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Numerous genetic resources of major crops have been introduced from around the world and deposited in
Japanese National Agriculture and Food Research Organization (NARO) Genebank. Understanding their
genetic variation and selecting a representative subset (“core collection”) are essential for optimal manage-
ment and efficient use of genetic resources. In this study, we conducted genotyping-by-sequencing (GBS) to
characterize the genetic relationships and population structure in 755 accessions of melon genetic resources.
The GBS identified 39,324 single-nucleotide polymorphisms (SNPs) that are distributed throughout the
melon genome with high density (one SNP/10.6 kb). The phylogenetic relationships and population structure
inferred using this SNP dataset are highly associated with the cytoplasm type and geographical origin. Our
results strongly support the recent hypothesis that cultivated melon was established in Africa and India
through multiple independent domestication events. Finally, we constructed a World Melon Core Collection
that covers at least 82% of the genetic diversity and has a wide range of geographical origins and fruit
morphology. The genome-wide SNP dataset, phylogenetic relationships, population structure, and the core
collection provided in this study should largely contribute to genetic research, breeding, and genetic resource

preservation in melon.
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Introduction

Melon (Cucumis melo L.), one of the most important crops
in the Cucurbitaceae family, is cultivated in over one mil-
lion hectares to produce over 28 million tons worldwide
(FAO). Melon has been classified into two subspecies
(subsp. melo and subsp. agrestis) based on ovary
pubescence, and into 19 horticultural varieties based on
botanical features (Pitrat 2016). As most wild Cucumis
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species are native in Africa and their chromosome number
is the same as melon (2n=24), it had been thought that
melon was domesticated in Africa. However, several stud-
ies with controversial results have proposed that the closest
wild relatives of melon are found in Australia (Sebastian et
al. 2010) and India (Endl ef al. 2018). Therefore, the origin
of melon and its domestication history have been a long-
standing question. To clarify these complicated intraspe-
cific relationships and to uncover the origin of melon,
several molecular biological studies have been conducted.
Based on the sequence polymorphisms in the melon chloro-
plast genome, it was revealed that cultivated melon land-
races in the world consist of three distinct maternal
lineages (cytoplasm types Ia, Ib, and Ic), indicating their
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polyphylogenetic origin(s) (Tanaka et al. 2013). A clear
and distinct geographical distribution of the three cyto-
plasm types was identified as follows: Ia type occurs
mainly in South Asia, Southeast Asia, East Asia, and a part
of Southern Africa; Ib type occurs in South Asia, Central/
West Asia, Europe, America, and the northern part of
Africa; and Ic type occurs exclusively in sub-Saharan
Africa. A relationship between cytoplasm types and seed
length has also been observed. The Ia and Ic types tend to
have small seeds (<9 mm), whereas the Ib type tends to
have relatively large seeds (=9 mm). Recently, it was sug-
gested that three independent domestication events (two in
India and one in Africa) occurred in melon (Zhao et al.
2019). Moreover, this hypothesis is supported by subse-
quent studies (Liu et al. 2020, Wang et al. 2021).

A core collection is a subset of genetic resources that
represents genetic diversity in an entire collection (Frankel
and Brown 1984). Construction of core collection enables
the efficient use and preservation of crop genetic resources.
In addition, by sharing the core collection for breeding and
research works, multidimensional information will be accu-
mulated using common materials. National Agriculture and
Food Research Organization (NARO) Genebank has devel-
oped core collections of several crops, including rice
(Oryza sativa), maize (Zea mays), azuki bean (Vigna
angularis), wheat (Triticum aestivum), soybean (Glycine
max), sorghum (Sorghum bicolor), mungbean (Vigna
radiata), eggplant (Solanum melongena), and foxtail millet
(Setaria italica); they are publicly distributed for researchers
and breeders upon request (Ebana et al. 2008, Hirano et al.
2011, Kaga et al. 2012, Kojima ef al. 2005, Miyatake ef al.
2019, Sangiri et al. 2007, Shehzad et al. 2009, Xu et al.
2008). In particular, the World Rice Core Collection has
been used in more than 300 research projects since its es-
tablishment in 2005, demonstrating the demand for core
collection construction (Tanaka et al. 2020).

High-throughput sequencing technology has enabled
quick and labor-saving acquisition of genome-wide poly-
morphism data from a large number of samples. Genotyping-
by-sequencing (GBS), also known as restriction site-
associated DNA sequencing (RAD-seq), is a promising
approach for high-throughput SNP discovery and genotyping
by using a high-throughput sequencer (Elshire et al. 2011).
This method enables highly multiplexing of many samples
by confining the sequencing region to a few percent of a
whole genome. Since its effectiveness was first demon-
strated in maize and barley in 2011, GBS has been used in
various plant species for various purposes, including phylo-
genetic study, development of a high-density genetic
linkage map, and genome-wide association study (GWAS).
GBS has also been applied in cucurbit crops, and its effec-
tiveness for constructing core collections has been demon-
strated in cucumber (Cucumis sativus) (Wang et al. 2018)
and melon (Wang ef al. 2021).

The melon core collection developed by Wang et al.
(2021) consists of 383 accessions representing more than
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98% of genetic variation in 2,083 accessions deposited in
the U.S. Department of Agriculture (USDA) National Plant
Germplasm System. Their sampling considerably focused
on South Asia (708 accessions), Central/West Asia (478 ac-
cessions), Europe (339 accessions), and Turkey (204 acces-
sions), which together account for more than 80% of the
accessions used. In contrast, the melon genetic resources of
NARO Genebank are largely from East and Southeast
Asian countries and unique in their area coverage. There-
fore, melon core collection of the NARO Genebank would
complement the genetic variation that potentially has been
underrepresented in the core collection of other genebanks.

In this study, we investigated the genetic variation and
population structure of 755 accessions of worldwide melon
genetic resources deposited in the NARO Genebank, Japan.
Our analyses, based on genome-wide SNP data identified
by GBS, revealed that their genetic relationships and popu-
lation structure were highly associated with the cytoplasm
type and geographical origin and supported the hypothesis
on the origin and domestication history of melon proposed
in previous studies. Finally, we constructed the World
Melon Core Collection, which consists of 100 accessions
representing at least 82% of the genetic diversity of the
entire NARO collection.

Materials and Methods

Plant materials and DNA extraction

A total of 755 melon accessions of C. melo were used
in this study, comprising 667 accessions deposited in the
NARO Genebank, 76 accessions maintained at Okayama
University originally introduced from the USDA National
Plant Germplasm System, and 12 Japanese commercial cul-
tivars. These accessions were selected to represent the
broad geographical distribution of the species: 288 from
East Asia, 136 from Europe, 114 from South Asia, 67 from
the Americas, 56 from Central/West Asia, 47 from South-
east Asia, 43 from Africa and 4 of unknown origin (Fig. 1).
In addition, two accessions of C. sagittatus (P 374208 and
PI 374209) and one accession of C. ficifolius (P1 273648),
introduced from the USDA, were used as the outgroup.
Detailed information on all accessions used in this study is
available in Supplemental Table 1.

Young leaves were collected from 1-5 seedlings of each
accession and ground in liquid nitrogen for DNA ex-
traction. Genomic DNA (gDNA) was extracted using the
cetyltrimethylammonium bromide method (Murray and
Thompson 1980) with minor modifications. DNA concen-
tration and purity were measured using NanoDrop 2000
(Thermo Fisher Scientific, Waltham, MA, USA).

Cytoplasm type determination

The cytoplasm type of each accession was determined
based on genotypes of three SNPs in the melon chloroplast
genome. Each SNP was genotyped by a PCR-based method
developed in a previous study (Tanaka et al 2016a).
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Fig. 1. Geographical origin and cytoplasm types of the 755 melon accessions. The pie charts and their sizes represent the compositions of the

three cytoplasm types and the number of used accessions in each country, respectively. Eight accessions with unknown geographical origin are

not shown.

Briefly, PCR amplifications were performed in 15 pl reac-
tion volumes comprising 75 ng of gDNA, 1 x PCR buffer
(Sigma-Aldrich, Burlington, MA, USA), 1.5mM MgCl,,
0.8 mM dNTP, 0.5 uM of each primer, and 0.25U Tag
DNA polymerase (Sigma-Aldrich). PCRs were performed
using iCycler (Bio-Rad, Hercules, CA, USA) with the fol-
lowing program: initial denaturing step at 95°C for 3 min,
followed by 35cycles of 95°C for 1min, annealing for
2 min, and 72°C for 2 min, and final extension at 72°C for
5 min. The annealing temperature was optimized for each
primer pair. The amplicons were digested by a restriction
enzyme at 37°C for 3 hours in a 11.3 uLL mixture consisted
of 10 uL of amplicon, 1 uL of 10 x CutSmart buffer (New
England Biolabs [NEB], Ipswich, MA, USA), and 0.3 uL
(3 or 6 U) of restriction enzyme appropriate for each primer
pair. The primer sequences, annealing temperatures, and
restriction enzymes are shown in Supplemental Table 2.
The digested DNA fragments were electrophoresed on 3%
agarose gel at a constant voltage of 100V, stained with
ethidium bromide, and visualized under UV exposure. The
genotype of each SNP was determined based on the length
of the digested DNA fragment, and the cytoplasm type was
determined as shown in Supplemental Table 3.

GBS library preparation

To eliminate RNA in the extracted gDNA solutions, 7 pug
of gDNA of each accession were digested with RNase I;
(NEB) at 37°C for 1hour in 35puL volumes containing
1 x NEBuffer 3 and 50 U of RNase I. Then, gDNA was

fragmented with a restriction enzyme Hsp 9211 (Promega,
Madison, WI, USA) or Nla 1II (NEB). Both restriction
enzymes are isoschizomers that cleave the same “CATG”
sequence in the same way. The fragmentation was carried
out in 25 pLL volumes containing 140 ng of gDNA and 10 U
of restriction enzyme, for overnight (ca. 16 hours) at 37°C.
Next, adapters were ligated to both ends of the restriction
fragments. Each adapter consists of an annealing site for
sequencing primer, an 8 bp-barcode sequence for demulti-
plexing, and a P5 or P7 sequence for binding to Illumina
flowcell. Adapter ligation was performed in a total volume
of 30 uL containing 25 pL of digested gDNA, 1 mM ATP,
0.5 uL of each adapter, and 400 U of T4 DNA ligase at
20°C for 30 min, followed by 65°C for 10 min. Purification
and fragment size selection were conducted between each
enzymatic reaction using AMPure XP magnetic beads
(Beckman Coulter, Carlsbad, CA, USA). The library was
quantified by Qubit dsDNA HS assay (Thermo Fisher Sci-
entific). For library concentration enrichment, libraries of
16 accessions were equally pooled (3 ng each) and PCR
amplified in 50 pL volumes containing 1 x Q5 Reaction
Buffer, ] mM dNTP, 1.2 uM each adapter primer, 48 ng of
library pool, and 1 U of Q5 High-Fidelity DNA Polymerase
(NEB), with the following program: initial denaturing step
at 98°C for 30sec, followed by 35cycles of 98°C for
10 sec, 65°C for 30 sec and 72°C for 1 min, and final exten-
sion at 72°C for 15 min. From the amplified libraries, 350—
700 bp fragments were selected by 1.5% agarose gel elec-
trophoresis and purified using MonoFas DNA 1 kit (GL
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Sciences, Tokyo, Japan) according to the manufacturer’s
protocol. The 12 enriched and size-selected libraries were
further pooled in equal amounts of DNA. The resulting
192-plex (16 x 12) libraries were sequenced on the HiSeq
4000 system (Illumina, San Diego, CA, USA) with the
paired-end mode and read length of 101bp each. All
adapter oligos and PCR primers used for the preparation
and sequencing of the GBS libraries are given in Supple-
mental Table 4.

SNP calling

The raw reads were demultiplexed into each accession
according to the combination of barcode sequences in both
adapters. Adapter sequences and low-quality bases were
removed from the demultiplexed reads using fastp (Chen
et al. 2018) with the parameters “-3 -1 20 -a=AGATCG
GAAGAGC”. The preprocessed reads of each accession
are deposited in the DDBJ Sequence Read Archive (DRA)
under accession numbers DRR404032-DRR404789. Then,
the preprocessed reads of each accession were mapped to
the DHL92 melon reference genome (v.3.6.1) (Ruggieri et
al. 2018) using BWA-MEM (Li and Durbin 2009) with
default parameters. Among several reference genomes of
different melon varieties published to date, DHL92 was
chosen because it is a doubled-haploid line derived from an
inter-subspecific cross, and thus was expected to allow un-
biased mapping of the reads from diverse accessions.

From the pileups generated by the mapping, raw SNPs
were called using SAMtools and BCFtools (Danecek et al.
2021). This analysis workflow was executed using a modi-
fied GB-eaSy pipeline (Wickland et al. 2017). The raw
SNPs were filtered based on read depth and missing rate
using VCFtools (Danecek et al 2011), and the filtered
SNPs were used for subsequent analyses.

Phylogenetic and population structure analyses

To infer the genetic relationships and population struc-
ture in the melon accessions, phylogenetic tree reconstruc-
tion and model-based clustering were performed using the
filtered SNPs with read depth >3 and missing rate <80%. A
phylogenetic tree was reconstructed using the maximum
likelihood method implemented in IQ-TREE (Minh et al.
2020) using the GTR + ASC model. The phylogenetic tree
was rooted using the three wild Cucumis accessions. Model-
based clustering was performed using ADMIXTURE
(Alexander et al. 2009). The major mode of 10 independent
runs for each K (K=2-4) was visualized using Pong (Behr
et al. 2016).

Selection and evaluation of core collection

GenoCore (Jeong et al. 2017) was used to select a subset
of accessions that represent the allelic diversity of melon
accessions genotyped by GBS, with the parameter
“-cv 100”. Seventy-three F, cultivars were excluded for
GenoCore analysis. We constructed the final core collection
containing 100 accessions, of which 84 were selected by
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GenoCore. The remaining 16 accessions were selected be-
cause of their historical importance and disease resistance.

Geographical distribution of the three cytoplasm types
The cytoplasm type determined based on three SNPs in
the chloroplast genome showed distinct geographical distri-
bution (Fig. 1). Ia type and Ic type are mostly distributed
within their native cultivation areas: the Ia type is generally
distributed in South Asia, Southeast Asia, East Asia, and
South Africa, whereas the Ic type is exclusively distributed
in sub-Saharan Africa. In contrast, the Ib type is globally
distributed not only in its native cultivation areas of Europe,
Americas, Central/West Asia, and Northern Africa, but also
in East Asian countries such as China, Taiwan, and Japan.

Genotyping-by-sequencing

GBS generated a total of approximately 1.5 billion reads,
which contained 147.1 Gb of data. The number of reads for
each accession ranged from 106,366 to 19,283,624, with an
average of 1,921,782 reads. The proportion of preprocessed
reads mapped to the DHL92 genome was 93.2%. On aver-
age, approximately 2.4% (9.0 Mb out of 375.4 Mb) of the
DHL92 genome was covered by the aligned reads, with an
average depth of 13.4x in each accession. Based on the
pileups, we identified a total of 3,182,277 raw SNPs. After
retaining genotypes with read depth >3 and SNPs with
<80% missing rate, 39,324 SNPs were obtained as a final
data set. These SNPs were distributed throughout the 12
melon chromosomes, with an average of 1 SNP per 10.6 kb
(Table 1).

Phylogenetic relationships and population structure of
the melon genetic resources

Based on the 39,324 SNPs dataset, we reconstructed a
rooted maximum likelihood tree to infer phylogenetic rela-
tionships among the 755 melon accessions (Fig.2A). The
topology of the phylogenetic tree allowed us to divide them
into three major groups (groups I, 11, and IIT). They mostly
corresponded to the classification by cytoplasm type.
Group I consisted of 14 accessions. Among them, 9 (64%)
accessions were Ic type, and 10 (71%) and 3 (21%) acces-
sions were of African and South Asian origin, respectively.
Groups II and III mostly consisted of Ia type and Ib type,
respectively; 99% (199/201) of group II was Ia type, while
86% (464/540) of group III was Ib type. Exceptionally, the
basal part of group III was mainly composed of Ia type.
South Asian, Southeast Asian, and East Asian accessions
accounted for 95% (190/201) of group II. On the other
hand, group III was composed of accessions from wider
geographical regions.

To investigate the population structure in the 755 melon
accessions, model-based clustering implemented in the
ADMIXTURE program was performed (Fig. 2B). Combin-
ing the results from the phylogenetic tree and population
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Table 1. Summary statistics of the SNPs identified by GBS across each melon chromosome

Average raw SNP No. of filtered SNPs (depth ~ Average filtered SNP

Chromosome Size (bp) No. of raw SNPs distance (bp) >3x & missing rate <80%) distance (bp)
chr00“ 41,641,883 140,075 297 15,573 2,674
chr01 37,037,532 311,544 119 1,541 24,035
chr02 27,064,691 237,677 114 2,541 10,651
chr03 31,666,927 260,031 122 1,587 19,954
chr04 34,318,044 270,230 127 2,293 14,966
chr05 29,324,171 232,125 126 1,747 16,785
chr06 38,297,372 304,612 126 2,182 17,551
chr07 28,958,359 224,949 129 2215 13,074
chr08 34,765,488 276,110 126 1,790 19,422
chr09 25,243,276 190,330 133 2,195 11,500
chrl0 26,663,822 227,276 117 1,881 14,175
chrll 34,457,057 274,527 126 1,640 21,010
chrl2 27,563,660 232,791 118 2,139 12,886
Total 417,002,282 3,182,277 131 39,324 10,604
4 Contigs and scaffolds unanchored to chromosomes.
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Fig.2. Genetic relationships and population structure of the 755 melon accessions based on 39,324 SNPs. (A) Maximum-likelihood phylo-
genetic tree rooted using the three wild Cucumis accessions. Branch colors represent different cytoplasm types. A tree with scaled branch lengths
is available in Supplemental Fig. 1. (B) Model-based clustering with different numbers of putative populations (K=2-4). The memberships
of each accession to each putative population are shown as stacked-bar plots, with different colors indicating different putative populations. The
y-axes quantify the relative membership to each population, and the x-axes list the different accessions. The orders and positions of accessions
on the x-axes are consistent with those in the phylogenetic tree.

structure analysis, we divided groups II and III into two and  group. Of the 9 Ia-type accessions from South Africa, 5 ac-
three subgroups, respectively. In both groups, basal sub- cessions were placed in subgroup II-1, while the rest were
groups (II-1, III-1, and III-2) showed a high degree of ge- scattered among the other groups (1 accession each in
netic admixtures compared with the other subgroups (II-2  group I and subgroup III-1, and 2 accessions in subgroup
and III-3). More than 85% of subgroup II-1 was composed  III-3). In subgroup III-1, the Ia type accounted for 85%
of South Asian and Southeast Asian accessions, accounting  (40/47), and most of them were native to South Asia (72%;
for 51% (38/74) and 34% (25/74), respectively (Table2).  34/47). In contrast, the Ib type accounted for 81% (52/64)
On the other hand, 89% (113/127) of subgroup II-2 con- and 94% (405/429) in subgroups III-2 and III-3, respec-
sisted of East Asian accessions, with only 2 South Asian tively.

and 8 Southeast Asian accessions were included in this sub-
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Table 2. Cytoplasm type and geographical origin of the accessions classified into six groups by the phylogenetic tree and population structure
analysis
Cytoplasm type Geographical origin
Group No- 9f South  Southeast Central/
accessions Ia b Ic Africa . . East Asia . Europe Americas Unknown
Asia Asia West Asia
1 14 2 3 9 10 3 - - 1 - — -
1I-1 74 73 1 - 5 38 25 4 1 1 - -
1I-2 127 126 1 - - 2 8 113 - 2 2 -
-1 47 40 7 - 34 4 6 1 - 1 -
1I1-2 64 12 52 - 8 17 1 17 10 9 2 -
111-3 429 23 405 1 19 20 9 148 43 124 62 4
Total 755 276 469 10 43 114 47 288 56 136 67 4
Construction of the World Melon Core Collection
A total of 682 accessions, excluding F; cultivars, were A
analyzed with GenoCore, and representative accessions
were selected in order of allelic coverage of the genome- 100 ER—
wide SNPs. The results showed that 53, 93, 160, 281 and _ /’ I
674 accessions represented 80%, 85%, 90%, 95% and X /I :
100% of the allelic diversity of 39,324 SNPs within the 682 o / I
accessions, respectively (Fig. 3A). Considering the balance g 80 :
between allelic coverage and collection size, we selected 67 g / I
accessions as the primary core collection, which covered b :
82% of the allelic diversity in the entire collection. In addi- T 6018 !
tion, we selected an additional 33 accessions based on < " |
geographical origin, disease resistance, and historical I :
importance, for a total of 100 accessions to construct the S 50 200 500 674

World Melon Core Collection, of which 84 accessions have
GBS data. The 84 accessions were widely distributed
throughout the phylogenetic tree, with a modest concentra-
tion in group I and subgroup III-1 (Fig.3B). Their geo-
graphical origins were diverse: 26 from South Asia; 21
from Africa; 21 from East Asia; 12 from Southeast Asia,
including Cambodia, Laos and Vietnam; 11 from Central/
West Asia including the Kyrgyz Republic; 5 from the
Americas; and 4 from Europe (Supplemental Tables 5, 6).
In addition, the fruit morphology of the World Melon Core
Collection was highly diverse in various traits, such as
shape, size, skin color, and flesh color (Fig. 4). These re-
sults demonstrated that the World Melon Core Collection
established in this study covers most of the genetic diver-
sity in the genetic resource collection of the NARO
Genebank. A full list of the World Melon Core Collection
is available in Supplemental Table 6.

Discussion

Numerous studies have been conducted to elucidate the ori-
gin and domestication history of melon. To provide new in-
sights into this long-standing question, we investigated the
genetic variation and population structure among melon ge-
netic resources deposited mainly in the NARO Genebank.
The cytoplasm type of each accession was determined
based on the three SNPs in the chloroplast genome. As a re-
sult of investigating the composition of the cytoplasm types

Collection size
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Selection and evaluation of the World Melon Core Collec-
tion. (A) Coverage of allelic diversity of 39,324 SNPs (y-axis) versus
the number of selected accessions (x-axis). (B) Same maximum-
likelihood phylogenetic tree as in Fig. 2A, with the 84 accessions in
the core collection highlighted in red.

Fig. 3.
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Fig.4. Diversity in the fruit morphology of the World Melon Core Collection (partial).

in each country, Ia and Ic types were generally restricted
within their traditional cultivation areas, while the Ib type
was widespread in the world (Fig.1). This result may
reflect the introduction and rising demand for melon culti-
vars of var. cantalupensis and var. inodorus (both typically
Ib type) in East Asian countries such as China, Taiwan,
and Japan, except Xinjiang (Xinjiang Uyghur Autonomous
Region, China) where Hami melon of Ib type has been
traditionally cultivated.

The GBS of the 755 melon genetic resources resulted in
the identification of the SNPs densely distributed through-
out the melon genome (Table 1). The phylogenetic analysis
based on this SNP dataset revealed the genetic relationship
and the population structure among the accessions that
largely corresponded to the cytoplasm types and geographi-
cal origins (Fig. 2, Table 2). Group I was the most ancestral
group in the phylogenetic tree and mainly consisted of the
accessions from African and South Asian countries, consid-
ered to be the origins of cultivated melon. Of the 10 Ic-type
accessions used in this study, 9 accessions clustered in this
group. Groups II and III were mostly composed of la-type
and Ib-type accessions, respectively, and appeared to corre-
spond to the classification of two subspecies, subsp.
agrestis and subsp. melo. Taken together with the associa-
tion between the cytoplasm types and seed length observed
in a previous study (Tanaka ez al. 2013), this result implies
that seed length, in addition to ovary pubescence, could be
useful as a key trait to distinguish between the two sub-
species. In both groups II and III, the proportion of South
Asian accessions was notably higher in the basal subgroups
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(II-1, MI-1, and III-2) than in the other subgroups (II-2 and
[I1-3). In Group III, subgroup III-1 was distinct from the
other two subgroups in that most of the accessions are la
type. On the other hand, subgroup I1I-2 was mostly Ib type,
but was distinguished from subgroup III-3 by its higher
genetic admixture. These two subgroups were considered
to be either (1) ancestral populations from which subgroup
II1-3 was selected, (2) inter-subspecific hybrids between
Group II and subgroup III-3, or (3) mixtures of both. In any
case, the above results support the recent hypothesis that
cultivated melon was domesticated in Africa and two inde-
pendent domestication events for subsp. melo and subsp.
agrestis occurred in India (Zhao et al. 2019). All three
cytoplasm types are distributed on the African continent,
and la-type and Ib-type accessions in Africa were grouped
together with accessions from other regions with their
respective cytoplasm types. This result suggests that those
accessions were reverse-introduced to the African continent
after domestication events occurred in India. We speculate
on possible routes and timings of reverse-introduction as
follows. As for la-type accessions in Southern Africa, they
may have been introduced from South Asia through the
maritime route connecting the Cape of Good Hope and
India pioneered during the Age of Discovery. On the other
hand, Ib-type accessions in Northern Africa may have been
introduced during dispersal of cultivated melon from India
to Western countries and/or through the European explo-
ration of Africa started in the 15th century. To verify this
hypothesis, further studies with a larger diversity panel of
African landraces, as well as with archaeological seed
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remains from each region, would be needed. In that case,
special attention should be paid to the world’s oldest melon
seed remains from Lower Egypt (the fertile Nile Delta area)
dating from 3700-3500 BC (van Zeist and de Roller 1993).

Using a comprehensive approach that accounts for ge-
netic diversity, historical importance, and disease resis-
tance, we selected the 100 accessions as the World Melon
Core Collection, which represent at least 82% of the allelic
variation of the genome-wide SNPs identified by GBS. The
representativeness of the World Melon Core Collection was
confirmed by the following three results: (1) the accessions
were selected from all cytoplasm types and from wide geo-
graphical origins without major deviations (Supplemental
Table 5); (2) they were widely distributed throughout the
phylogenetic tree (Fig. 3B); and (3) the fruit morphology of
the core collection was highly diverse (Fig. 4). Note that 21
African and 26 South Asian accessions were selected and
together accounted for nearly half of the core collection,
despite relatively small number of accessions from those
regions (43 from Africa and 114 from South Asia) were
used in this study (Table 2, Supplemental Table 5). This
result may reflect the fact that accessions from African and
South Asian countries retain higher genetic diversity than
accessions from other regions (Wang et al. 2021).

Recently, another core collection of melon was devel-
oped from the USDA National Plant Germplasm System
using a similar GBS-based approach (Wang et al. 2021).
Their core collection consists of 383 accessions represent-
ing more than 98% of allelic variation in 27,471 SNPs
identified from 2,083 accessions. The allelic coverage of
our core collection (82%) is not as high as that of their core
collection, probably because we selected fewer accessions
while accounting for more SNPs than they did. However, it
still represents a great majority of genetic variation within
the species, and the compact collection size will fit a wide
range of research scales, from simple screening for a trait to
intensive pan-genomic studies. In addition, our core collec-
tion is characterized by the inclusion of accessions from
Southeast and Central Asian countries, including Vietnam,
Laos, Cambodia, and the Kyrgyz Republic. The accessions
from those countries were introduced to the NARO
Genebank through recent explorations conducted under the
PGRAsia project (Matsunaga et al. 2015, Tanaka et al.
2016b, 2017, 2019, Yoshioka et al. 2020), and are rarely
found in major genebanks in other countries, such as
USDA, Leibniz Institute of Plant Genetics and Crop Plant
Research (IPK), and the National Institute for Agricultural
Research (INRA). Recent work by Imoh et al. (in prepara-
tion) showed the richness of melon landraces with virus
disease resistance in Southeast Asian countries, and thus
the core collection constructed in this study is considered a
unique and novel set of melon genetic resources.

The World Melon Core Collection is currently under-
going seed multiplication, agronomic trait evaluation, and
whole genome sequencing using a long-read sequencer.
This will provide a more comprehensive picture of genomic
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variation, and that will enable us to perform GWAS and
pan-genomic studies. The World Melon Core Collection
will be publicly available from the NARO Genebank
(https://www.gene.affrc.go.jp/databases-core_collections_
en.php) in 2024, along with the agronomic trait data and
genomic information. The genome-wide SNP dataset, phy-
logenetic relationships, population structure, and the World
Melon Core Collection provided in this study will be valu-
able resources for genetic research, breeding, and genetic
resource preservation of melon.
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