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Abstract

Cucumis melo (melon or muskmelon) is an important crop in the family of the Cucurbitaceae. Melon is cross pollinated and domesticated
at several locations throughout the breeding history, resulting in highly diverse genetic structure in the germplasm. Yet, the relations
among the groups and cultivars are still incomplete. We shed light on the melonbreeding history, analyzing structural variations ranging
from 50 bp up to 100 kb, identified from whole genome sequences of 100 selected melon accessions and wild relatives. Phylogenetic trees
based on SV types completely resolve cultivars and wild accessions into two monophyletic groups and clustering of cultivars largely corre-
lates with their geographic origin. Taking into account morphology, we found six mis-categorized cultivars. Unique inversions are more
often shared between cultivars, carrying advantageous genes and do not directly originate from wild species. Approximately 60% of the
inversion breaks carry a long poly A/T motif, and following observations in other plant species, suggest that inversions in melon likely
resulted from meiotic recombination events. We show that resistance genes in the linkage V region are expanded in the cultivar genomes
compared to wild relatives. Furthermore, particular agronomic traits such as fruit ripening, fragrance, and stress response are specifically
selected for in the melon subspecies. These results represent distinctive footprints of selective breeding that shaped today’s melon.
The sequences and genomic relations between land races, wild relatives, and cultivars will serve the community to identify genetic diver-
sity, optimize experimental designs, and enhance crop development.
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Introduction
The family of the Cucurbitaceae consists of around 975 species

across 98 genera, some of which have economic importance like

the genus Cucumis of which species like melo (melon) and sativus

(cucumber) are well known for their nutritious value and taste,

while other species have a characteristic fragrance like dudaim, or

fruit shape (e.g., “horned melon” and “armenian cucumber”).

Cucumis melo is grown worldwide and has been cultivated into

many varieties and include for example netted cultivars (e.g.,

cantaloupe) or smooth skinned varieties (e.g., honeydew, casaba).

Over the past decades melon breeding focused on higher produc-

tivity and adaptation to different growing systems. According to

the FAO, worldwide melon production in 2018 (www.fao.org/fao

stat) amounted to 27.4 million tons, reflecting the success of

modern melon breeding. However, this massive production is

threatened by lack of disease resistance and (a)biotic stress toler-

ance traits in melon. A few disease resistance genes have been

identified in a few melon accessions such as Fom-2, Fom-1 locus
for Fusarium wilt disease (Joobeur et al. 2004; Tezuka et al. 2009),
QTL for Cucurbit yellow stunting disorder virus (Palomares-Rı́us
et al. 2016), cmv1 gene and two other QTLs for Cucumber mosaic
virus (Guiu-Aragonés et al. 2014), and a QTL for powdery mildew
(Li et al. 2017). Further research for discovering resistance genes
and QTL as well as generating new commercial resistant lines are
ongoing (https://cuccap.org/breeding/melon/). Furthermore,
changing environmental conditions, the demand for improved
food quality (nutritional properties, increased shelf life), and new
consumer preferences become increasingly important. This moti-
vates the development of adapted and advanced crops and effi-
cient agricultural production systems that are more in line with
environmental, economic, and social needs. To achieve this goal,
it is important to disclose and use genetic diversity underlying
important target crop traits by breeding. The wild species that
are closely related to cultivated melon represent a rich genetic di-
versity that can be used for advanced introgression hybridization
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breeding to introduce economically important traits, either by di-
rect crossing or via bridging species.

Selection of compatible breeding parents for inter-specific hy-
bridization breeding requires insight into the phylogenetic rela-
tionships and the genomic context of target genes underlying key
economical traits. However, phylogenetic relationships for the
Cucumis clade are incomplete and are not undisputed. Cucumber
and melon diverged only 10 million years ago (Sebastian et al.
2010). Although the chromosome number of cucumber (2n¼ 14)
and melon (2n¼ 24) is different, there is high synteny between
two genomes (Huang et al. 2009; Li et al. 2011). Ancestral fusion of
five melon chromosome pairs in cucumber was suggested be-
sides the observation of several intra- and interchromosomal
rearrangements (Garcia-Mas et al. 2012). Phylogenetic trees based
on internal transcribed spacer sequences of nuclear ribosomal
DNA (Garcia-Mas et al. 2004) and partial mitochondrial DNA
(Renner et al. 2007) revealed that the genus Cucumis is monophy-
letic and contains many diverse melon and cucumber like spe-
cies. The two aforementioned studies, however, disagreed on the
branching of species within Cucumis, most likely due to usage of
nongenomic data. Cucumis melo is suggested to be domesticated
several times independently in Africa, Australia, Asia, and two
times in India (South Asia) (Endl et al. 2018; Gonzalo et al. 2019;
Zhao et al. 2019). Currently, C. melo is divided into two subspecies,
C. melo ssp. melo and C. melo ssp. agrestis based on morphology,
yet the genetic data (SNP) also supports the distinction (Zhao
et al. 2019). These subspecies have been further divided into
groups even though some of these groups are heterogenous and
phenotypically complex (mixed). The ssp. melo has been divided
into eleven groups (cantalupensis, reticulatus, adana, chandalak,
ameri, inodorus, chate, flexuosus, dudaim, chito, and tibish), whereas
ssp. agrestis has been divided into five (momordica, conomon, chinen-
sis, makuwa, and acidulus) (Pitrat 2008), referred to as the 16-group
classification. A later study suggested a 19-group classification
with changes as (1) to merge the reticulatus and cantalupensis; (2)
to split the large inodorus into three sub groups; (3) and the addi-
tion of two new groups kachri and indicus (Pitrat 2016). It is also
suggested to remove the subspecifies classification as these 19
groups sufficiently distinguish melon. Since the new classifica-
tion has not been applied in the databases yet, we have followed
the 16-group classification in this study. The population diversity
of melon was further studied with genetic marker assays such as
AFLP, SNP assays, and WGS (Esteras et al. 2013; Zhao et al. 2019).
One study focused on the group level and found a mixed (diverse)
population structure in the ssp. agrestis groups, more than the
commercially important ssp. melo groups inodorus and cantalupen-
sis (Esteras et al. 2013). Another study focused on the differences
between cultivated and wild accessions within subspecies, re-
vealing that cultivated melo has a much higher nucleotide diver-
sity than cultivated agrestis (Zhao et al. 2019).

In addition to SNPs, structural variants (SVs) can hold valuable
and distinctive phylogenetic information (Saxena et al. 2014). SVs
provide information on variations in genic content such as copy
number variation (CNV), inversions, translocations and deletions.
SVs in melon were previously analyzed at a small scale, including
seven accessions (González et al. 2013; Sanseverino et al. 2015). It
has been found that the rate of occurrence of SVs is similar to
that found in other species (Saxena et al. 2014; Sanseverino et al.
2015). In contrast to melon, an extensive SV study was conducted
by Zhang et al. (2015) on 115 cucumber accessions. The study
revealed that SVs derived mostly from nonhomologous rear-
rangement followed by transposable element (TE) movement,
and very few by nonallelic homologous recombination (Zhang

et al. 2015). Regions with increased recombination frequency
were correlated (co-located) with high CNV in soybean and bar-
ley, but not in maize (Saxena et al. 2014). On the other hand, in
maize, presence/absence variation (PAV) of SV was not influ-
enced by recombination but by short direct repeats (Woodhouse
et al. 2010). For genetic diversity assessments and Cucurbitaceae
genomic studies, the production of an annotated melon reference
genome represented a valuable resource (Garcia-Mas et al. 2012).
This reference was constructed from the accession DHL92, which
is a cross between accession Songwhan Charmi (C. melo ssp.
agrestis) and Piel de Sapo (C. melo ssp. melo). The reference DHL92
genome is improved by optical mapping, and transposons were
reannotated in the improved version (Ruggieri et al. 2018). The an-
notated reference revealed a considerable amount of the genome
(44%) composed of TEs as a major source of SV. Three quarters of
these TEs are retrotransposons, whereas the rest consists of DNA
transposons and unclassified TEs (Ruggieri et al. 2018).

To benefit from the allelic richness occurring in wild species
and to advance (introgression) breeding for melon crop improve-
ment, assessment of genetic diversity and insight in chromosome
topology is required, which at the moment is lacking. Disclosure
of the genetic diversity and chromosome synteny and collinearity
will not only be of use for precision breeding, but is also required
to achieve a thorough understanding of the fundamentals of
melon genome evolution and the genetic basis of complex traits.
To achieve this goal, we have sequenced 94 melon (Cucumis melo)
accessions and 6 wild species related to melon. We show that
this provides a valuable resource for genome wide SV analysis
across a large panel of accessions that is representative of the
major phylogenetic groups. We have assessed these SVs in 100
melon and melon related wild accessions and use these data to
shed light on the evolutionary history of melon breeding from a
structural genomics point of view.

Materials and methods
Melon accessions
The melon accessions selected in this study consist of 25 ssp.
agrestis, 69 ssp. melo, and 6 wild species C. zeyheri, C. prophetarum,
C. anguria, C. dipsaceus, C. myriocarpus, and C. ficifolius. The details
of accessions including country of origin, seed provider, accession
number, common name and groups, and subspecies they belong
to are given in Supplementary Table S1.

DNA isolation and sequencing
Leaf material from 100 melon accessions were grinded and sub-
sequently used for DNA isolation using the Qiagen DNeasy Plant
Mini Kit. DNA concentration was measured using Qubit fluoro-
metric quantitation (Lifetechnologies, www. lifetechnologies.
com/qubit.html). For each sample �2 lg DNA was used as input
for TruSeq DNA PCR-Free Library Preparation. DNA was sheared
using a Covaris M220 to an average insert size of �550 bp accord-
ing to the manufacturer protocol. Samples were individually bar-
coded and combined in two pools of each 33 samples and one
pool of 34 samples. Prior to sequencing on the HiSeq2500 a qPCR
and a MiSeq Nano run were performed to balance the samples
and optimize cluster density. Aired-end 126 bp sequences at a
mean coverage of 31-fold (assuming a genome size of 450 Mbp)
were generated.

Alignment of reads
The reads were trimmed by Trimmomatic version 0.36 (Bolger
et al. 2014) with settings of minimum base quality of 20 and
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minimum read length of 50. Then the first 3 bp from the 5’ end
was trimmed by cutadapt v1.16 (Martin 2011). We mapped the
Illumina short read by bwa mem v0.7.7 (Li and Durbin 2009) with
default settings to melon reference genome CM3.6.1 which can
be found in melonomics website (https://www.melonomics.net).

SV detection
We followed the method described in Fuentes et al. (2019) to iden-
tify the SV events with some modifications. Briefly, inversions,
deletions, and duplication events were identified with four SV
calling methods namely Pindel (Ye et al. 2009), LUMPY (Layer et al.
2014), GROM (Smith et al. 2017), and DELLY 2 (Rausch et al. 2012)
based on the aligned reads. The results from different callers
were merged if an SV event was called by at least two callers and
the locations had 80% reciprocal overlap. When merging the SV
events, the borders of the SV events were used from a single cal-
ler with the following priority: Pindel, DELLY, GROM, and LUMPY,
as explained by benchmarking in Fuentes et al. (2019). The SV is
filtered out if the ratio of the breakpoint error, or the span of inac-
curate boundaries, to the intersection of the SV calls from differ-
ent callers is larger than 1. We also discarded SV events in
chromosome 0 (combination of unassigned contigs) and SV
events shorter than 50 bp.

SV validation criteria
To validate each SV, we looked at the discordant read informa-
tion and read coverage in the read alignment file via the
Integrative genomics viewer, IGV version 2.5.2 (Robinson et al.
2011). A read pair is called proper if the first read is aligned in for-
ward direction (F) and the second read is aligned in reverse direc-
tion (R)—so-called FR pair—and the insert size is approximately
the library size; otherwise, the read pair is called discordant. We
called a tandem duplication event if sufficient (at least 4) RF-
oriented pairs are present at both ends of the duplication event.
For the inversion events, we searched for either one of RR or FF-
oriented pairs or presence of both of RR and FF-oriented pairs at
the ends of inversion events. Finally, for large deletion events, we
searched for FR pairs with insert size larger or smaller than
expected insert size; for smaller deletion events, that is, smaller
than the read size, we checked split reads. Alternatively, for dele-
tions and duplications, when there is no supporting paired-read
information, we looked at differences of read coverage at the
inspected SV event compared to nearby regions (or its flanking
regions).

Functional annotation (GO term enrichment)
The SVs were grouped based on their type (duplication, inversion,
deletion) and based on the subspecies label of accession they
were observed either C. melo ssp. melo or C. melo ssp. agrestis. The
SVs observed in wild related species were grouped together under
the name wilds. In total, nine groups were prepared. For each
group, the genes overlapping with SV events are identified by us-
ing bedtools intersect tool version 2.25 (Quinlan and Hall 2010).
Overlap is defined when either the full length of an SV is covered
by a gene or 50% of a gene is covered by an SV. We used the ge-
nome annotation version 4.0: CM4.0.gff3 (Ruggieri et al. 2018)
downloaded from the melonomics website (https://www.melono
mics.net).

The genes overlapping with the SVs in a group were tested
against a population of genes (present in all nine SV groups) on
enrichment of a certain Gene Ontology (GO) term (molecular
function, biological process and/or cellular component) in that
group compared to the rest of the SVs. For GO term enrichment

analysis, we used Ontologizer 2.1 (Bauer et al. 2008) with Parent-
Child-Union approach (Grossmann et al. 2007) and Benjamini–
Hochberg (BH) multiple testing correction method (Benjamini
and Hochberg 1995). As a summary file for GO terms, the go-
basic.obo file (http://purl.obolibrary.org/obo/go/go-basic.obo) is
used. The gene association file (required by Ontologizer) is pre-
pared with custom scripts from the melon genome annotation
v4.0. The alternative GO term IDs given in CM4.0 annotation file
were replaced with the main GO term IDs (as given in go-
basics.obo file) as the current version (2.1) of ontologizer does not
take alternative IDs into account.

Any GO term in any gene set was counted as significant if BH-
adjusted P-values were less than 0.05. Subsequently, these GO
terms were summarized for each SV type with REVIGO (Supek
et al. 2011). A value is given to a GO term based on how many
melon groups it was significantly overrepresented in [one for sin-
gle, two for two groups, and three for all groups (ssp. agrestis, ssp.
melo, and wilds)]. We did not take into account the GO terms
which were significantly overrepresented in all groups.

Dendrograms
We constructed a cluster map as a combination of a heat map
and a tree based on presence/absence of SV events. We used
Euclidean distance to cluster the SV events via the clustermap
function in the seaborn module version 0.9.0 (Waskom et al. 2017)
with Python 3. The presence/absence of SV events in 100
genomes were used to construct a maximum-likelihood (ML) tree
dendrogram via RAxML version 8.2.12 (Stamatakis 2014) with set-
tings BINGAMMA and 100 bootstrap. The best tree was visualized
in MEGA version 10.0.5 (Kumar et al. 2018) and Iroki (Moore et al.
2020).

Correlation between SV and genomic features
The gene models and transposon data of melon genome annota-
tion version 4.0 were retrieved from the melonomics website. The
genome was binned with 100 kb bin size. For each bin, the cover-
age of duplication, inversion, deletion, gene models, and transpo-
sons were calculated. Pearson’s correlation was applied to the
coverage values of each pair of dataset.

Motif discovery
Sequence motif discovery was done with the MEME suite 5 (Bailey
et al. 2009). The 1000 bp flanking regions of inversion breakpoints
were extracted from the reference genome where the inversion
size is more than 1 kb to eliminate the redundancy (n¼ 855). In
total, 1710 sequences were used to discover sequence motifs
around the breakpoints. We ran MEME in ‘any number of repeti-
tions’ (anr) mode, allowing it to find motifs which may occur in
any number as long as they are nonoverlapping; a minimum and
maximum motif length of 6 and 50, respectively; and including
reverse complement settings. As a background we used first-
order Markov frequencies, in other words dinucleotide frequen-
cies in the reference genome.

Data availability
The sequences generated during the current study are available
in the European Nucleotide Archive repository, https://www.ebi.
ac.uk under study PRJEB37978. Supplementary Figure S1 contains
allele frequency counts for duplications, inversions, and dele-
tions. Supplementary Figure S2 contains clustering of the dupli-
cations and melon accessions based on presence/absence of
duplications. Supplementary Figures S3–S5 contain ML trees
based on duplications, inversions, and deletions, respectively.
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Supplementary Figure S6 contains a ML tree with bootstrap val-
ues based on combined SV events. Supplementary Table S1 con-
tains the details of accessions used in this study including
country of origin, accession number, common name and groups,
and subspecies they belong to. Supplementary Table S2 contains
the PAV of 104 genes in linkage group V in 100 melon accessions.
Supplementary Table S3 contains the overrepresented GO terms
in genes overlapping with SV.

Supplemental material available at fighsare DOI: https://doi.
org/10.25387/g3.13312088.

Results and discussion
We have identified SVs in 100 melon genomes by combining mul-
tiple SV detection tools which use different types of information,
as this proved better than using a single type of information or a
single tool (Kosugi et al. 2019). Briefly, the SVs are identified from
whole genome pair-end sequencing data, using three types of in-
formation including read depth split-read and paired-end infor-
mation detected by four SV detection algorithms (GROM, LUMPY,
Pindel, and DELLY). SV events were categorized into three types:
deletions (i.e., absence of sequence compared to the reference ge-
nome), inversions, and duplications. The observed length of SV
events ranged from 50 bp (the minimum length threshold) to
500 kb (observed in deletions). In total, we find 1,805,000 SV
events in 100 genomes, which were combined into 50,271 distinct
events that are present in one or more accessions. The number
and coverage of the SV events for each type is given in Table 1. A
large number of deletions is observed compared to inversions
and duplications. Similar large differences in number of observed
SV between types are also reported in a population of cucumber
and a few accessions of melon (Sanseverino et al. 2015; Zhang
et al. 2015). Despite their large number, deletions in this melon
population only cover twice the size of the genomic region cov-
ered by duplications and almost three times that of inversions.
Most deletions are small in size. More than 65% of the deletions
are shorter than 1 kb where only �35% and �45% of the events
are shorter than 1 kb in inversions and duplications, respectively.
The size compositions of events per SV type is given in Figure 1.

Distribution of structural variations
To see the patterns of structural variation (SV) along the genome,
we performed a correlation analysis of SV types with respect to
TEs and genes and to each other (Figure 2). A high proportion of
all the SV types (47%–69%) were found to be co-located with TEs
(Table 1). In line with this, all SVs showed positive correlation
with TEs. While inversions and duplications show a weak correla-
tion (r¼ 0.1), deletions show a higher correlation (r¼ 0.4) with
TEs. The correlation between deletions and TEs is similar but op-
posite to the correlation between genes and TEs (r ¼ �0.47).
Furthermore, Fuentes et al. (2019) reported that 51.2% of SV’s in
the rice population overlap with TEs. A plausible explanation for
the correlation between TEs and deletions is that TE insertions in
the reference genome were identified as deletions in the studied
genome. Additionally, a weak positive correlation of TEs with
duplications might be due to the ‘copy and insert’ mechanism of
TEs in new positions of the genome.

Half of the duplications and inversions partially overlap with
genes, whereas only one quarter of deletions partially overlap with
genes (Table 1). Despite this high rate of overlap, there is no correla-
tion between duplications or inversions and genes, while there is a
weak, negative correlation between deletions and genes (r ¼ �0.18,
Figure 2). In other words, inversions and duplications occur more in
genic regions than deletions. Even though deletions have the lowest
percentage of overlap with genes, since the number of deletions is
much higher than other SV types, they affect more genes than
inversions or duplications. Deletions affect 8869 genes of which
7821 were completely deleted, while inversions and duplications
affected 4841 and 6198 genes, respectively.

We also observed a positive correlation between SV types. In
particular, deletions and duplications (r¼ 0.39) showed a positive
correlation. The overlapping sequences between duplications
and deletions were 59 Mb (58,952,903 bp), comprising 15.7% of the
melon genome. Highly variable regions of the genome are suscep-
tible to more than one SV type. Specifically, we find that 62% of
duplicated genes were deleted in either the same or different
accessions. When a duplication occurs in one accession and a
deletion of the same gene in another accession, this suggests that
these genes were favored in some accessions, while in the other
accessions the genes are lost or the gene function is compensated
for by other genes. A possible explanation of the deletion and
the duplication of the same gene on the same accession could be
that these regions are hemizygous.

We further visualized the distribution of SV to capture the spe-
cific SV patterns in the chromosomes with respect to gene and TE
distribution over the melon genome (Figure 3). The genome-wide
correlation between deletions and TEs (r¼ 0.4) can be seen in
Figure 3 as they follow a similar pattern. Both deletions and TEs
frequently occur in gene depleted regions, a pattern which is
most striking on chromosome 6. Although inversions and dupli-
cations are sparse and general patterns were hard to deduce by
visual inspection, there are some noteworthy regions. Since con-
sistently empty bins, shown as noncolored areas in the x-axis of
Figure 3, coincide with assembly gaps (NNs), finding their origin
is nontrivial. Nevertheless, there are some large (Mb scale) contig-
uous empty areas in the SV plots. In chromosome 3 inversions
are almost absent from the 9 to 14 Mb region. This region has 162
genes, many TEs and a substantial number of duplications and
deletions. Similar to chromosome 3, a low number of inversions
were observed on chromosome 10 compared to other chromo-
somes. Interestingly, chromosome 10 has the lowest recombina-
tion rate among the 12 chromosomes when measured in hybrids

Table 1 Basic statistics of SVs found in all 100 melon samples
(nonredundant SVs)

Duplication Inversion Deletion

Number of SVsa 3,375 1,330 45,566
Coverage (total length

of SV in bp)
82,650,295 66,786,711 166,990,885

Averageb number of SV
of 100 genomes

781 439 16,830

Averageb coverage of 100
genomes (in bp)

38,218,127 47,630,536 81,786,636

Averageb coverage of 94
cultivar genomes
(in bp)

39,088,254 49,017,849 83,569,717

Percentage of SV in genic
regions (at least 50% of
the gene is covered)

28.39 37.59 5.77

Percentage of SV in genic
regions (at least 100 bp
of SV overlaps)

49.57 52.86 28.77

Percentage of SV in
Transposons (at least
100 bp of SV overlaps)

67.38 69.32 47.77

The genome length is 375360399 bp (without chromosome 0).
a Nonredundant SV list. An SV can be observed in more than one genome.
b Average number of SVs per genome, over 100 genomes.
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of agrestis and melo accessions (Argyris et al. 2015; Chang et al.

2017). While genome structure and recombination influence each

other, cause and effect are difficult to distinguish. The low num-

ber of inversions in low recombination regions seems in contrast

with the assumption of inversions blocking recombination; how-

ever, it is in line with recombination as a source of SV (see section

“Inversions are the result of meiotic recombinations”).

Allele frequency of SV among melon genomes
An SV event is regarded as unique if observed in only one acces-

sion. On the contrary, a general SV is observed in all genomes

(such an event can also be regarded as unique to the reference

genome). The unique SVs build up a large proportion of the total

SVs, in particular for inversions (68%) and to a lesser extent also

for duplications (30%) and deletions (22%) (Supplementary Figure

S1). These SVs are specific to a single genome, conferring a high

degree of diversity. Remarkably, the unique SVs originating from

six wild species correspond to 30% of unique deletions, 25% of

unique duplications, and 15% of inversions. An interesting obser-

vation is that a substantial number of unique inversions do not

directly originate from wild species. It appears that inversions

rather than duplications and deletions are distinctive in cultivars.

Duplication and deletion events are more often shared between

cultivars, perhaps reflecting breeding efforts carrying advanta-
geous genes (or traits) into other lines.

Diversity in melon accessions based on SV
As SVs are a measure of genetic diversity (like SNPs), they are
useful to investigate the evolutionary relationships within wild
accessions, melon subspecies, and even melon groups. To ana-
lyze these relationships, two sets of phylogenetic trees (or den-
drograms) based on SV events in 100 genomes were constructed
by using two approaches: clustering and ML. Both approaches
were based on the combination of common and unique SVs pre-
sent in the accessions. The first approach revealed clustering of
SV events separating melon accessions into four main subsets
(Figure 4 for inversions; Supplementary Figure S2 for duplica-
tions) for which SVs form distinct patterns for wild species, melo,
agrestis I, and II subsets. Following the clustering of accessions
based on SVs, we used a second approach for differentiating the
evolutionary (phylogenetic) relations between accessions. A ML
tree was constructed not only on each SV type but also on the
combined SVs. In the combined tree, the higher number of dele-
tions likely influenced the branching more than the relatively
lower number of duplications and inversions. To understand the
effect on the tree topology, multiple ML dendrograms based on dif-
ferent SV types were analyzed (Supplementary Figures S3–S5). The
observations were based on the tree constructed from combined
SVs (Figure 5) and reported when consistent with at least two of
the three SV types. As can be seen in the tree, a subset of acces-
sions belonging to ssp. agrestis (agrestis I in Figure 5) is clustered
together independent from phenotypic grouping. Interestingly,
this branch contains all agrestis accessions found in eastern Asia
(China, Japan, and Korea). The remaining agrestis accessions origi-
nate from middle-western Asia (India, Pakistan, and Afghanistan)
and Africa in line with the suggested independent domestication
events (Endl et al. 2018; Gonzalo et al. 2019; Zhao et al. 2019). These
are polyphyletic, as they show high diversity within ssp. agrestis.
This is in agreement with earlier phylogenetic studies, showing
that ssp. agrestis is polyphyletic with accessions clustering by
geographic origin (Stepansky et al. 1999; Esteras et al. 2013).

Recently, Zhao et al. (2019) analyzed more than thousand
melon accessions, including cultivars and landraces. In their
SNP-based phylogenetic tree wild African agrestis accessions
cluster (C. melo var. agrestis) and are sister to the cultivated
African accesions (C. melo ssp. agrestis var. tibish). As can be seen

Figure 1 Size distribution of SV events per SV type. DUP: duplications; INV: inversions; DEL: deletions.

Figure 2 Correlation among SV events, genes and transposons. The
Pearson correlation coefficients between pairs are given in cells. DUP,
duplications; INV, inversions; DEL, deletions; TEs, transposable
elements.
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in the SV-based tree (Figure 5), indeed the branch with tibish
accessions, corresponding to the African group (as these acces-
sions originate from Sudan, Senegal, and Nigeria), cluster to-
gether. The tibish subclade is sister to the agrestis II group
represented by agrestis accessions predominantly originating
from India (e.g., accs. Phoot, Kahkri, Velleri, Budama, Kacheri,
Kahrbuza, and Teti). This is in line with Zhao et al (2019), report-
ing on the unexpected close relationship between African culti-
vated agrestis accessions with agrestis accessions from India.

Furthermore, the momordica accessions from India grouped
closely together with cultivated melon accessions in the SNP tree
(Zhao et al. 2019). Indeed, we observed some cultivated melo
accessions grouping with momordica accessions from India in the SV
tree. Interestingly, the agrestis group with Indian accessions, is rela-
tively closely related to six Cucumis species (C. ficipholus, C. zeyhri,
C. myriocarpus, C. anguria, C. dipsaceus, and C. prophetarum) all
originating from Africa, clearly separating the African/Indian agres-
tis group from the agrestis I group, containing cultivated agrestis

Figure 3 The distribution of SV elements over melon chromosomes. DUP, duplication (red); INV, inversion (cyan); DEL, deletion (blue). TEs, transposable
elements (light blue) and genes (purple) of melon reference genome were added for comparison reasons. The x-axis is Mb scale; the y-axis is the
percentage of coverage over bins of 100 kb. On the y-axis, 50 means that 50 kb of the 100 kb in that bin is covered by a given element.
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accessions, predominantly originating from China, Japan, and
Korea (e.g., accessions OM601, OM602, Ginsen Makuwa, Daejon
Charmi, Songwhan Charmi, and Jinpinxiaozibaf). Consistent for
the observation of wild and cultivated melo accessions by Zhao
et al. (2019), the landraces of ssp. melo such as the flexuosus acces-
sions, ameri CGN24626, and dudaim CUM254, which are wild melo
accessions are branching of from the reticulatus, cantalupensis, and
inodorus accessions, which are cultivated melo accessions. Both the
SV-based tree and the SNP tree from Zhao et al. (2019) show strong
geographic separation and the overall topology of distinct groups
in both trees is comparable.

The reference genome (DHL92) is grouped with one of its
parents, Songwhan Charmi (SC; ssp. agrestis) on one end of the
tree. Although the other parental accession (T111, Piel de Sapo

ssp. melo) is not included in the SV-based tree (Figure 5), acces-
sions related to T111, cluster with the inodorus clade on the other
end of the tree. Previous findings on the comparative analysis of
parental lines to the DHL92 genome showed that SC has slightly
less SNPs than T111 (Garcia-Mas et al. 2012; Sanseverino et al.
2015). On the other hand, PAV analyses of genes showed that
DHL92 is closer to T111 (González et al. 2013). In conclusion, due
to lack of T111 in the SV tree, and conflicting evidence from SNP
and PAV analysis, we cannot confirm nor deny that DHL92 is
closer to one or the other parent.

The wild accessions consistently grouped together; however,
the relationship among the accessions could not be deducted as
branching was not consistent among the trees (Figures 4 and 5,
Supplementary Figures S2–S5). Previously, two studies have also

Figure 4 Clustering of the inversions (top) and melon accessions (right) based on PAV of inversions. The leaves of the cladogram of accessions are color
coded based on their species and subspecies; light green: C. melo ssp. melo, dark green: C. melo ssp. agrestis, light blue: C. zeyheri, blue: C. prophetarum, dark
blue: C. anguria, rose: C. dipsaceus, pink: C. myriocarpus, and purple: C. ficifolius.
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found deviating branching (Garcia-Mas et al. 2004; Renner et al.
2007), probably due to the use of different sets of SV data and dif-
ferent algorithms. Therefore, the topological context of wild spe-
cies should be considered cautiously. More consistent genomic
relationships between these wild species could be obtained using
whole genome assemblies.

The C. melo ssp. melo group together except for six accessions,
five of which previously have not been assigned to any group.
These six accessions currently group with ssp. agrestis
[Meloncillo, PI 511890, Kachhri (chito group), Chapera Ki Kacheri,
Teti, G22843]. It is likely that the level of mixture in some of these
accessions makes it hard to categorize phenotypically. On the
other hand, the morphology of G22843 and Kachhri accessions
are similar to ssp. agrestis, they have a very small fruit size and
green exocarp, suggesting that these accessions are possibly mis-
categorized. Moreover, we observed phenotypic similarities be-
tween the rest of these ssp. melo accessions and their neighboring
ssp. agrestis accessions. This raises suspicion for further mis-
categorization of these ssp. melo accessions.

In the study by Sanseverino et al. (2015), the sample PI 124112
groups with ssp. melo, although it is assigned to the momordica
group belonging to ssp. agrestis. In our study, accessions PI
124111 and PI 124112 also cluster with ssp. melo together with ac-
cession MR-1, a cultivar claimed from the cantalupensis group
(bootstrap value 100, Figure 5, Supplementary Figure S6). Since
the breeding line MR-1 was derived from PI 124111 (Thomas 1986;
Li et al. 2017), it is logical that these lines cluster together.

Moreover, PI 124111 and PI 124112 lines are landraces which
could explain the location of the branch next to other landraces
from ssp. melo and ssp. agrestis. Another accession showing
discrepancies with previous studies is accession CUM254 from
the dudaim group. This accession clusters with C. melo ssp. melo,
in agreement with Sanseverino et al. (2015), but unlike previous
studies where an unknown dudaim accession was grouped with
ssp. agrestis (Stepansky et al. 1999; Esteras et al. 2013). Although
only seven samples were studied in Sanseverino et al. (2015) and
care should be taken to make conclusions about the phylogenetic
tree position of dudaim, we suggest that the dudaim accession
CUM254 is more similar to ssp. melo.

In summary, both phylogenetic trees based on SV types
completely resolve cultivar and wild accessions into two mono-
phyletic groups. The two C. melo ssp. agrestis and melo are sepa-
rately grouped as shown previously by SNP (Esteras et al. 2013)
and Inter-SSR (microsatellite) data (Stepansky et al. 1999). Only 6
cultivars out of 94 were misplaced in these two subspecies
branches when taking into account their morphology. However,
the groups within these branches have not been resolved
completely (Figure 5), implying a lack of specific SV events.
Alternatively, this could be partially due to outdated classifica-
tion of groups. As stated in the introduction, it has been proposed
to merge the reticulatus and cantalupensis and split the large
inodorus into three subgroups (Pitrat 2016). Yet, even if the groups
were reclassified based on morphology, we would still expect
polyphyletic groups. As melon cultivars have been transported

Figure 5 ML tree based on combined SV events (duplications, inversions, and deletions). Color codes refer to species identity. Blue: ssp. agrestis; green:
wild Cucumis species; pink: inodorus; brown: cantalupensis; light green: reticulatus; orange: the rest of ssp. melo (yellow Asia, chandalak, flexuosus, dudaim,
ameri, chito, ungrouped ssp. melo).
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between continents/countries and frequently crossed, a mixed
diversity can be expected. This is consistent with the findings of
Esteras et al. (2013), showing the mixed population structure of
momordica, inodorus landraces, ameri, flexuosus, indian agrestis, and
dudaim. Yet, the clustering of commercial groups like cantalupensis
and inodorus (Figure 5) suggests a close but distinct relationship.

Validation of SV
We manually verified the paired-read alignment file of each sam-
ple to validate the SVs. We randomly selected 50 SVs per SV type
(in total 150 SVs) to determine whether there is evidence of SV in
the paired-read alignment file, either by looking at discordant
read information or read coverage. We find that 93% (139 out of
150) of the SV events were detected correctly. We also observed
that 8 of the 11 incorrect events constituted a more complex
event, such as overlapping or nested SVs. This is in line with ear-
lier reports on complex SV occurrences in plant genomes (Saxena
et al. 2014). Although we acknowledge the existence of complex
events, for simplicity we reported all SVs as single SVs even
though they might contribute to a complex event.

We observed that 48% (24 out of 50) of the deletion events
overlap with assembly gaps (NN regions) of at least 80% of their
size. This high rate of overlap between deletions and gaps is not
observed between inversions or duplication and gaps. In fact, less
than 1% of these events were found to overlap with gaps. Among
all deletions observed (n¼ 1,154,949), only 36% overlap at least
80% of their size with a gap, less than in the 50 randomly selected
deletions. These 36% show a similar pattern of allele distribution
compared to all deletion events, which suggests that gaps do not
bias deletion detection. Since deletion events are correlated with
transposons (see section “Distribution of SV”), we argue that
these gaps could be unassembled transposons in the reference
genome. Due to the difficulty of the assembly of repeat regions,
the unassembled repeat regions were filled with NNs to the same
size as in the reference genome. Indeed, a recent study revealed
young transposons in the melon genome assembly v4.0 in the
regions that previously were unassembled (Castanera et al. 2020).
Although probable, currently it is not yet clear whether these
new young LTR transposons in the genome v4.0 can be assigned
to the gaps of the v3.6.1 genome used in this study.

SV diversity in linkage group V
Previous studies showed that linkage group V, which contains re-
sistance genes of melon including the NBS LRR TIR region and
the CC NBS LRR protein coding Vat (Virus aphid transmission) locus,
exhibits PAV (González et al. 2013; Sanseverino et al. 2015). In this
study, we have not only confirmed the PAV genes in the same
sample (Songwhan Charmi), we also find PAV in the genes anno-
tated in the recent genome assembly version (Supplementary
Table S2). The Vat locus shows either partial or full deletion in
most of the samples (94%). The eight samples, having a complete
Vat locus, belong to the inodorus (n¼ 7) and cantaloup (n¼ 1) group.
This region might have originated from a related wild species.
Indeed, wide-cross attempts between cultivated and wild Cucumis
species, such as C. melo � C. metuliferus and C. metuliferus x C. dip-
saceus, resulted in viable offspring (Van Raamsdonk et al. 1989;
Chen and Zhou 2011). Also C. melo � C. dipsaceus resulted in fruit
induction, although the fruits did not contain seeds. The closest
wild species having nearly complete Vat locus genes is
C. dipsaceus containing 10 out of 13 genes. C. dipsaceus could possi-
bly be one of the ancestors of this region in melon perhaps via an-
other “bridging species.” Alternatively, there could be other
ancestors of this locus that we have not analyzed in this study.

For the NBS LRR TIR region, we observed that the last third of
this region is deleted in four of the wild species and partially de-
leted in C. zeyheri and C. ficifolius. Noting that the beginning of the
region is absent in C. zeyheri, we suspect that these two species
contributed together to shape the current NBS LRR TIR region. A
summary of PAV of the whole linkage region, spanning 1.1 Mb
and 104 genes, is given in Supplementary Table S2.

Genes affected by SV events are linked to melon
breeding
In our analysis, 17,300 genes with a GO annotation were found to
be affected by SV events in 100 melons. To investigate whether
genes with the same function are specific for a particular group
of melon accessions, we applied GO enrichment analysis for
genes affected by SV in three sets of melon accessions belonging
to ssp. agrestis, ssp. melo and wild relatives of C. melo. We found 26
overrepresented GO terms related to molecular and biological
processes (Supplementary Table S3) linked to genes that are
likely targeted for breeding. These GO terms are related to fra-
grance, fruit ripening, and stress response. In particular, for the
fragrance-related GO term, the L-phenylalanine metabolic pro-
cess is found to be overrepresented in inversions of wild species,
compared to cultivar SVs. L-phenylalanine is an aromatic amino
acid, and secondary metabolites derived from L-phenylalanine
are fragrance and plant defence related. Another GO term, fruit
ripening-related pectinesterase inhibitor activity, likewise differ-
entiates wild species from cultivars. It has been found to be over-
represented in deletions and duplications of ssp. melo and ssp.
agrestis, but not in wild species. Pectinesterase inhibitors are reg-
ulators of pectin esterases which are involved in fruit ripening,
thickness of morphology of peel (skin), as well as defense against
pathogens (Bethke et al. 2016). Most likely, genes involved in pec-
tin biosynthesis underlying fruit development have been selected
for multiple times through different lines of breeding in different
locations for particular cultivars, although it seems not specific
for all melon subspecies. Beside general functions, we observed
different stress response functions specific to melon subspecies.
In agrestis duplications we observed enrichment of the wounding
response process as well as oxylipin biosynthetic and metabolic
processes. Oxylipins are an important class of signaling mole-
cules in plants related to plant stress responses and innate im-
munity, and we speculate that ssp. agrestis gained resistance
genes by duplication events during the breeding process.
Additionally, another stress response-related function, calcium-
dependent phospholipid binding, is found enriched in melo dupli-
cations. This function is associated with the annexin class of
genes in duplications, which is differentially regulated by calcium
changes induced by abiotic stress (Cantero et al. 2006). Given that
the melon genome has relatively few resistance genes compared
to other plant species (Garcia-Mas et al. 2012), it is not surprising
that melon breeding resulted in an increase of stress response or
resistance related genes via duplication events. We also see the
effect of different domestication paths during melon breeding on
the expansion of different sets of stress response genes as in two
subspecies of melon.

Similar findings were reported for genes affected by SV in ssp.
agrestis and melo by Sanseverino et al. (2015). Their study also
finds genes associated with agronomically relevant pathways in-
cluding disease resistance, aroma volatiles metabolism, sugar
metabolism, and more. Together with results reported here,
these findings shed more light on the selective breeding history
that shaped today’s melon.
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Inversions as a result of meiotic crossovers
Meiotic recombination can result in various SV types, including
inversions (Gaut et al. 2007). It should therefore be possible to find
the origin of SV from the breakpoint features. To this end, we
searched for sequence motifs in the regions flanking the break-
points of inversions whose size is more than 1 kb (n¼ 855). We ob-
served a 29-bp long poly A/T motif present in 1000 out of 1710
sequences, with an E-value of 8.4e�10. The observation of similar
poly A/T stretches (Figure 6), at meiotic recombination break-
points in relatively gene-rich euchromatic regions of tomato and
Arabidopsis (Wijnker et al. 2013; Demirci et al. 2017) suggests that
inversions are mostly the result of meiotic recombination events
in melon as well. Although heterochromatic regions that are
known to have a low recombination rate also can show high rates
of rearrangements such as observed in Arabidopsis and wheat
(Hall 2006; Lysak et al. 2006; See et al. 2006), the rearrangement
dynamics in heterochromatic regions is quite different, as in gen-
eral natural selection is inefficient and less deleterious (Gaut
et al. 2007), allowing for more uncompromised accumulation of
rearrangements over time, while rearrangements in euchromatin
swept through generations. Thus, our results for melon are con-
sistent with the view that recombination is the major driving
force for inversions in plants and possibly in all eukaryotes
(Demirci et al. 2017).

Conclusions
In this study, we investigated the evolutionary history of melon
breeding from a SV point of view. We presented a broad range of
SVs in 100 melon genomes, ranging from 50 bp up to 100 kb,
which gives an idea of how collinear these genomes are for a re-
gion of interest as well as over the whole genome. By analyzing
the SVs among the cultivated melon and wild melon relatives, we
shed light on the phylogenetic relation between melon acces-
sions. We showed that the resistance genes in the linkage V re-
gion are expanded in the cultivar genomes compared to wild
relatives. We also found that particular agronomic traits are spe-
cifically selected in the melon subspecies such as fruit ripening,
fragrance, and stress response. The findings reported here can

help us to understand the selective breeding history through

backward deductive analysis of events that shaped today’s

melon. Furthermore, we provide an inventory of SVs which can

be used to shape future melon breeding strategies.
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