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The southern root-knot nematode (SRKN; Meloidogyne incognita) is a typical parasitic
nematode that affects sweetpotato [Ipomoea batatas (L.) Lam.], causing a significant
decrease in crop yield and commercial value. In Japan, the SRKN is classified into
10 races: SP1–SP5, SP6-1, SP6-2, and SP7–SP9, with the dominant race differing
according to the cultivation area. Soil insecticides have previously been used to
reduce the soil density of SRKNs; however, this practice is both costly and labor
intensive. Therefore, the development of SRKN-resistant sweetpotato lines and cultivars
is necessary. However, due to the complexity of polyploid inheritance and the highly
heterogeneous genomic composition of sweetpotato, genetic information and research
for this species are significantly lacking compared to those for other major diploid crop
species. In this study, we utilized the recently developed genome-wide association
approach, which uses multiple-dose markers to assess autopolyploid species. We
performed an association analysis to investigate resistance toward SRKN-SP2, which
is the major race in areas with high sweetpotato production in Japan. The segregation
ratio of resistant and susceptible lines in the F1 mapping population derived from the
resistant “J-Red” and susceptible “Choshu” cultivars was fitted to 1: 3, suggesting that
resistance to SP2 may be regulated by two loci present in the simplex. By aligning
the double digest restriction-site associated DNA sequencing reads to the published
Ipomoea trifida reference sequence, 46,982 single nucleotide polymorphisms (SNPs)
were identified (sequencing depth > 200). The association study yielded its highest
peak on chromosome 7 (Chr07) and second highest peak on chromosome 3 (Chr03),
presenting as a single-dose in both loci. Selective DNA markers were developed
to screen for resistant plants using the SNPs identified on Chr03 and Chr07. Our
results showed that SRKN-SP2-resistant plants were selected with a probability of
approximately 70% when combining the two selective DNA markers. This study serves
as a model for the identification of genomic regions that control agricultural traits and the
elucidation of their effects, and is expected to greatly advance marker-assisted breeding
and association studies in polyploid crop species.
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INTRODUCTION

Sweetpotato [Ipomoea batatas (L.) Lam.], belonging to the
Convolvulaceae family, is widely cultivated in both tropic and
temperate zones. With an annual worldwide production of 91.8
million tons (FAOSTAT, 2019), it is regarded as the seventh most
important crop species. Sweetpotato is rich in carbohydrates,
vitamins (A, C, B1, B2, B3, B6, and E), biotin, dietary fiber,
potassium, and other nutrients; thus, it plays an important role
in food security, especially in developing countries. China is the
world’s major producer of sweetpotato, followed by Sub-Saharan
Africa. Approximately 52.0 million tons of sweetpotato are
produced annually in China, accounting for approximately 56.6%
of the total global production. Japan produces approximately
748,700 tons of sweetpotato annually and is the 17th largest
producer in the world. In Japan, the Kagoshima and Miyazaki
prefectures in the Kyushu region, and Ibaraki and Chiba
prefectures in the Kanto region are the predominant production
areas (Ministry of Agriculture, Forestry and Fisheries, 2020).
In addition to being consumed as a raw food, sweetpotato is
widely used in animal feed, processed foods, and the preparation
of starch and alcohol. Thus, sweetpotato is a commercially
important crop, and the development of cultivars with disease,
pest, and nematode resistance is required to avoid commercial
yield losses and expand the cultivation area.

The southern root-knot nematode (SRKN) (Meloidogyne
incognita) is a typical nematode of sweetpotato, causing serious
damage to the appearance, quality, and yield of the crop
(Lawrence et al., 1986). Krusberg and Nielson (1958) reported
that the yield of sweetpotato on farms with soil containing
root-knot nematodes was 61% less than that on farms with
pesticide-treated soil. These nematodes live in warm regions and
have an optimum temperature of 25–30◦C; furthermore, they
have been detected in most areas where sweetpotato is cultivated
(Yoshida, 1965; Iwahori et al., 2000; Iwahori and Sano, 2003).
The host range of the SRKN is very wide, including thousands
of agronomically important plants (Overstreet, 2009). When
infested with the SRKN, host roots form humps (galls) with
a diameter of 1–2 mm. This destroys and deforms the roots,
inhibiting the absorption of nutrients and water, and leads to
poor growth and death. In the roots of sweetpotato, dents occur
when they are infested with SRKN. As the symptoms progress,
constriction and dehiscence occur, resulting in a significant
decrease in yield quality, and commercial value. The SRKN
is classified into 10 races (SP1– SP5, SP6-1, SP6-2, SP7–SP9)
in Japan (Sano and Iwahori, 2005; Tabuchi et al., 2017). Each
race has a different geographical distribution. SP1 is mainly
distributed in Saga, Kumamoto, and Nagasaki prefectures, and
SP4 and SP6 races are predominantly distributed in Okinawa and
also detected in Ibaraki and Chiba prefectures (Sano et al., 2002;
Sano and Iwahori, 2005; Kuranouchi et al., 2018). SP2 is found
mainly in the Kagoshima and Miyazaki prefectures, which have
the highest levels of sweetpotato production in Japan. Treatment
with insecticides such as D-D agents, although effective in
controlling SRKN in the soil, is costly and labor-intensive
(Krusberg and Nielson, 1958). Therefore, the development of
sweetpotato cultivars with SRKN resistance is required.

Genetic studies in sweetpotato lag considerably behind those
in other major diploid crop species owing to its complex
mode of polyploid inheritance. Sweetpotato has a large genome
(2.2–3 Gb) and is a hexaploid species with 90 chromosomes
(2n = 6x = 90) (Isobe et al., 2017; Monden and Tahara, 2017).
Although a few cultivars can reproduce among themselves,
most show self-incompatibility or cross-incompatibility and
are, therefore, genetically heterogeneous (Gurmu et al., 2013;
Hirakawa et al., 2015). There is an ongoing debate as to
whether sweetpotato is an autohexaploid or allohexaploid (Gao
et al., 2020). Several early studies suggested that sweetpotato
is allohexaploid (Ting and Kehr, 1953; Jones, 1967; Magoon
et al., 1970; Sinha and Sharma, 1992). In contrast, more recent
genetic analyses using molecular markers have suggested that it
is autohexaploid, with some preferential pairing (Ukoskit and
Thompson, 1997; Kriegner et al., 2003; Cervantes-Flores et al.,
2008; Zhao et al., 2013; Monden et al., 2015). A recent study
using ultra-dense multilocus genetic mapping also suggested
that sweetpotato inheritance is highly autohexaploid-like, with
random chromosome pairing enabling recombination between
all homologous chromosomes during meiosis (Mollinari et al.,
2020). Genetic studies have been successful in allopolyploid
species due to their similarity to diploids in terms of segregation
patterns and chromosomal pairing (Bourke et al., 2018; Mollinari
and Garcia, 2019; da Silva Pereira et al., 2020; Yamamoto et al.,
2020). However, these genetic approaches are unsuitable in
autopolyploids, as they exhibit multiple heterozygous genotypes
(Bourke et al., 2018; Yamamoto et al., 2020). Precise genetic
mapping in autopolyploids is performed using multiple-dose
markers wherein, the allele dosage for each marker needs to
be determined (Mollinari et al., 2020; Yamamoto et al., 2020).
However, the development of analytical tools for multiple-dose
markers requires elaborate analytical algorithms, and this process
has been challenging.

Genetic analyses using classical molecular markers such as
random amplified polymorphic DNA (RAPD) and amplified
fragment length polymorphism (AFLP) markers have identified
DNA markers linked to SRKN resistance in sweetpotato (Ukoskit
et al., 1997; Mcharo et al., 2005; Cervantes-Flores et al., 2008;
Nakayama et al., 2012). Genetic analysis of SP1 and SP2 was
performed using 92 lines from an F1 population derived from
a cross between the resistant cultivar “Hi-Starch” and the
susceptible cultivar “Koganesengan” (Nakayama et al., 2012).
Bulked segregant analysis was performed to screen AFLP markers
associated with SP1 and SP2 resistance, and interval mapping
was conducted using the selected AFLP markers. As a result
of interval mapping, a major quantitative trait locus (QTL)
[here, named qRmi (t)] associated with resistance to SP1 and
SP2 was detected. Furthermore, based on the AFLP markers
in the QTL, a sequence characterized amplified region (SCAR)
marker was developed to screen for resistant plants. Sasai et al.
(2019) analyzed single nucleotide polymorphisms (SNPs) and
retrotransposon insertion polymorphisms using next-generation
sequencing (NGS) to construct a high-density genetic linkage
map integrated with simple sequence repeat (SSR) markers. As a
result of the QTL and genome-wide association study (GWAS)
analyses, a major QTL common to SP1, SP4, and SP6-1 was
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identified, and a selective DNA marker that can easily and
efficiently select resistant plants was developed. Additionally,
Yamamoto et al. (2020) have developed a novel GWAS method
for polyploid species that utilizes multiple-dose markers. With
this method, the allele dosage of each marker can be determined
using allele dosage probabilities calculated from the read counts
of the NGS data. This technique has been shown as effective in
the genetic analysis of autohexaploid sweetpotato.

In this study, we performed genetic mapping to identify
the genomic regions controlling SRKN-SP2 resistance in
sweetpotato. The aims of this study were as follows: (1) to
identify a large number of genome-wide SNPs using double-
digest restriction site-associated DNA sequencing (ddRAD-seq)
analysis; (2) to conduct genetic mapping using the novel GWAS
method and estimate the allele dosage probability for each SNP
marker calculated on the basis of read depth information from
the ddRAD-seq data; and (3) to develop highly selective DNA
markers for SRKN resistance based on the DNA sequence of
the identified genomic regions. This study presents an effective
method to identify genomic regions that control agronomically
important traits in sweetpotato and will help to guide future
genetic mapping in autohexaploid crop species.

MATERIALS AND METHODS

Plant Materials
The sweetpotato cultivars “J-Red” and “Choshu,” and an F1
mapping population consisting of 107 lines obtained by crossing
these two cultivars were used in this study. “J-Red” was developed
by crossing a high-starch, disease-resistant “Shiroyutaka” cultivar
as the female parent, and a high carotene “86J-6” cultivar
introduced from the United States, as the male parent. J-Red
is resistant to all SRKN races except SP8 (Sano and Iwahori,
2005; Tabuchi et al., 2017). “Choshu” is a domestic cultivar that
is susceptible to the SRKN races, SP1, SP2, SP3, SP4 SP6-1,
and SP6-2 (Tabuchi et al., 2017). Genomic DNA was extracted
from all plants using the DNeasy Plant Mini Kit according to
the manufacturer’s instructions (QIAGEN, Hilden, Germany).
The yield and quality of the extracted DNA was confirmed
using a NanoDrop 2000 instrument (Thermo Fisher Scientific,
Wilmington, DE, United States).

Resistance Evaluation
Southern root-knot nematode resistance was evaluated at
the National Agriculture and Food Research Organization,
Kyusyu Okinawa Agricultural Research Center (Miyakonojo
City, Miyazaki Prefecture). The resistance evaluation test was
performed using second-stage juveniles (J2) of M. incognita
according to the method developed by Tabuchi et al. (2017),
which is originally described by Sano and Iwahori (2005). The
juveniles of M. incognita were freshly prepared for each test as
follows: A 19-day-old seedling of a susceptible tomato cultivar
(Plitz) was inoculated in a 15 cm diameter pot containing
approximately 600 g of a seeding culture soil (Kenbyo, Yaenogei,
Japan) with approximately 6,000 J2 M. incognita, which remained
from the former resistance test. Plitz plants were cultivated in a

greenhouse at an average temperature of 25.5◦C for 41–48 days.
The egg masses, formed by the nematodes on the tomato root
systems during cultivation, were picked up and placed on a cotton
filter partially submerged in water in a beaker at 24◦C. In this
system, the J2 emerged from the egg masses, migrated through
the filter, and accumulated at the bottom of the beaker. The
cotton filter was transferred to a new beaker every 2–3 days,
and the previous beaker was kept at 13◦C, which is close to the
developmental zero point for M. incognita (Gotoh et al., 1973). J2
individuals were collected from three to five beakers and used for
a new resistance test.

Seedlings from each of the 107 lines of the F1 sweetpotato
population and their parental cultivars were rooted in a
greenhouse at an average temperature of 25.5◦C, and after 7–
10 days, a single node was collected by cutting approximately
1.5 cm of the vine. Two to six 9 cm pots containing approximately
200 g of mixed soil (Kenbyo:steam-sterilized andosol, 1:1) were
prepared for each line, and a single node cutting was planted.
After 3–4 days, 500 J2 (SP2) nematodes were inoculated into
each pot. Each pot was covered with a newspaper for the first
3 days after inoculation. After 35 days, the roots were washed,
egg masses were stained with a 0.02% erioglausin solution, and
the number of egg masses were counted. As described previously
(Sasai et al., 2019), we carried out resistance tests for at least
four plans in two replications (two plants per replication). When
the results of resistance or susceptibility were consistent among
plants, the resistance test of the F1 line was considered complete.
When the results were different, we continued resistance tests to
obtain more accuracy. Finally, the resistance of F1 progeny was
tested on 2–9 replications (4–18 plants for each line), and the
calculated average number of egg masses was used to determine
resistance. We used the number of egg masses per plant instead
of eggs masses per gram of root for the following reasons: (1)
In farmer’s fields, the number of egg masses per plant seems to
be more important than egg masses per gram of root. (2) The
number of egg masses per plant is more stable than that per
gram of root because the coefficient of variation of the former
is less than that of the latter in over 1,000 times resistance tests
(unpublished data). (3) Both values show high correlation (>0.92
unpublished data). Following previous studies (Nakayama et al.,
2012; Tabuchi et al., 2017; Sasai et al., 2019), we determined that
plants with fewer than 10 egg masses per plant were resistant,
and those with more than 10 egg masses were susceptible.
The number of resistant and susceptible plants were analyzed,
and a Chi-square goodness-of-fit test was performed with the
calculated and expected segregation ratios using Microsoft excel.

Genotyping With Double-Digest
Restriction Site-Associated DNA
Sequencing and Single Nucleotide
Polymorphisms Calling
Genotyping was performed using ddRAD-seq according to
previously described methods (Shirasawa et al., 2017; Sasai
et al., 2019). Genomic DNA was digested with MspI and
PstI restriction enzymes (FastDigest Enzymes, Thermo Fisher
Scientific, Waltham, MA, United States), and adaptor ligation
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and purification were performed to prepare the ddRAD-seq
library (Shirasawa et al., 2017). The ddRAD-seq library was
sequenced using HiSeq4000 and NextSeq500 systems (Illumina,
San Diego, CA, United States) and DNBSEQ-G400 (MGI,
Shenzhen, China). The paired-end short reads with a read length
of 150 bp were analyzed using the following procedure: first,
they were trimmed based on the quality score (QV > 30) and
the adapter sequence (5’-AGATCGGAAGAGC-3’) was removed
using Cutadapt (version 2.8) (Martin, 2011). During this process,
the minimum read length was set to 30 bases to obtain high-
quality reads. Due to the absence of a pseudomolecule-level
reference genome sequence for cultivated hexaploid sweetpotato
(I. batatas), reads were then aligned to the whole genome
sequence of I. trifida (Wu et al., 2018) using Bowtie2 (version
2.3.0) software (Langmead and Salzberg, 2012). The parameters
were set to “–very-sensitive-local” mode for alignment. SNP
calling was performed using the “mpileup” option in SAMtools
v. 0.1.19 (Li et al., 2009) and the mpileup2snp option of VarScan
2 v.2.3 (Koboldt et al., 2012). The ddRAD-seq reads were under
the accession number DDBJ: DRA013144.

Allele Dosage Estimation and
Association Analyses
The allele dosage estimation and association analyses were
performed in accordance with an analytical method detailed in
Yamamoto et al. (2020). Briefly, this method estimates allele
dosage of polyploids by calculating the allele dosage probability
using read count information in the NGS data. Here, allele dosage
refers to the dosage of the reference genome-type allele for each
SNP locus. For hexaploid species, the possible allele dosage states
were 0/6 (aaaaaa), 1/6 (Aaaaaa), 2/6 (AAaaaa), 3/6 (AAAaaa),
4/6 (AAAAaa), 5/6 (AAAAAa), and 6/6 (AAAAAA). For the
allele dosage estimation, the produced VCF file was loaded into
the R platform via “read.vcfR” in vcfR (version 1.12.0) (Knaus
and Grünwald, 2017). Information on the depths of the total
(DP) and reference type (RD) reads were extracted from the
VCF file using “extract.gt” in vcfR. High read depth is required
for the accurate genotyping of polyploid species when compared
with diploids. For example, a DP of 60–80 was recommended to
distinguish between the genotypes for tetraploid species (AAAA,
AAAa, AAaa, Aaaa, aaaa) (Uitdewilligen et al., 2013; Endelman
et al., 2018). In this study, the minimum DP was set to 200
for accurate genotyping in the hexaploid sweetpotato; thus,
individual genotypes with DP < 200 and DP > 1,000 were filtered
out from further analyses. In addition, markers with missing
values > 0.5 and major genotype frequency (MGF) > 0.95
were filtered out.

For the allele dosage estimation, we used the naïve method.
The probability (Pr) of dosage for a given DP and RD was
calculated using the binomial distribution function, as follows:

Pr
(
Dosage = di

)
= DPCRD × rRD

i × (1− ri)
DP−RD

where ri is the theoretical value of the allele dosage d (i.e., 0/6–6/6)
in the individual i. The relative probability (RPr) of the reference
type allele dosage for each SNP marker was calculated using the

following formula:

RPr
(
Dosage = di

)
= Pr (Dosage = di)/

∑
i

Pr (Dosage = di)

The calculation was performed using the R script
“alleleDosageEstimation.R.” In the actual data, the theoretical
probabilities r may deviate owing to errors caused in the
experimental procedure. Therefore, the probability of allele
dosage in the real data was calculated by including an unknown
error probability of 0.001 using the option “read.err.prob” in
“alleleDosageEstimation.R.” A matrix was obtained for each SNP
marker, with individuals and the relative probabilities of the
reference allele dosage calculated by the above equation as row
and column elements, respectively.

The association study was performed in R (version 3.6.2)
using the R script “alleleDosageGLM.R.” The number of egg
masses was standardized by logarithmic transformation. After
adding 1 to the average number of egg masses in each line,
the resistance score was calculated by taking the common
logarithm and used for GWAS. The four F1 lines JC5, JC22,
JC57, and JC119 were excluded from further analyses because
their resistance scores were not stable. In addition, JC2 was
also excluded from further analyses because its genomic DNA
was not available for genotyping with ddRAD-seq. Therefore,
the F1 population used for the GWAS included 102 lines.
The association between marker genotypes and phenotypes was
investigated using a generalized linear model (GLM). GLM fitting
was performed using “glm” in R (R Core Team, 2020). The
augmented family functions “binomial” and “gaussian” were used
for binary and continuous traits, respectively. The likelihood-
ratio test for the SNP effect was performed using “pchisq” in
R (R Core Team, 2020) with deviance and degrees of freedom
from each GLM as arguments. The R package used in the
analysis in this study is available at https://github.com/yame-
repos/ngsAssocPoly. Statistical testing was performed using a
Wilcoxon rank sum test. The “Wilcox.exact” function was used
in the R package “exactRankTests.”

Development of Selective Markers
Selective markers were developed to distinguish between J-Red
and Choshu types based on the target SNPs identified by the
GWAS. We obtained the chromosomal positions of target SNPs
in the diploid reference genome of I. trifida (Wu et al., 2018).
PCR primers were designed according to a previously described
method (Hayashi et al., 2004). In this method, the target SNP
was used as the base at the 3’ end of the primer, and an artificial
mismatch was inserted three bases upstream. When designing the
primers, the bam files obtained by aligning the short reads of the
parents with the reference sequence of I. trifida were visualized
using an Integrative Genomics Viewer (IGV) (Robinson et al.,
2011), and the sequence information around the target SNP
was extracted. If the sequence around the target SNP was not
sufficiently covered by the short reads of the ddRAD-seq, the
sequence around the SNP was determined by Sanger sequencing
after TA cloning of the amplicon with the TOPO TA cloning
kit according to the manufacturer’s instructions (Invitrogen,
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FIGURE 1 | Frequency distribution for the mean number of SP2 Meloidogyne
incognita egg masses in the F1 population derived from a cross between
resistant “J-Red” and susceptible “Choshu” sweetpotato cultivars. Black and
white arrows indicate the values of J-Red and Choshu, respectively.

Carlsbad, CA, United States). Genotyping was performed using
primers designed based on the target SNPs. The primers for the
positive control were designed based on the SSII gene. The PCR
solution contained 10 ng of DNA, 1.0 µL of 10 × PCR Buffer,
0.8 µL of dNTPs (2.5 mM each), 0.25 units of TAKARA Taq Hot
Start Version, and 0.2 µL each of the forward and reverse primers
(50 µM), adjusted to a total volume of 10 µL. The reaction
conditions were as follows: initial denaturation at 94◦C for 2 min,
followed by 30 cycles of denaturation at 94◦C for 10 s, annealing
at 60◦C for 10 s, and extension at 72◦C for 30 s. Amplified
products were visualized using electrophoresis on a 1.5% agarose
gel (BioRAD, Hercules, CA, United States).

RESULTS

Phenotyping for Nematode Resistance
Resistance to SRKN was evaluated by measuring the number
of egg masses formed in the sweetpotato roots 35 days after
inoculation with 500 nematodes. The results for the SRKN
resistance tests in the F1 population and their parents are shown
in Figure 1 and Supplementary Table 1. The average number of
egg masses was 1.3 and 192.0 in the resistant parent “J-Red” and
the susceptible parent “Choshu,” respectively, which indicated
that there was a large difference in the resistance between the
parental cultivars. The results of the frequency distribution of
resistance in the F1 population showed a few lines with fewer
egg masses than “J-Red” and a few lines with more egg masses
than “Choshu,” and transgressive segregation was observed.
The threshold for the number of egg masses that distinguishes
resistance and susceptibility was set to 10 with previous studies
(Nakayama et al., 2012; Tabuchi et al., 2017; Sasai et al., 2019), and
the number of resistant and susceptible lines in the F1 population
was determined to be 32 and 71, respectively. The ratio of
the number of resistant and susceptible F1 lines corroborated
with the expected 1:3 segregation ratio (χ2 = 2.023, P = 0.155).
In hexaploid species, if one parent has a genotype with two

dominant loci of the simplex allele (AaaaaaBbbbbb) and the other
parent has a nullplex (aaaaaabbbbbb) genotype, “AaaaaaBbbbbb,”
“Aaaaaabbbbbb/aaaaaaBbbbbb” and “aaaaaabbbbbb” genotypes
were expected to segregate at a ratio of 1:2:1 in the
F1 progeny. Therefore, the genotypes with both dominant
loci (AaaaaaBbbbbb) and other genotypes (Aaaaaabbbbbb or
aaaaaaBbbbbb or aaaaaabbbbbb) were expected to segregate at a
ratio of 1:3 in the F1 progeny. Here, since the segregation ratios
of resistant and susceptible F1 lines were fitted to 1:3, resistance
to SP2 should be regulated by two loci present in a simplex allele.

Association Analyses
Genome-wide SNPs were identified using the ddRAD-seq
library, which generated a total of 1,887 million reads. After
preprocessing, 1,771 million high-quality reads were obtained.
The number of reads obtained from the parental cultivars and
F1 lines is shown in Supplementary Table 2. The high-quality
reads were aligned to the whole genome sequence of I. trifida
using Bowtie 2 software and produced an average alignment
rate of 94.6% for all plants. The alignment rates in the parental
cultivars and F1 lines are shown in Supplementary Table 3.
A total of 406,720 SNPs was detected using Varscan. The average
read depth at this point was 53.9. In the present study, the
minimum DP was set to 200 for the accurate genotyping of
hexaploid sweetpotato. The allele dosage probability for each
marker was calculated based on the read depth information from
the ddRAD-seq genotyping data. After filtering the SNPs with the
minimum DP set to 200, the average DP of the SNPs was 224.4.
GWAS was performed using the remaining 46,788 SNPs. As a
result, the highest peak was detected on chromosome 07 (Chr07),
and the second highest peak was detected on chromosome 03
(Chr03) (Figure 2).

Investigating the Effects of the Identified
Loci
The effects of the two identified loci (on Chr03 and Chr07)
on SRKN resistance were examined. The SNP marker for
Chr07_1778460 was most associated with resistance on
chromosome 7 (P = 4.671E-06). In the Chr07_1778460 marker,
the resistant parent “J-Red” and the susceptible parent “‘Choshu”
showed the genotypes of Aaaaaa (simplex) and aaaaaa (nullplex),
respectively (Figure 3). Here, “A” represents a nucleotide
that is identical with that of the reference sequence, while “a”
represents a nucleotide that is different from that of the reference
sequence. The total number of F1 lines used to investigate the
effects of the identified loci was 102 since five lines were not
available (see section “Materials and Methods”). Among the F1
population, the genotypes of eight lines with DP values < 200
were not determined. As a result, the F1 mapping population
was classified into 43 and 51 lines for the J-Red (Aaaaaa) and
Choshu (aaaaaa) types, respectively (Supplementary Table 4). In
the F1 mapping population, the lines with the J-Red genotypes
were distributed on the resistance side (Figure 3), and 20 of
these 43 lines (46.5%) showed resistance (<10 egg masses in
the resistance test). The average number of egg masses was
30.8 and 69.3 in the J-Red and Choshu types, respectively,
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FIGURE 2 | Manhattan and Q-Q plots for sweet potato resistance to SP2 Meloidogyne incognita. (A) Manhattan plot. X-axis: the chromosomal number; Y-Axis:
-log10(P). The red line represents the significance threshold from the false Discovery rate (FDR) based on the Benjamini–Hochberg procedure (BH) (Benjamini and
Hochber, 1995). The blue line represents the significance threshold −log10(1 × 10−4). (B) Q-Q plot.

FIGURE 3 | Frequency distribution of the mean number of egg masses on F1 lines grouped by genotype, based on the Chr07_1778460 SNP. Histograms with black
and light gray indicate J-Red and Choshu genotype plants, respectively.

FIGURE 4 | Frequency distribution of the mean number of egg masses on F1 lines grouped by genotype, based on the Chr03_18847788 SNP. Histograms with
black and light gray indicate J-Red and Choshu genotype plants, respectively.

showing a significant difference at the 0.1% level between
the two genotypes (P = 3.763E-05, Wilcoxon rank sum test;
Supplementary Figure 1). Subsequently, the SNP marker for

Chr03_18847788 was strongly associated with resistance on
chromosome 3 (P = 1.209E-04). In the Chr03_18847788 marker,
J-Red and Choshu showed the genotypes of Bbbbbb (simplex)
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and bbbbbb (nullplex), respectively. Here, “B” represents a
nucleotide that is identical with that of the reference sequence,
while “b” represents a nucleotide that is different from that of
the reference sequence. In the F1 population, the genotypes of
nine lines with DP values < 200 were not determined. As a
result, the F1 mapping population was classified into 46 and
45 lines for the J-Red (Bbbbbb) and Choshu (bbbbbb) types,
respectively (Supplementary Table 5). Only two lines (JC159
and JC132) showed genotypes that were unlikely to emerge from
their parents. Similar to the marker on Chr07_1778460, the lines
with the J-Red genotypes (Bbbbbb) were unevenly distributed
on the resistance side (Figure 4). Among the 46 lines with the
J-Red genotype, 22 lines (47.8%) showed resistance. The average
number of egg masses was 33.5 and 64.3 for the J-Red and
Choshu genotypes, respectively, showing a significant difference
at the 0.1% level between the two genotypes (P = 1.530E-04,
Wilcoxon rank sum test; Supplementary Figure 1).

The combined effects of the two loci, Chr07_1778460
(Aaaaaa) and Chr03_18847788 (Bbbbbb) on resistance were then
investigated. The F1 mapping population was divided into four
groups: 23 lines with the genotype combination of Aaaaaa (J-
Red type) and Bbbbbb (J-Red type), 18 lines with the genotype
combination of Aaaaaa (J-Red type) and bbbbbb (Choshu type),
20 lines with the genotype combination of aaaaaa (Choshu
type) and Bbbbbb (J-Red type), and 25 lines with the genotype
combination of aaaaaa (Choshu type) and bbbbbb (Choshu type)
(Figure 5 and Supplementary Table 6). The average number
of egg masses for the lines in each genotype combination was
8.7, 62.1, 63.6, and 70.4, respectively (Figure 5). The number
of egg masses on lines showing the J-Red type with both SNP
markers was significantly lower than that of lines showing other
genotype combinations (significant difference at the 0.1% level
on Bonferroni-corrected Wilcoxon rank sum test; Figure 5). In
addition, the average number of egg masses for Aaaaaa (J-Red
type) and Bbbbbb (J-Red type) was 8.7, which was below the
resistance threshold of 10. Among the 23 lines with the Aaaaaa
(J-Red type) and Bbbbbb (J-Red type) genotype, 16 (69.6%)
showed resistance. The rate of resistance was 46.5 and 47.8%
for the J-Red type of Chr07_1778460 and Chr03_18847788 SNP
markers, respectively. These results suggest that the lines with
resistance against SP2 could be selected with a higher probability
by combining two loci than by using a single locus.

Development of Selective Markers
J-Red derived (Chr07_1778460 and Chr03_18847788) SNPs were
used to design genotyping PCR primers to assess SRKN-SP2
resistance. For designing PCR primers, we extracted the sequence
information around the target SNPs based on the ddRAD-seq
reads aligned to the I. trifida reference sequence. Since the
sequence around the Chr07_1778460 SNP was not sufficiently
covered by the short reads of the ddRAD-seq, the sequence
around the SNP was determined by Sanger sequencing. The
primer sequences are shown in Supplementary Table 7. A clear
single band was observed in J-Red, but not in Choshu, for both
Chr03 and Chr07 SNPs (Figure 6). Consequently, we used these
primers to genotype the parental cultivars and 103 F1 lines
(Figure 6 and Supplementary Figure 2). The total number of

F1 lines used for genotyping with SNP-derived PCR primers
was 103 because JC2 was available for this experiment. Using
a marker designed to target the Chr03-derived SNP, the PCR
product obtained was 749 bp. The presence or absence of the PCR
band was 100% consistent with the genotype information. Of the
55 lines identified as J-Red type on the Chr03 SNP, 25 exhibited
resistance (45.5%). Using a marker designed to target the Chr07-
derived SNP, the PCR product obtained was 311 bp. As for Chr03,
the presence or absence of the PCR band was 100% consistent
with the genotype information. Of the 48 cultivars identified as
J-Red type on the Chr07 SNP, 23 exhibited resistance (47.9%).
Of the 27 cultivars that showed the J-red type at both Chr03 and
Chr07 loci, 19 showed resistance (70.4%). Thus, it was shown that
resistant plants could be selected with a high probability using
two selective markers.

DISCUSSION

In this study, we assessed SRKN-SP2 resistance in sweetpotato
using a novel GWAS method for polyploids based on allele
dosage probability. Because the SRKN causes serious damage
to the appearance, quality, and yield of sweetpotato, the
development of SRKN-resistant cultivars/lines has been required.
However, owing to the complexity of polyploid inheritance and
the highly heterogeneous genomic composition of sweetpotato,
genetic studies of this crop lag far behind those of major
diploid crop species. The segregation ratio of resistant and
susceptible lines in the F1 population suggested that resistance
to SP2 is regulated by two loci in a single dose. GWAS analysis
identified the two loci on Chr07 and Chr03, and selective
DNA markers were developed based on the identified SNPs.
Our results demonstrated that when two selective SNP-derived
markers were used, resistant plants could be selected with a high
probability (∼70%).

Since J-red shows resistance to the SRKN races SP1–9 (except
SP8), it can be used as a resistant parental cultivar to identify
the genetic regions associated with resistance for most SRKN
races. In our previous study, we performed genetic analysis on
SP1, SP4, and SP6-1 to identify the genetic regions controlling
resistance and develop selective DNA markers (Sasai et al., 2019).
For these three races, resistant and susceptible lines in the F1
population segregated in a 1:1 ratio. Therefore, it was suggested
that one major QTL in simplex determined the resistance. As
expected, one major QTL common to the three races present
in the simplex was detected (Sasai et al., 2019). In contrast,
for the SP2 race targeted in this study, the segregation ratio of
resistance and susceptible lines in the F1 population was 1:3.
This suggests that resistance to this race is regulated by two
loci present in simplex. However, because the segregation ratio
is close to 1:4, there is a possibility of regulation by one locus
present in a duplex manner. Since the population size used in
this study is relatively small for hexaploids (∼ 100 lines), it was
difficult to clearly predict whether resistance to SP2 is controlled
by two loci present in simplex or one locus present in duplex
based on the segregation ratio. The association analysis showed
that resistance to the SP2 race was controlled by two loci in
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FIGURE 5 | Frequency distribution of the mean number of egg masses on F1 lines grouped by genotype, based on the Chr07_1778460 (Aaaaaa or aaaaaa) and
Chr03_18847788 (Bbbbbb or bbbbbb) SNPs. The F1 mapping population was divided into four groups: Aaaaaa × Bbbbbb, Aaaaaa × bbbbbb, aaaaaa × Bbbbbb,
and aaaaaa × bbbbbb.

FIGURE 6 | PCR genotyping using the developed DNA markers derived from the Chr07_1778460 and Chr03_18847788 SNPs. SSII, positive control; JR, J-Red; C,
Choshu, 1-53, F1 lines; and M, 100 bp DNA ladder. The evaluation of the resistance to the SP2 race is shown on bottom of each lane. R and S indicates resistance
and susceptibility, respectively.

simplex. For further confirmation, GWAS was performed using
only simplex SNPs showing a simplex segregation ratio according
to a previous method (Sasai et al., 2019). The segregation ratio
of the SNPs in the F1 population was calculated, and SNPs
fitted to the expected segregation ratio of the single dose were
extracted based on a Chi-square goodness-of-fit test (P ≥ 0.01).
Simplex markers that are present in one parent and are absent
in the other parent segregate at a 1:1 ratio, and double simplex
markers that are present in both parents segregate at a 1:3
ratio (Supplementary Table 8). GWAS was performed using the
selected simplex SNPs with Tassel version 5.0 (Bradbury et al.,
2007). The total number of SNPs selected to be present in simplex
for both parents (double simplex) or simplex for one parent

was 33,886 (Supplementary Table 8). GWAS using these SNPs
generated peaks in Chr07 and Chr03 (Supplementary Figure 3).
Because GWAS peaks were detected at the same loci using two
completely independent analytical methods, the results of this
study were considered reliable.

Several studies have presented genetic analyses on nematode
resistance in sweetpotato. Nakayama et al. (2012) conducted
genetic analysis of SP2 race using AFLP markers and developed
SCAR markers associated with resistance. A major QTL [qRmi(t)]
associated with resistance to SP1 and SP2 was detected. At
that time, the reference genome for I. trifida had not been
deciphered, and the chromosomal position of this QTL was
unknown. However, we have determined that it is unlikely to
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be one of the QTLs identified in our study. The reasons for this
are as follows: First, in the 2012 study, resistant and susceptible
lines segregated in a 1:1 ratio in the F1 population of “Hi-starch”
and ”Koganesengan,” and one locus was identified. In contrast,
in the present study, resistant and susceptible lines segregated
in a 1:3 ratio, and two loci were identified. Second, according
to Nakayama et al. (2012), the resistance to SP1 and SP2 in F1
was highly correlated (r = 0.8199), and a QTL common to SP1
and SP2 was detected, as expected. In contrast, the F1 population
used in our study had a low correlation of resistance to SP1 and
SP2 (r = 0.5681), and a single QTL was detected for SP1, whereas
two QTLs were detected for SP2. When the primer sequences
designed based on the QTL identified by Nakayama et al. (2012)
were BLASTed to the reference sequence (I. trifida) used in our
study, most of them showed no hits or hits on chromosome
12 (E-value < 1e-2). Hence, the genomic regions controlling
resistance to SP2 race in the “Hi-Starch” and “J-Red” varieties are
probably different.

The analytical method used in our study has the advantage of
being relatively easy to use (Yamamoto et al., 2020). Currently,
various analytical tools such as MAPpoly and QTLpoly have
been developed for polyploid species, which use Mendelian
inheritance simplex markers as well as multiplex markers
(Mollinari and Garcia, 2019; da Silva Pereira et al., 2020;
Mollinari et al., 2020). Recently, Oloka et al. (2021) performed
QTL mapping for nematode resistance by constructing a high-
density linkage map with single- and multiple-dose SNPs and
indels. The authors utilized new bioinformatic tools developed
for sweetpotato improvement, such as GBSpoly, a genotyping
platform that modifies GBS to polyploid species; MAPpoly,
an R package for building linkage maps; and QTLpoly, an R
package for QTL mapping. A high-density integrated linkage
map was developed using a mapping population derived from
a cross between “Tanzania,” an African landrace cultivar, and
“Beauregard,” a major United States cultivar. A major QTL for
SRKN race 3 resistance was identified on linkage group 7 (LG7),
and the genotypes of the most significant markers associated
with resistance were duplex (AAaaaa) for the resistant “Tanzania”
cultivar, and nulliplex (aaaaaa) for “Beauregard.” Oloka et al.
(2021) used the same reference sequence of I. trifida (Wu et al.,
2018) used in our study, and interestingly, one major peak was
commonly detected on chromosome 7 (LG7) in both studies.
However, it is unclear whether SRKN race 3 from Oloka et al.
(2021) and SP3 used in this study are the same. In addition,
the genetic distance between resistance cultivars “Tanzania”
and “J-Red” is unknown. From these reasons, it cannot be
determined whether the QTLs identified in these studies are
consistent and/or derived from the same resistance gene. On
the other hand, the analytical methods used in their study were
useful for the identification of QTLs and investigation of their
effects in hexaploid sweetpotato. However, the analytical tool
used in our study is easy to use and can detect target regions
without constructing linkage maps, and the obtained results
are highly reliable. In general, linkage map construction for
polyploid species requires considerable time and computational
resources. In addition, when the size of the mapping population
is relatively small, it is extremely difficult to accurately calculate

the recombination values and marker distances. In contrast, the
GWAS method used in this study can identify the genomic
regions controlling agronomical traits in a short time (several
minutes), even with limited computer resources. Although the
loci identified in this study were in a single dose, this technique
can also be used to identify loci in multiplexes. Therefore,
it was determined that the method used in our analysis can
effectively detect QTLs and be used to develop DNA markers in
polyploid crop species.

The purpose of plant breeding is to produce excellent cultivars,
which requires continuous discovery of desirable genes and
pyramiding into breeding lines. Molecular markers linked to
a gene or loci of target traits have been effectively utilized in
breeding programs for cultivar development. In particular, the
importance of molecular markers associated with pest and disease
resistance is widely recognized, and such markers facilitate
the development of resistant cultivars/lines by marker-assisted
selection, which contributes to expanded cultivation areas and
increased yields. In this study, the selective DNA markers were
developed using the SNPs derived from J-Red resistant cultivar.
Using the two selective markers, we could screen resistant lines to
SRKN SP2 race with high efficiency (∼70%). However, the utility
and effectiveness of these selective markers in other mapping
populations and cross combinations have not been validated.
In the near future, we aim to perform marker genotyping
and resistance evaluation using other mapping populations and
various sweetpotato cultivars/lines to validate the effectiveness
and utility of these selective markers. In addition, we plan
to perform comparative analysis with other tools, such as
MAPpoly and QTLpoly, and identify candidate genes using
RNA-sequencing analysis and transgenic experiments. Overall,
this study provides a model for identifying genomic regions
controlling agronomical traits and their effects in polyploid crop
species. Our study also serves as a resource describing useful
molecular tools for marker-assisted selection in sweetpotato
breeding programs.
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