R Foundation for Statistical Computing, Vienna, Austria) was used
to determine the analysis of variance and compare the phenotypic variations among the
genotypes of RIL populations, varieties, and elite lines.

5. Conclusions

Two KASP markers and one InDel marker were developed based on our previous stud-
ies on QTL mapping and the analysis of candidate genes for pod-shattering tolerance using
two RIL populations. The whole-genome resequencing of three parental lines revealed
SNP and/or InDel regions based on comparisons to the Williams_82 reference genome (ver.
2.1). The markers were validated in 307 RILs, 120 varieties, and elite lines through allelic
discrimination. The validity of the markers in these lines was further supported by the
pod-shattering ratios and the high prediction accuracy of these results. The consistency
of the results in diverse genetic backgrounds indicates that the markers can be used to
select pod-shattering tolerant genotypes. These markers may also provide insights into the
molecular mechanisms underlying the pod-shattering tolerance in soybean.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Author Contributions: Conceptualization: J.-H.S., C.-S.J. and T.-H.J.; Methodology: J.-H.S.; Investi-
gation: B.-K.K. and S.K.D.; Data Curation: B.-K.K. and J.-Y.K.; Resources: B.-K.K., I.-Y.B. and J.-S.S.;
Writing-Original Draft Preparation: J.-H.S., S.K.D. and T.-H.J.; Writing-Review and Editing: J.-H.S.,
S.K.D., K.-S.K. and T.-H.J.; Funding Acquisition: J.-H.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Institute of Crop Science, Rural Development
Administration (No. PJ01186803) of the Republic of Korea.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data sets generated in this study are included in this published
article and its Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ijms23042382/s1
https://www.mdpi.com/article/10.3390/ijms23042382/s1


Int. J. Mol. Sci. 2022, 23, 2382 12 of 14

References
1. Rey, L.; Lopez, Y.; Jaramillo, A.; White, J.W. Evaluation of a Growth Simulation Model Applied to Soybean Genotypes (GIycine

Max L. Merr) under Tropical Conditions. Corpoica Cienc. Tecnol. Agropecu. 1996, 1, 16. [CrossRef]
2. Painii Montero, V.F.; Santillán Muñoz, O.B.; Montes Escobar, K.; Garces Fiallos, F.R. Characterization of Soybean Productive Units

in the Ecuadorian Coast. Cienc. Tecnol. Agropecu. 2020, 21, 1–20. [CrossRef]
3. Nilmani, B.; Dhirendra, K.; Shrivastava, A.N. Studies on the Factors Affecting Pod Shattering in Soybean. Indian J. Genet. Plant

Breed. 2013, 73, 270–277. [CrossRef]
4. Funatsuki, H.; Suzuki, M.; Hirose, A.; Inaba, H.; Yamada, T.; Hajika, M.; Komatsu, K.; Katayama, T.; Sayama, T.; Ishimoto, M.;

et al. Molecular Basis of a Shattering Resistance Boosting Global Dissemination of Soybean. Proc. Natl. Acad. Sci. USA 2014, 111,
17797–17802. [CrossRef] [PubMed]

5. Tukamuhabwa, P.; Dashiell, K.E.; Rubaihayo, P.; Nabasirye, M. Determination of Field Yield Loss and Effect of Environment on
Pod Shattering in Soybean. Afr. Crop Sci. J. 2002, 10, 203–209.

6. Zhang, L.; Bellaloui, N. Effects of Planting and Maturity Dates on Shattering Patterns under Early Soybean Production System.
Am. J. Plant Sci. 2012, 3, 119–124. [CrossRef]

7. Zhang, Q.; Tu, B.; Liu, C.; Liu, X. Pod Anatomy, Morphology and Dehiscing Forces in Pod Dehiscence of Soybean (Glycine max (L.)
Merrill). Flora 2018, 248, 48–53. [CrossRef]

8. Miles, C.; Wayne, M. Quantitative Trait Locus (QTL) Analysis. Nat. Educ. 2008, 1, 208.
9. Visscher, P.M.; Andrew, T.; Nyholt, D.R. Genome-Wide Association Studies of Quantitative Traits with Related Individuals: Little

(Power) Lost but Much to Be Gained. Eur. J. Hum. Genet. 2008, 16, 387–390. [CrossRef]
10. Bailey, M.A.; Mian, M.A.R.; Carter, T.E.; Ashley, D.A.; Boerma, H.R. Pod Dehiscence of Soybean: Identification of Quantitative

Trait Loci. J. Hered. 1997, 88, 152–154. [CrossRef]
11. Kang, S.-T.; Kwak, M.; Kim, H.-K.; Choung, M.-G.; Han, W.-Y.; Baek, I.-Y.; Kim, M.Y.; Van, K.; Lee, S.-H. Population-Specific QTLs

and Their Different Epistatic Interactions for Pod Dehiscence in Soybean [Glycine max (L.) Merr.]. Euphytica 2009, 166, 15–24.
[CrossRef]

12. Funatsuki, H.; Ishimoto, M.; Tsuji, H.; Kawaguchi, K.; Hajika, M.; Fujino, K. Simple Sequence Repeat Markers Linked to a Major
QTL Controlling Pod Shattering in Soybean. Plant Breed. 2006, 125, 195–197. [CrossRef]

13. Suzuki, M.; Fujino, K.; Nakamoto, Y.; Ishimoto, M.; Funatsuki, H. Fine Mapping and Development of DNA Markers for the
QPDH1 Locus Associated with Pod Dehiscence in Soybean. Mol. Breed. 2010, 25, 407–418. [CrossRef]

14. Gao, M.; Zhu, H. Fine Mapping of a Major Quantitative Trait Locus That Regulates Pod Shattering in Soybean. Mol. Breed. 2013,
32, 485–491. [CrossRef]

15. Hu, D.; Kan, G.; Hu, W.; Li, Y.; Hao, D.; Li, X.; Yang, H.; Yang, Z.; He, X.; Huang, F.; et al. Identification of Loci and Candidate
Genes Responsible for Pod Dehiscence in Soybean via Genome-Wide Association Analysis across Multiple Environments. Front.
Plant Sci. 2019, 10, 811. [CrossRef] [PubMed]

16. Han, J.; Han, D.; Guo, Y.; Yan, H.; Wei, Z.; Tian, Y.; Qiu, L. QTL Mapping Pod Dehiscence Resistance in Soybean (Glycine max L.
Merr.) Using Specific-Locus Amplified Fragment Sequencing. Theor. Appl. Genet. 2019, 132, 2253–2272. [CrossRef] [PubMed]

17. Seo, J.-H.; Kang, B.-K.; Dhungana, S.K.; Oh, J.-H.; Choi, M.-S.; Park, J.-H.; Shin, S.-O.; Kim, H.-S.; Baek, I.-Y.; Sung, J.-S.; et al. QTL
Mapping and Candidate Gene Analysis for Pod Shattering Tolerance in Soybean (Glycine max). Plants 2020, 9, 1163. [CrossRef]

18. Parker, T.A.; Berny Mier y Teran, J.C.; Palkovic, A.; Jernstedt, J.; Gepts, P. Pod Indehiscence Is a Domestication and Aridity
Resilience Trait in Common Bean. New Phytol. 2020, 225, 558–570. [CrossRef]

19. Kang, S.T.; Kim, H.K.; Baek, I.Y.; Chung, M.G.; Han, W.Y.; Shin, D.C.; Lee, S.-H. Genetic Analysis of Pod Dehiscence in Soybean.
Korean J. Crop Sci. 2005, 50, 281–285.

20. Tukamuhabwa, P.; Rubaihayo, P.; Dashiell, K.E. Genetic Components of Pod Shattering in Soybean. Euphytica 2002, 125, 29–34.
[CrossRef]

21. Zhao, S.; Li, A.; Li, C.; Xia, H.; Zhao, C.; Zhang, Y.; Hou, L.; Wang, X. Development and Application of KASP Marker for High
Throughput Detection of AhFAD2 Mutation in Peanut. Electron. J. Biotechnol. 2017, 25, 9–12. [CrossRef]

22. Wang, D.; Yang, T.; Liu, R.; Li, N.; Wang, X.; Sarker, A.; Zhang, X.; Li, R.; Pu, Y.; Li, G.; et al. RNA-Seq Analysis and Development
of SSR and KASP Markers in Lentil (Lens culinaris Medikus Subsp. culinaris). Crop J. 2020, 8, 953–965. [CrossRef]

23. Hechanova, S.L.; Bhattarai, K.; Simon, E.V.; Clave, G.; Karunarathne, P.; Ahn, E.-K.; Li, C.-P.; Lee, J.-S.; Kohli, A.; Hamilton, N.R.S.;
et al. Development of a Genome-Wide InDel Marker Set for Allele Discrimination between Rice (Oryza sativa) and the Other
Seven AA-Genome Oryza Species. Sci. Rep. 2021, 11, 8962. [CrossRef] [PubMed]

24. Paudel, L.; Clevenger, J.; McGregor, C. Refining of the Egusi Locus in Watermelon Using KASP Assays. Sci. Hortic. 2019,
257, 108665. [CrossRef]

25. Devran, Z.; Göknur, A. Development and Validation of a SNP-Based KASP Assay for Rapid Identification of Aphelenchoides
besseyi Christie, 1942. Crop Prot. 2020, 136, 105235. [CrossRef]

26. Shi, Z.; Liu, S.; Noe, J.; Arelli, P.; Meksem, K.; Li, Z. SNP Identification and Marker Assay Development for High-Throughput
Selection of Soybean Cyst Nematode Resistance. BMC Genom. 2015, 16, 314. [CrossRef]

27. Tran, D.T.; Steketee, C.J.; Boehm, J.D.; Noe, J.; Li, Z. Genome-Wide Association Analysis Pinpoints Additional Major Genomic
Regions Conferring Resistance to Soybean Cyst Nematode (Heterodera glycines Ichinohe). Front. Plant Sci. 2019, 10, 401.
[CrossRef]

http://doi.org/10.21930/rcta.vol1_num1_art:147
http://doi.org/10.21930/rcta.vol21_num3_art:1494
http://doi.org/10.5958/j.0975-6906.73.3.040
http://doi.org/10.1073/pnas.1417282111
http://www.ncbi.nlm.nih.gov/pubmed/25468966
http://doi.org/10.4236/ajps.2012.31013
http://doi.org/10.1016/j.flora.2018.08.014
http://doi.org/10.1038/sj.ejhg.5201990
http://doi.org/10.1093/oxfordjournals.jhered.a023075
http://doi.org/10.1007/s10681-008-9810-6
http://doi.org/10.1111/j.1439-0523.2006.01199.x
http://doi.org/10.1007/s11032-009-9340-5
http://doi.org/10.1007/s11032-013-9868-2
http://doi.org/10.3389/fpls.2019.00811
http://www.ncbi.nlm.nih.gov/pubmed/31293609
http://doi.org/10.1007/s00122-019-03352-x
http://www.ncbi.nlm.nih.gov/pubmed/31161230
http://doi.org/10.3390/plants9091163
http://doi.org/10.1111/nph.16164
http://doi.org/10.1023/A:1015711421223
http://doi.org/10.1016/j.ejbt.2016.10.010
http://doi.org/10.1016/j.cj.2020.04.007
http://doi.org/10.1038/s41598-021-88533-9
http://www.ncbi.nlm.nih.gov/pubmed/33903715
http://doi.org/10.1016/j.scienta.2019.108665
http://doi.org/10.1016/j.cropro.2020.105235
http://doi.org/10.1186/s12864-015-1531-3
http://doi.org/10.3389/fpls.2019.00401


Int. J. Mol. Sci. 2022, 23, 2382 13 of 14

28. Pham, A.-T.; Harris, D.K.; Buck, J.; Hoskins, A.; Serrano, J.; Abdel-Haleem, H.; Cregan, P.; Song, Q.; Boerma, H.R.; Li, Z. Fine
Mapping and Characterization of Candidate Genes That Control Resistance to Cercospora sojina K. Hara in Two Soybean
Germplasm Accessions. PLoS ONE 2015, 10, e0126753. [CrossRef]

29. Cheng, P.; Gedling, C.R.; Patil, G.; Vuong, T.D.; Shannon, J.G.; Dorrance, A.E.; Nguyen, H.T. Genetic Mapping and Haplotype
Analysis of a Locus for Quantitative Resistance to Fusarium graminearum in Soybean Accession PI 567516C. Theor. Appl. Genet.
2017, 130, 999–1010. [CrossRef]

30. Miranda, C.; Culp, C.; Škrabišová, M.; Joshi, T.; Belzile, F.; Grant, D.M.; Bilyeu, K. Molecular Tools for Detecting Pdh1 Can
Improve Soybean Breeding Efficiency by Reducing Yield Losses Due to Pod Shatter. Mol. Breed. 2019, 39, 27. [CrossRef]

31. Kim, J.-M.; Kim, K.-H.; Jung, J.; Kang, B.K.; Lee, J.; Ha, B.-K.; Kang, S. Validation of Marker-Assisted Selection in Soybean
Breeding Program for Pod Shattering Resistance. Euphytica 2020, 216, 166. [CrossRef]

32. Lee, J.S.; Kim, K.R.; Ha, B.-K.; Kang, S. Identification of SNPs Tightly Linked to the QTL for Pod Shattering in Soybean. Mol.
Breed. 2017, 37, 54. [CrossRef]

33. Tiwari, S.; Bhatnagar, P. Pod Shattering as Related to Other Agronomic Attributes in Soybean. Trop. Agric. 1991, 68, 102–103.
34. Umar, F.A.; Mohammed, M.S.; Oyekunle, M.; Usman, I.S.; Ishaq, M.N.; Dachi, S.N. Estimates of Combining Ability for Resistance

to Pod Shattering in Soybean (Glycine max (L.) Merrill) Genotypes. J. Plant Breed. Crop Sci. 2017, 9, 217–223. [CrossRef]
35. Plomin, R.; DeFries, J.C.; McClearn, G.E.; McGuffin, P. Behavioral Genetics; Worth Publishers: New York, NY, USA, 2001.
36. Tsuchiya, T.; Sunada, K. Breeding Studies on Pod Shattering in Soybeans. II. Methods of Testing for Shattering and Varietal

Differences. Soybean Abstr. 1980, 3, 1706.
37. Tukamuhabwa, P.; Rubaihayo, P.R.; Dashiell, K.; Adipala, E. Inheritance to Pod Shattering in Soybean. Afr. J. Crop Sci. 2000, 8,

203–211.
38. Tiwari, S.; Bhatnagar, P. Consistent Resistance for Pod Shattering in Soybean Varieties. Indian J. Agric. Sci. 1993, 63, 173–174.
39. Bhor, T.J.; Chimote, V.P.; Deshmukh, M.P. Inheritance of Pod Shattering in Soybean (Glycine max (L.) Merrill). Electron. J. Plant

Breed. 2014, 5, 671–676.
40. Han, D.; Han, J.; Jiang, S.; Su, B.; Zhang, B.; Liu, Z.; Yan, H.; Qiu, L.-J. Shattering-Resistance of an Elite Soybean Variety ‘Heihe 43’

and Identification of Shattering-Resistant Genes. Euphytica 2021, 217, 120. [CrossRef]
41. Dong, Y.; Yang, X.; Liu, J.; Wang, B.-H.; Liu, B.-L.; Wang, Y.-Z. Pod Shattering Resistance Associated with Domestication Is

Mediated by a NAC Gene in Soybean. Nat. Commun. 2014, 5, 3352. [CrossRef]
42. Satoh, R.; Fujita, Y.; Nakashima, K.; Shinozaki, K.; Yamaguchi-Shinozaki, K. A Novel Subgroup of BZIP Proteins Functions as

Transcriptional Activators in Hypoosmolarity-Responsive Expression of the ProDH Gene in Arabidopsis. Plant Cell Physiol. 2004,
45, 309–317. [CrossRef] [PubMed]

43. Kavi Kishor, P.B. Role of Proline in Cell Wall Synthesis and Plant Development and Its Implications in Plant Ontogeny. Front.
Plant Sci. 2015, 6, 544. [CrossRef] [PubMed]

44. Ihsan, M.Z.; Ahmad, S.J.N.; Shah, Z.H.; Rehman, H.M.; Aslam, Z.; Ahuja, I.; Bones, A.M.; Ahmad, J.N. Gene Mining for Proline
Based Signaling Proteins in Cell Wall of Arabidopsis thaliana. Front. Plant Sci. 2017, 8, 233. [CrossRef] [PubMed]

45. Funck, D.; Eckard, S.; Müller, G. Non-Redundant Functions of Two Proline Dehydrogenase Isoforms in Arabidopsis. BMC Plant
Biol. 2010, 10, 70. [CrossRef]

46. Dong, R.; Dong, D.; Luo, D.; Zhou, Q.; Chai, X.; Zhang, J.; Xie, W.; Liu, W.; Dong, Y.; Wang, Y.; et al. Transcriptome Analyses
Reveal Candidate Pod Shattering-Associated Genes Involved in the Pod Ventral Sutures of Common Vetch (Vicia sativa L.). Front.
Plant Sci. 2017, 8, 649. [CrossRef] [PubMed]

47. Dong, D.; Yan, L.; Dong, R.; Liu, W.; Wang, Y.; Liu, Z. Evaluation and Analysis of Pod Dehiscence Factors in Shatter-Susceptible
and Shatter-Resistant Common Vetch. Crop Sci. 2017, 57, 2770–2776. [CrossRef]

48. Ehlting, J.; Mattheus, N.; Aeschliman, D.S.; Li, E.; Hamberger, B.; Cullis, I.F.; Zhuang, J.; Kaneda, M.; Mansfield, S.D.; Samuels, L.;
et al. Global Transcript Profiling of Primary Stems from Arabidopsis thaliana Identifies Candidate Genes for Missing Links in
Lignin Biosynthesis and Transcriptional Regulators of Fiber Differentiation. Plant J. 2005, 42, 618–640. [CrossRef]

49. Tucker, M.L.; Whitelaw, C.A.; Lyssenko, N.N.; Nath, P. Functional Analysis of Regulatory Elements in the Gene Promoter for an
Abscission-Specific Cellulase from Bean and Isolation, Expression, and Binding Affinity of Three TGA-Type Basic Leucine Zipper
Transcription Factors. Plant Physiol. 2002, 130, 1487–1496. [CrossRef]

50. Zhao, Y.; Zhang, J.; Zhang, Z.; Xie, W. Elymus Nutans Genes for Seed Shattering and Candidate Gene-Derived EST-SSR Markers
for Germplasm Evaluation. BMC Plant Biol. 2019, 19, 102. [CrossRef]

51. Meyer, K.; Leube, M.P.; Grill, E. A Protein Phosphatase 2C Involved in ABA Signal Transduction in Arabidopsis thaliana. Science
1994, 264, 1452–1455. [CrossRef]

52. Saito, S.; Hirai, N.; Matsumoto, C.; Ohigashi, H.; Ohta, D.; Sakata, K.; Mizutani, M. Arabidopsis CYP707A s Encode (+)-Abscisic
Acid 8′-Hydroxylase, a Key Enzyme in the Oxidative Catabolism of Abscisic Acid. Plant Physiol. 2004, 134, 1439–1449. [CrossRef]

53. Jaradat, M.R.; Ruegger, M.; Bowling, A.; Butler, H.; Cutler, A.J. A Comprehensive Transcriptome Analysis of Silique Development
and Dehiscence in Arabidopsis and Brassica Integrating Genotypic, Interspecies and Developmental Comparisons. GM Crops
Food 2014, 5, 302–320. [CrossRef] [PubMed]

54. Seo, J.H.; Kang, B.K.; Kim, H.T.; Kim, H.S.; Choi, M.S.; Oh, J.H.; Shin, S.O.; Baek, I.Y.; Kwak, D.Y. Variation in Pod Shattering
in a RIL Population and Selection for Pod Shattering Tolerance in Soybean [Glycine max (L.) Merr]. Korean J. Crop Sci. 2019, 64,
414–421. [CrossRef]

http://doi.org/10.1371/journal.pone.0126753
http://doi.org/10.1007/s00122-017-2866-8
http://doi.org/10.1007/s11032-019-0935-1
http://doi.org/10.1007/s10681-020-02703-w
http://doi.org/10.1007/s11032-017-0656-2
http://doi.org/10.5897/JPBCS2017.0684
http://doi.org/10.1007/s10681-021-02838-4
http://doi.org/10.1038/ncomms4352
http://doi.org/10.1093/pcp/pch036
http://www.ncbi.nlm.nih.gov/pubmed/15047879
http://doi.org/10.3389/fpls.2015.00544
http://www.ncbi.nlm.nih.gov/pubmed/26257754
http://doi.org/10.3389/fpls.2017.00233
http://www.ncbi.nlm.nih.gov/pubmed/28289422
http://doi.org/10.1186/1471-2229-10-70
http://doi.org/10.3389/fpls.2017.00649
http://www.ncbi.nlm.nih.gov/pubmed/28496452
http://doi.org/10.2135/cropsci2017.03.0191
http://doi.org/10.1111/j.1365-313X.2005.02403.x
http://doi.org/10.1104/pp.007971
http://doi.org/10.1186/s12870-019-1691-4
http://doi.org/10.1126/science.8197457
http://doi.org/10.1104/pp.103.037614
http://doi.org/10.4161/21645698.2014.947827
http://www.ncbi.nlm.nih.gov/pubmed/25523176
http://doi.org/10.7740/KJCS.2019.64.4.414


Int. J. Mol. Sci. 2022, 23, 2382 14 of 14

55. Schmutz, J.; Cannon, S.B.; Schlueter, J.; Ma, J.; Mitros, T.; Nelson, W.; Hyten, D.L.; Song, Q.; Thelen, J.J.; Cheng, J.; et al. Genome
Sequence of the Palaeopolyploid Soybean. Nature 2010, 463, 178–183. [CrossRef] [PubMed]

56. Zhang, H.; San, M.L.; Jang, S.-G.; Lee, J.-H.; Kim, N.-E.; Lee, A.-R.; Park, S.-Y.; Cao, F.-Y.; Chin, J.-H.; Kwon, S.-W. Genome-Wide
Association Study of Root System Development at Seedling Stage in Rice. Genes 2020, 11, 1395. [CrossRef]

http://doi.org/10.1038/nature08670
http://www.ncbi.nlm.nih.gov/pubmed/20075913
http://doi.org/10.3390/genes11121395

	Introduction 
	Results 
	Development of KASP Markers 
	Development of InDel Markers 
	Validation of KASP and InDel Markers in RIL Populations 
	Validation of KASP and InDel Markers in Diverse Varieties and Elite Lines 
	Association between Allelic Combination and Phenotypes 
	Haplotype Analysis of Candidate Genes 

	Discussion 
	Materials and Methods 
	Plant Materials 
	Evaluation of Pod-Shattering Tolerance 
	DNA Extraction from the Parental Lines and Whole-Genome Resequencing 
	Molecular Marker Development and Genotyping 
	Determination of Prediction Accuracy 
	Haplotype Analysis 
	Statistical Analysis 

	Conclusions 
	References

