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Abstract

Pummelo is one of the ancestral species involved in the origin and diversification of citrus and is also an important fruit crop cultivated mainly in Asia. In
Japan, cultivar identification systems based on CAPS and InDel markers have been developed for mandarins and acid citrus and are used as practical tools
for the protection of breeders’ rights. However, a simple cultivar identification system for pummelo has not yet been sufficiently established. In this study, we
designed 2,172 InDel markers potentially suitable for pummelo cultivar identification based on comparative analysis of whole-genome sequences and long-
read data. Among these, 18 InDel markers showing clear biallelic PCR fragment patterns were selected, enabling cultivar identification using only standard
PCR and agarose gel electrophoresis. These markers enabled major pummelo cultivars and their hybrids grown in Japan to be clearly distinguished using a
minimum of five markers. In addition, a unique allele shared by ‘Hondabuntan’ and ‘Hassaku’ suggests that ‘Hondabuntan’ is a candidate parent of ‘Hassaku'’.
The InDel markers developed in this study are expected to contribute not only to the protection of breeders’ rights through cultivar identification but also to
the elucidation of the genetic background of pummelo and provide useful knowledge for citrus breeding.

Introduction

Pummelo (Citrus maxima (Burm.) Merr.) is characterized by large leaves with broad winged petioles, very large and fragrant flowers, and large fruits
containing monoembryonic seeds (Ahmed et al., 2019; Uzun and Yesiloglu, 2012). Pummelo is considered to have originated in Yunnan Province, China
(Huang et al., 2025), and is positioned, together with C. medica and C. reticulata, as one of the basic species involved in the origin and diversification of
cultivated citrus. These three species gave rise to modern cultivated citrus species through repeated hybridization (Nicolosi et al., 2000; Omura and Shimada,
2016), making pummelo an important taxon for understanding citrus cultivar formation. In addition, the contribution of the pummelo genome has been
demonstrated in the formation of major citrus cultivars grown in Japan (Fujii et al., 2016; Shimizu et al., 2016; Wu et al., 2021), suggesting that pummelo has
played an important role in citrus breeding and cultivar diversification in Japan.

In Japan, pummelo is one of the important citrus fruit crops, with an agricultural output value of 4.5 billion yen, ranking fourth among citrus fruits after
satsuma mandarin, Shiranui, and yuzu (Ministry of Agriculture, Forestry and Fisheries, Production Agricultural Income Statistics, e-Stat,
https://www.maff.go.jp/j/tokei/kouhyou/nougyou_sansyutu/index.html, accessed March 22, 2026). In addition, various pummelo cultivars have long been
grown in different regions of the country, including regional specialties such as ‘Banpeiyu’ in Kumamoto Prefecture and ‘Tosa buntan’ in Kochi Prefecture.
Among these, ‘Banpeiyu’ grown in Yatsushiro has been registered as ‘Yatsushiro Tokusan Banpeiyu’ under the Geographical Indication (GI) Protection System
of the Ministry of Agriculture, Forestry and Fisheries, and has attracted increasing attention in recent years (Ministry of Agriculture, Forestry and Fisheries.
No. 94: Yatsushiro Tokusan Banpeiyu, https://www.maff.go.jp/j/shokusan/gi_act/register/0094/index.html, accessed March 22, 2026). Moreover, because
pummelo is predominantly monoembryonic, zygotic seedlings can readily arise from open pollination, leading to the establishment of commercially
important natural hybrid cultivars such as ‘Kawachibankan’ (C. kawachiensis) in Kumamoto Prefecture and ‘Hassaku’ (C. hassaku hort. ex Tanaka) in
Hiroshima Prefecture. Thus, pummelo and its hybrid cultivars have played an important role in domestic citrus production and the formation of regional
brands.

In contrast, recent reports have described cases in which nursery trees of newly bred citrus cultivars developed in Japan were taken overseas without
authorization, leading to the production of pirated fruits and potentially causing economic losses to domestic producers (Endo et al., 2022). Therefore,
cultivar identification systems based on various DNA markers have been developed to protect breeders’ rights for registered Japanese citrus cultivars. First,
CAPS (cleaved amplified polymorphic site) markers were developed for citrus (Shimada et al., 2014), and cultivar identification systems using these markers
have been reported to enable reliable discrimination of citrus cultivars bred in Ehime Prefecture and at the NARO Institute of Fruit Tree and Tea Science (Fujii
et al,, 2019; Ninomiya et al., 2015; Nonaka et al., 2017). In addition, identification methods using SNP (single nucleotide polymorphism) markers and InDel
(insertion/deletion polymorphism) markers have also been reported to enable the discrimination of Japanese citrus cultivars (Endo et al., 2020; Noda et al.,
2021). These markers have also been applied to acid citrus cultivars (Niimi et al., 2021, 2022), demonstrating the continued development of cultivar
protection technologies based on molecular markers. In fruit trees, molecular markers also play an important role in verifying parent—offspring relationships
among cultivars and providing accurate pedigree information for breeding programs (Nonaka et al., 2017). Indeed, in several fruit crops, inconsistencies in
the reported parentage of cultivars have been identified and revised using molecular markers (Kimura et al., 2003; Ninomiya et al., 2015; Yamamoto et al.,
2003). Therefore, the establishment of reliable molecular markers is useful not only for cultivar protection but also for elucidating the genetic background of
cultivars.

However, our previous application of InDel markers developed for mandarin cultivar identification to pummelo failed to discriminate major pummelo cultivars
grown in Japan (Shimada et al., 2025). Many existing markers were developed mainly for cultivars derived from hybridization between two basic species,
mandarin and pummelo, and may therefore not sufficiently capture the polymorphisms required to distinguish cultivars within ancestral citrus species such
as pummelo. Thus, the development of new molecular markers with high discriminatory power for major pummelo cultivars is required. In this study, we
developed InDel markers capable of distinguishing pummelo cultivars using LINDA, a marker design support tool. The markers developed in this study are
expected to be useful not only for identifying major pummelo cultivars distributed in Japan but also for providing fundamental information for examining the
genetic background and relationships among Japanese pummelo cultivars.

Materials and Methods
1. Design and screening of InDel markers

InDel markers were designed using LINDA, a marker design support tool. LINDA was downloaded from GitHub (https://github.com/1i3083200/LINDA) and
used in this study. The LINDA analysis was performed using default parameters. LINDA designs InDel markers based on comparative analysis between
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whole-genome sequences and long-read sequences. In this study, the whole-genome sequence of C. maxima (accession ID: GCA_002006925.1) was used as
the reference genome (Wang et al., 2017), and the long-read sequencing data of ‘Matobuntan’ registered under BioProject PRJDB15974 and BioSample
SAMDO01597629 were used. Among the markers generated by LINDA, 18 markers showing clear biallelic PCR fragment patterns were selected, ensuring that
at least one marker was located on each chromosome.

2. Plant materials and DNA extraction

In this study, a total of 24 pummelo cultivars and their hybrids maintained at the Citrus Research Division of the Institute of Fruit Tree and Tea Science, NARO
(NIFTS), were used (Table 1). The plant materials included pummelo cultivars and their hybrids listed in the Fruit Tree Production and Shipment Statistics and
in the Survey on Production Trends and Related Information for Specialty Fruit Trees conducted by the Ministry of Agriculture, Forestry and Fisheries of
Japan, as well as a satsuma mandarin cultivar used as a breeding parent. Genomic DNA was extracted from mature leaves using a modified CTAB method
(Doyle and Doyle, 1987).

Cultivars and local varieties of pummlﬁ)b;en:j its hybrids used in the present study.
Variety Scientific name” JPNoy Parentage Lane number*
Tosabuntan C. maxima 117280 1
Suishobuntan C. maxima 117279 2
Otachibana C. otachibana hort. ex Yu.Tanaka 117362 3
Banpeiyu C. maxima 171506 4
Anseikan C. maxima 117431 5
Chandler C. maxima 113449 6
Benimadoka C. maxima 117153  MatobuntanxHiradobuntan 7
Hayasaki C. maxima 117152  MatobuntanxHiradobuntan 8
Matobuntan C. maxima 117283 9
Hiradobuntan C. maxima 171507 10
Hogenbuntan C. maxima 117282 11
Banoukan C. maxima 117432 12
Hondabuntan C. maxima 117281 13
Natsumikan C. natsudaidai Hayata 117297 14
Hassaku C. hassaku hort. ex Tanaka 117286 15
Kawachibankan C. kawachiensis 117412 16
Summer Fresh Citrus sp. 168867 Hassaku x Natsumikan 17
Naruto C. medioglobosa hort. ex Tanaka 117293 18
Grapefruit C. paradisi Macf. 168864 19
Yugehyokan C. yuge-hyokan hort. ex Yu.Tanaka 117507 20
Sweet Spring Citrus sp. 168866  UedaunshiuxHassaku 21
Yellow Pummelo  Citrus sp. 169661  Hassaku x Hiradobuntan 22
May Pummelo Citrus sp. 169662  Hassaku x Hiradobuntan 23
Uedaunshiu C. unshiu Marcov. 117333 24
# Scientific names or parents' names are referenced from Ilwahori (1999) and Shimizu et al. (2016).
Y Description by GenebankEhttps://www.gene.affrc.go.jp/index_ja.phpl.
*Indicates electrophoresis number.

3. PCR amplification and gel electrophoresis

PCR amplification was performed in a 10 pL reaction mixture containing 5 ng of genomic DNA, 5 pmol each of forward and reverse primers, and 5 pL of
GoTaq® Green Master Mix (Promega, Madison, WI, USA). The PCR conditions followed the method of Endo et al. (2022). Briefly, an initial denaturation was
performed at 95°C for 2 min, followed by 32 cycles of denaturation at 95°C for 30 s, annealing at 57°C for 30 s, and extension at 72°C for 1 min, with a final
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extension at 72°C for 5 min. The PCR products were separated by electrophoresis on a 2.0% agarose gel (Agarose S; NIPPON GENE CO., Tokyo, Japan),
stained with ethidium bromide (EtBr Solution; NIPPON GENE CO.), and visualized.

4. Genotyping using InDel markers

Based on the electrophoresis profiles obtained, the amplified fragment patterns of alleles for each marker were recorded. Allele bands were designated as
“A” and “B" according to fragment size, with the larger fragment designated as allele A and the smaller fragment as allele B. Using this information, the
minimum marker set required to distinguish the 24 cultivars was determined using MinimalMarker software (Fujii et al., 2013). Observed heterozygosity (Ho),
expected heterozygosity (He), and polymorphism information content (PIC) were calculated using MarkerToolKit v1.0 (Fujii, 2008). The probability that two or
more cultivars share identical genotypes was also calculated using MarkerToolKit v1.0, as described previously (Ukai, 2005). Parentage was assessed by
examining whether each putative parent contributed one marker allele to the progeny at each marker locus.

5. Parentage analysis of ‘Hassaku’

Among the markers identified using LINDA, one primer set amplified a specific band shared by ‘Hondabuntan’ and ‘Hassaku'. The primer sequences were as
follows: forward primer, 5-~AATGAACCAAGTCAAACAACTAGCTATT-3'; reverse primer, 5-GATTCTATTCTACAGTGCATCTCAATCC-3'. For this marker, PCR
amplification and gel electrophoresis were performed as described above. DNA fragments corresponding to the A, B, and C alleles were excised from the gel
and purified using a gel extraction kit (NucleoSpin® Gel and PCR Clean-up; Takara Bio, Shiga, Japan). Sequencing was performed by FASMAC Co., Ltd. In
addition, ‘Kunenbo’ (JP No. 117387), which was examined as a putative parent of ‘Hassaku’, was also genotyped using the 18 InDel markers developed in this
study according to the same procedure.

Results
1. Selection of InDel markers for pummelo cultivar identification

As a result of the analysis using LINDA, 2,172 candidate InDel markers expected to be polymorphic in pummelo were designed (Table S1). These markers
were distributed across all chromosomes, with 162 to 372 markers designed per chromosome. Among them, InDel markers showing clear biallelic PCR
fragment patterns were screened, and 18 InDel markers were selected (Table 2). The size difference between the A and B alleles was at least 150 bp for all

selected markers, enabling straightforward visual discrimination of genotypes by electrophoresis.

Table 2

InDel markers developed in this study for cultivar identification
Marker name  Chr number InDel position  Forward primer (5' -3') Reverse primer (5' - 3')
LID-1 Chr1 10884932 GTACCATGGTCAAGTTGCATACAATA ATATTTTCCAAAGATTGAGGCACGAA
LID-2 Chr1 31807844 TGGCAGTCCATTTTTCCATTGTTATTA AGAGAAGAAGAAAATGAAATGAAGCGA
LID-3 Chr2 14292245 CTTTTCCTTTGTAAATGAGAACTGGAGA AATGAATCCTAGTATGCAACGAAGTATG
LID-4 Chr2 51307140 CAGCTAAGACTGGTCAATAAAATTACTGTA  AATAAATAAAAACCAGAGTCGAGAAGGATT
LID-5 Chr3 3042270 TGGCTGATCCAAATTTAATGATACGG GCAATGTCATTGTACCTGTATTAGCA
LID-6 Chr3 13061837 CCACGCAATGAAAGTATTGAGATCTT TAGGATCTTTAGGTGAGCGTGTTTTA
LID-7 Chra 1262506 AGTAAAGGAAATGTTGAAATTTAGTACCGA  GCTTGCAGGTATGTTATTGTAAATCTTTAC
LID-8 Chr4 1717946 CTAAACCAACTAGATTTAGAGTATGGAACG TGGAGGTTGATGATAAAAACTAATTACCTC
LID-9 Chr4 1751601 AAACACATATAGCTTACTTAAACCACGATT  GGTTCATTTCTTTTGTTTAGTTGTTGAAAC
LID-10 Chr4 25546115 CAGATGTTTTAGAAATATCACAAATGCCC TATCCCTTACCTTTCCAAAATTTGAACTT
LID-11 Chr5 106133 TCATAAAATCTTCATTGGAGAAGGATTTGT CGTTTTGGTATCTTTTCTGACATCATTATG
LID-12 Chr5 29847343 ATGGCTTTTTCCTAAGAATTCAATCAAATC  TTGTTTGTTAAATGGGAAATTCCAAAAGAA
LID-13 Chré 7988393 TTTAACCAGTCAGTAATGATAGGCAAAG TCAATACCAAACAAGACCTAAAAGTACC
LID-14 Chré 14848467 ATTAAACTTTATCGCAACCTTTTGTTCTTT AGTATCTTCCTTCAAATTCATTAACTAGGC
LID-15 Chr7 2286392 GAGATGCTTATTTTAATTGCCAACTTTGTA ATATACACTACTCTTTAAACTTACAGCAGC
LID-16 Chr7 12952826 CGCCATTCATTCAATTTAGTGGATAAAAA CCATCAAGATCATCAACGTTTAGTACAAA
LID-17 Chr8 16268946 ATGTCTTCAAGCAATTTGTTCTGTAGAA CACTGAATGAAATTTATGGCATAAACCC
LID-18 Chr9 34961861 CTGGAAAATGTTTTCTGAATTTGCCTAA CACGTATTGGATGATTACTTGTCTCATT

The 18 selected InDel markers were applied to 24 cultivars, including pummelos, pummelo hybrids, and satsuma mandarin. As a result, clear biallelic PCR
fragment patterns were obtained for each InDel marker using DNA extracted from leaves (Fig. 1, Table 3).
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Table 3
Genotypes of pummelo and its hybrids based on 18 InDel markers

Variety LID-1  LID-2 LID-3 LID-4 LID-5 LID-6 LID-7 LID-8 LID-9 LID- LID- LID- LID- LID- LID-
10 11 12 13 14 15
Tosabuntan AA BB BB AB AB AA AA AB AB AB AA AA BB AA AB

Suishobuntan AB AB BB AB AB AA AA AB BB AB AA AA BB AA AB

Otachibana AA BB BB AB AB AA AA AB AB AB AA AA BB AA AB
Banpeiyu AB BB AB BB AA AA AA AB AB AB AA AA BB AA AA
Anseikan AB BB BB BB AA BB AB AB AB BB AB AB BB AB AA
Chandler AB AB BB BB AA AA AA AB AB AB AA AB AB AA AA
Benimadoka BB AB BB BB AA AA AA AB BB AB AA AB BB AA AB
Hayasaki BB AB BB AB AA AB AA AB BB AB AA AB BB AA AA
Matobuntan AB BB BB AB AA AB AA AA BB AB AA AB BB AA AB

Hiradobuntan AB AB AB BB AA AA AA AB AB AB AA AA AB AA AA

Hogenbuntan AA BB BB AB AB AA AA AB AB AB AA AA BB AA AB
Banoukan BB BB AB BB AB AA AB AB AB AB AB AB AB AB AB
Hondabuntan BB AB AB BB AA AB AA AA BB AB AA AB AB AA AB
Natsumikan BB BB BB BB AB AA AB BB AA BB AB AB BB AB AB
Hassaku AB AB AB BB AB AB AB AB AB AB AB AB AB AB BB
Kawachibankan ~ AB BB BB BB AA AB AB AB AB AB AB AA BB AB AB
Summer Fresh AB BB BB BB AB AA AB BB AA BB AB AA AB AB BB
Naruto BB BB BB BB AB AB AB AB AB AB AB BB AB AB AA
Grapefruit AB AB BB BB AB AA AB AB AB BB AB AB BB AB BB
Yugehyokan AB BB BB BB AA AB AB AB AB AB AB AB BB AA AB

Sweet Spring AB BB AB BB AB AB BB BB AA BB AB AB AB AB BB

Yellow BB AA AB BB AB AA AB BB AA BB AA AB AB AA AB
Pummelo

May Pummelo AB AA BB BB AB AB AA AB BB AB AB AB AB AA AB
Uedaunshiu AB AB AB BB BB AA BB BB AA BB AB AB BB BB BB
pICZ 0368 0317 0239 0.195 0337 0291 0328 0371 0375 0353 0305 0353 0.275 0.291 0.375

Z PIC values were calculated using MarkerToolKit v1.0 (Fujii, 2008).

2. Minimum marker set for cultivar identification and parentage testing

Compilation of the InDel marker genotypes revealed that three cultivars, ‘Tosabuntan’, ‘Otachibana’, and ‘Hogenbuntan’, shared identical genotypes (Table 3).
These three cultivars have also been identified as synonymous cultivars in previous studies (Nishimura et al., 2024; Shimizu et al., 2016). Therefore,
‘Tosabuntan’ was selected as the representative of these three cultivars. MinimalMarker analysis revealed that a minimum of five markers was required to
discriminate the 22 cultivars and identified five possible combinations of such markers (Table 4).

Table 4
Minimum marker set required for discriminating 24 cultivars

Set  Marker combination?
ST LID-1(1), LID-4(2), LID-7(4), LID-12(5), LID-18(9)
S2 LID-1(1), LID-5(3), LID-7(4), LID-12(5), LID-18(9)

S4 LID-2(1

), LID-4( ), ),
), LID-5( ), ),

S3  LID-2(1), LID-4(2), LID-7(4), LID-12(5), LID-18(9)
), LID-5(3), LID-7(4), LID-12(5), LID-18(9)
), LID-4( ), ),

S5  LID-3(2), LID-4(2), LID-7(4), LID-12(5), LID-18(9)

“The numbers in parentheses indicate chromosome numbers.
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Using genotype data, MarkerToolKit calculates allele frequencies, heterozygosity, polymorphism information content (PIC), and the probability that two or
more cultivars share identical genotypes (Table S2). The polymorphism information content ranged from 0.195 to 0.375, with an average value of 0.324
(Table 3). Furthermore, the probability that two or more cultivars share identical genotypes was highest in ‘Yugehyokan’, at 9.39 x 10”4 whereas the lowest
value among pummelos was observed in ‘Anseikan’, at 2.73 x 10~ 7 (Table S3).

Among the 24 cultivars analyzed, six known parentage relationships were included: ‘Hayasaki’ (‘Matobuntan’ x ‘Hiradobuntan’), ‘Benimadoka’ (‘Matobuntan’ x
‘Hiradobuntan’), ‘Yellow Pummelo’ (‘Hassaku’ x ‘Hiradobuntan’), ‘May Pummelo’ (‘Hassaku’ x ‘Hiradobuntan’), ‘'Summer Fresh’ (‘Hassaku’ x ‘Natsumikan’), and
‘Sweet Spring’ (‘Uedaunshiu’ x'Hassaku' ). Genotypes at the 18 InDel markers were analyzed in these cultivars to examine the inheritance of alleles from
parents to offspring. The results confirmed that all alleles observed in ‘Hayasaki’, ‘Benimadoka’, ‘Yellow Pummelo’, ‘May Pummelo’, ‘Summer Fresh’, and
‘Sweet Spring’ could be consistently traced to either parent, with no contradictory inheritance patterns.

3. Parentage analysis of ‘Hassaku’

In the marker screening for cultivar identification, we identified an allele that was shared exclusively by ‘Hondabuntan’ and ‘Hassaku’ (Fig. 2a). At this marker
locus, the A and B alleles were widely observed among pummelos, whereas the C allele was shared only by ‘Hondabuntan’ and ‘Hassaku’. If this shared C
allele is identical by descent, ‘Hondabuntan’ could be a candidate parent of ‘Hassaku’. Therefore, we performed sequence analysis of the alleles at this
marker. The sizes of the three alleles at this marker were 392 bp for allele A, 214 bp for allele B, and 525 bp for allele C, and each contained multiple InDel
polymorphisms and SNPs (Fig. 2b). More specifically, allele A differed from allele B by a 179 bp insertion, a 1 bp deletion, and multiple SNPs, whereas allele C
differed from allele A by a 133 bp insertion. The sequence of the C allele was identical between ‘Hondabuntan’ and ‘Hassaku'. To further examine this
possibility, ‘Kunenbo’, a putative parent of ‘Hassaku’, was genotyped using the 18 InDel markers, and the genotypes of ‘Hondabuntan’, ‘Kunenbo’, and
‘Hassaku’ were compared (Fig. 2c). The genotype of ‘Hassaku’ was consistent with Mendelian inheritance from the putative parental combination of
‘Hondabuntan’ and ‘Kunenbo’ across all 18 InDel markers.

Discussion

In this study, we aimed to develop DNA markers for cultivar identification of pummelos distributed in Japan. InDel markers designed using LINDA are
codominant markers whose genotypes can be determined by PCR and electrophoresis alone. Moreover, unlike CAPS markers, they do not require restriction
enzyme digestion. These easy-to-use InDel markers are expected to be adaptable to methods such as the chromatographic printed array strip (C-PAS)
method (Monden et al., 2023), and may therefore be applicable even in facilities with limited testing resources, such as customs offices (Watanabe et al.,
2025).

The set of InDel markers previously developed for mandarin cultivar identification and applied to pummelo included only 12 markers and showed a biased
chromosomal distribution (Endo et al., 2022). Furthermore, when applied to pummelo, only a limited number of these markers showed polymorphism
(Shimada et al., 2025). Consequently, no marker set has yet been established for discriminating major pummelo cultivars distributed in Japan. The 18
markers screened in this study were developed based on comparative analysis of pummelo sequences and were therefore expected to be capable of
detecting polymorphisms among pummelo cultivars. These markers were located on all nine chromosomes, with at least one marker on each chromosome.
PIC values are generally classified into three categories: highly informative (PIC = 0.5), moderately informative (0.25 < PIC < 0.5), and slightly informative (PIC
< 0.25) (Botstein et al., 1980). Most of the markers used in this study were classified as moderately informative, with an average PIC value of 0.324. This
value was comparable to the average PIC values reported for CAPS markers developed in mandarin, 0.309 (Ninomiya et al., 2015), and for InDel markers,
0.304 (Noda et al., 2021). These results indicate that the marker set developed in this study has sufficient discriminatory power for pummelo cultivar
identification.

The three cultivars ‘Tosabuntan’, ‘Otachibana’, and ‘Hogenbuntan’, previously reported to be synonymous cultivars, showed identical genotypes across all 18
markers (Nishimura et al., 2024; Shimizu et al., 2016). In addition, previous records indicate that ‘Hogenbuntan' from Kagoshima Prefecture was introduced to
Kochi Prefecture and later became known as ‘Tosabuntan’ (Iwahori, 1999). The finding that these three cultivars showed identical genotypes in this study
supports previous reports and historical records. When these three synonymous cultivars were represented by ‘Tosabuntan’, MinimalMarker analysis
demonstrated that the remaining 22 cultivars could be discriminated using only five of the 18 markers. Furthermore, even the highest probability that two or
more cultivars share identical genotypes was low, with the maximum value observed in ‘Yugehyokan’ at 9.39 x 10™*. This suggests that the marker set
developed in this study has sufficient discriminatory power to accommodate the future development of many additional pummelo and pummelo hybrid
cultivars.

Verification of known parentage relationships based on InDel marker genotypes is desirable to demonstrate the reliability of these markers for cultivar
identification. In addition, genotype information obtained from DNA markers is important for confirming correct cross combinations and clarifying genetic
backgrounds (Khadari et al., 2003; Shimizu et al., 2016). The plant materials used in this study included six cultivars bred by NARO, namely ‘Hayasaki’,
‘Benimadoka’, ‘Yellow Pummelo’, ‘May Pummelo’, ‘Summer Fresh’, and ‘Sweet Spring’. We therefore examined whether the marker genotypes of these
cultivars were consistent with inheritance from their reported parents. As a result, no inconsistencies in parentage relationships were detected in these six
combinations. This result indicates that the genotypes obtained using these InDel markers are consistent with the breeding pedigrees and supports the
reliability of these markers. Furthermore, among Japanese cultivars, some are chance seedlings with proposed parentage relationships. A well-known
example is ‘Suishobuntan’, which has been suggested to be derived from ‘Tosabuntan’ x ‘Banoukan’ (Shimizu et al., 2016). However, an inconsistency was
observed at the LID-2 marker in ‘Suishobuntan’. Because the breeding history of ‘Suishobuntan’ remains unclear, ‘Tosabuntan’ x ‘Banoukan’ has been
proposed as the most plausible parental combination. Thus, this result suggests that the actual parental combination of ‘Suishobuntan’ may differ from the
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currently proposed one. During marker screening for cultivar identification, we identified a unique allele that was shared exclusively by ‘Hassaku’ and
‘Hondabuntan’. ‘Hassaku’ is one of the major mid- to late-maturing citrus cultivars in Japan, producing fruit of excellent quality. It was discovered as a chance
seedling around 1860, and ‘Kunenbo’ has been proposed as the pollen parent (Shimizu et al., 2016). However, the seed parent remains unknown, except for
evidence that ‘Hassaku’ has pummelo-type cytoplasm. The C allele identified in this study, which was shared by ‘Hondabuntan’ and ‘Hassaku’, was
characterized by a 133 bp insertion relative to the A allele. Because the independent occurrence of InDel variants with exactly the same length at the same
genomic position is unlikely, shared InDels are likely to reflect common ancestry (Shedlock and Okada, 2000). In addition, the genotypes of ‘Hassaku’ were
consistent with Mendelian inheritance from ‘Hondabuntan’ and ‘Kunenbo’ based on the 18 InDel markers and the additional marker carrying the shared C
allele. However, when ‘Kunenbo’ was assumed to be one parent of ‘Hassaku’, both ‘Hondabuntan’ and ‘May Pummelo’ showed no Mendelian inconsistency as
the other parent based on the 18 InDel markers. Nevertheless, ‘May Pummelo’ is a cultivar bred by NARO and registered in 1985, which is inconsistent with
the historical background of ‘Hassaku’ as a chance seedling discovered around 1860. Thus, among the cultivars examined in this study, ‘Hondabuntan’ was
considered the most plausible candidate for the other parent of ‘Hassaku'.

Conclusions

In conclusion, the 18 InDel markers developed in this study provide a novel and simple marker system for identifying Japanese pummelo cultivars. These
reliable markers are expected to support the Japanese citrus industry by contributing to the protection of breeders’ rights and the regional brand value of
pummelo cultivars. Furthermore, the markers developed in this study may also be useful for elucidating breeding relationships among pummelo cultivars.
The identification of previously unrecognized valuable parental cultivars may provide useful genetic resources for future breeding. In addition, the LINDA-
based marker design and analysis methods used in this study are expected to be applicable to other horticultural crops for which genome sequence
information is available.
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Figure 1

PCR fragment pattern of 24 samples using LID-1. ME100 bp DNA size ladder. The number indicates plant material; the same number as in Table 1 is used.
The two-character alphabet above the band pattern indicates the genotype of the InDel marker. As indicated by the arrowheads, the larger fragment was
designated as allele A and the smaller fragment as allele B.

(a)

EL] &8 L

|

TTTAAT TTGTCAACGTTTCCGTAC GATAATT

TTTAAT TTGTCAALGTTTCCGTAC GATAATT
T

|
(b) 13-C-alile: GCATGCATCACCATTTGTCATACTCATACACATATAACTTTATARAT-[JaT
15-C-alile: GC&TG(ATCM{ATTTGT(&TMT(ATMMATATA&(TTTATMAT);El

e

13-A-alile: GCATGCATCACCATTTGTCATACTCATACALATATAACT TTATARAT - BAT TTTAAT TTGTCAACGTTTCCGTAC GATAATT
15-B-alile: GCATGCATCACCATTTGTCATACTCATACACATATAACT TTATARAT | TTTAAT TTGTCAACGTTTCCGTACGATAATT
129 158 188

13-C-alile: GCAGGTCAGCANGEGRAGCTTATTCCGGAGETTGCTATGTTACAGET TCTGTAACATACACACCC AATGCATGCACCACACC TGTCCTG
15-C-alile: GCAGGTCAGCANMGCGRAGCTTATTCCGGAGGTTGCTATGTTACAGET TCTGTAACATACACACCC AATGCATGCACCACACCTGTCCTG
13-A-alile: GCAGGTCAGCAMMGEGRAGCTTATTCCGGAGETTGLTATGTTACAGET TCTGTAACATACACACCC AATGCATGCACCAC ACC TGTCCTG
15-B-alile: GCAGGTCAGCAAAGEGRA---------=----- e s e

218 248 278

|
13-C-alile: CATATGAGAAMMAGCATGCAATTA GTTTGATAGE TAGC TAACC AATCAGAAGC TGO TAAGTTGRATC TGTATGT TAC AGAATCT
15-C-alile: CATATGAGAAAMAGCATGCAATTATTTTTGT TTGGTAGE TAGC TAM CAATCAGAAGL TGO TAMG TTGGATCTGTATGT TAC AGAATCT
13-A-alile: CATATGAGAAAMAGCATGCAATTATTTTTGT TTGGTAGE TAGC TAMC AATCAGAAGE TE6C TAMGTTGRATC TGTATGT TAC AGAATCT
15-B-alile: - S S LR R TP TR
Ni'é 338 360

13-C-alile: GTAAGTTAGCCAGCTCCGCTTATTCCANTAC ARAATACAGTATATAGGRATAGATAT GAGGCAMC CCTATCTTACATGTATG TAMGATA
15-C-alile: GTAAGTTAGLCAGCTCCGCTTATTCCANTAC ARAATACAGTATATAGGGATAGATAT GAGHCALLC CCTATCTTACATGTATGTAMGATA
13-A-alile: GTAAGTTAGLCAGCTCCGCTTATTCCANTAL AAAATACAGTATATAGGGATAGA - ----
15-B-alile: -----mmmmmnaaeen GCTTATTCCAATAC ARAATACAGTATATAGGGATAGA - - - - - -~

399 a4

13-C-alile: CATCOCCCTCACATRAATAGTGTATGTGTOGGACCCACACAC TATTCATATGAGAGEAATGTATCT TACATGL ATGTAAGAT AGAAGGAL
15-C-alile: CATCCOCCTCACATGAATAGTGTATGTGTGEGALCCACACAL TATTCATGTGAGAGGAATGTATCT TACATGLATGTAAGAT AGANGGAL
13-A-alile:

15-B-alile:

|
13-C-alile: CCATGACTATGETATETARATT NG T AGGACATGGTT TCACAALTTTTGGATRATGARTGATATGTTT TG
15-C-alile: CCATGACTATGETATETARATT ADNGTAGGACATGGT T TCACAAACTTTTGGATRATGAATGATATGTTT TG
13-A-alile: TETARATT! ARNGTAGGACATGGTT TCACAMACTTTTGGATRATGAATGATATGTTT TG
15-B-alile: AAATT M&GTAEE@TEGTI'I’CMMAITTTTEG# TGAATGATATGTTTTG

(c)

LIBD LIBE RlB3 LB LGS AID8 LIBT LIG LID LEMIG L1 RIBE LIB1D LIBM LIDTS LIBIS 11D LESE A tione) marker
Wertdcter 8 8 & B WA I M @ @ B M & B 1 & M & = "
L T T S T S T T T R T T -
Bowews M B B ME M & B B 8 W & W B & & B =

Figure 2

(a) An InDel marker showing the C allele shared exclusively by Hondabuntan (13) and Hassaku (15). M1100 bp DNA size ladder. The number indicates plant
material; the same number as in Table 1 is used. As indicated by the arrowheads, the expected longer fragment was designated as the A allele, the shorter
fragment as the B allele, and the allele found only in ‘Hondabuntan’ and ‘Hassaku’ was designated as the C allele. (b) Results of sequence analysis of the
three alleles. Colored letters indicate SNPs, and hyphens (-) indicate InDels. The C allele sequence was obtained from ‘Hondabuntan’ (13) and ‘Hassaku’ (15),
and the two sequences were identical. (c) Genotypes of ‘Hassaku’ and its putative parental combination, ‘Hondabuntan’ and ‘Kunenbo’, at the 18 InDel Marker
and the additional marker carrying the shared C allele.
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