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Abstract: Cultivated melon was domesticated from wild melons, which produce small fruits with
non-edible fruit flesh. The increase in fruit flesh is one of the major domestication achievements in
this species. In previous work, a quantitative trait locus (QTL) on chromosome 6 (paqt6.1) linked to
fruit flesh content was detected in a cross between cultivated (“Piel de Sapo”, PS) and wild (Ames
24294, TRI) accessions. The QTL was introgressed into the PS background, generating the TRI_6-3
introgression line (IL) that confirmed the effects of paqt6.1. The primary objective of this work was to
fine-map paqt6.1 as the first step for the map-based cloning. Two different approaches were carried
out; however, the results were not consistent, precluding the fine mapping of paqt6.1. TRI_6-3 and
other related ILs were genotyped by genotyping-by-sequencing, finding additional introgressions
in other chromosomes. In an F2 population from TRI_6-3-x-PS, we found an epistatic interaction
between paqt6.1 and another locus on chromosome 11. The interaction was verified in advanced
populations, suggesting that the effects of paqt6.1 are conditioned by the allelic composition at another
locus in chromosome 11. Both loci should have TRI alleles to reduce the flesh content in the PS
background. The implications on the history of melon domestication are discussed.
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1. Introduction

The melon (Cucumis melo L.) is an important horticultural species that belongs to the Cucurbitaceae
family, which includes crops such as the cucumber (Cucumis sativus L.), watermelon (Citrullus lanatus
Thumb.), pumpkin, squash, and gourd (Cucurbita ssp.). Currently, the melon is cultivated worldwide,
and has a high economic value in temperate and tropical countries, not only for self-consumption but
also as a product for export.
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C. melo includes cultivated and wild forms, with a large phenotypic diversity among the cultivated
ones. Pitrat [1] proposed a thorough horticultural classification of melon accessions and varieties
based on flowers, fruit morphology, exocarp, mesocarp, placenta, seed, fruit development and
postharvest behavior traits. Nineteen groups were defined, one of them strictly wild (agrestis),
two of them semi-domesticated or feral (kachri and chito) and sixteen domesticated and cultivated
ones. The diversity found in the cultivated melon was a result of a divergent human selection after
domestication from wild melons [2].

Cucurbitaceae likely originated in Asia in the Late Cretaceous period [3]. This family spread to
Africa, Europe, America and Oceania (Australia, New Zealand). Different species evolved because of
adaptation to diverse habits, and even transoceanic dispersal occurred in some species. Thus, Luffa spp.
(most likely of Asian origin [4]) is also found in America and Australia [5–7]. Lagenaria spp., of African
origin, is known to have arrived in Central America with sea currents and/or human migration before
domestication [8,9]. The genus Citrullus (watermelon) originated in Africa, although wild forms are
also found in Asia [10]. The species of the American Cucurbita genus (pumpkins, squashes, gourds),
however, were not found outside of America before 1492 [11]. The Cucumis genus diverged from
African relatives around 11.9 Ma. Currently, wild Cucumis species can be found in nature in Africa,
Asia and Australia. While there is a scientific consensus that the cucumber (C. sativus L.) originated in
India, the origin of the melon (C. melo L.) has been under debate. Molecular phylogenetic analysis
supports an Asian/Australian origin [12]. The Australian species C. pricocarpus F. Muell. is the closest
wild species to C. melo, although recently, Endl et al. [13] found the Indian species C. trigonus Roxb. as
close to C. melo as C. pricocarpus.

As stated before, wild and cultivated C. melo coexist nowadays. Wild melons can be found mostly
in central Asia, Australia and Sub-Saharan Africa. African wild melons are found in a cluster that is
separated from Asian/Australian wild melons [13], defining a new subspecies, C. melo subsp. meloides.
The tibish horticultural group, which includes traditional melon varieties from Sudan and surrounding
countries, is closely related to accession of C. melo subsp. meloides [2,14,15], whereas traditional Indian
varieties are related to wild Indian accessions [14–16]. These data suggest at least two domestication
events, one in Africa and one in Asia [13,15]. Additionally, two independent domestication events
could have also occurred in Central Asia, giving rise to Oriental and Occidental varieties by diversifying
selections [2,15]. The history of melon domestication seems to be, therefore, quite complex. Genetic
exchange between wild and cultivated melons still occurs in the primary centers of diversity [2,16].
Additionally, cultivated melons have returned to the wild, such as the feral chito group [1].

Regardless of the origin (Africa, Asia or Australia), wild melons share some morphological and
reproductive characteristics, such as being monoecious, and having small leaves, very small fruits
(20–50 g), very thin and light green flesh, no cavity, no aroma, very small seeds and long shelf life.
Cultivated melons, on the other hand, show a tremendous phenotypic diversity for all those traits.
Some of the traits that can be found in all cultivated melons that clearly distinguish them from wild
forms are larger fruits, thicker flesh, reduced or absence of bitter taste, and large leaves [1]. Therefore,
these traits are considered as the major domestication traits for this species.

Díaz et al. [17] investigated the genetics of several domestication traits in a cross between the
Spanish cultivar “Piel de Sapo” (PS) and the wild melon accession Ames 24294 (TRI), previously
classified as C. trigonus, although it belongs to the C. melo species [18]. Several quantitative trait
loci (QTLs) were detected for fruit weight and flesh thickness. Among them, QTLs for fruit weight
in chromosomes 4, 6 and 8 (fwqt4.1, fwqt6.1 and fwqt8.1, respectively) and for fruit flesh content in
chromosome 6 (paqt6.1) were verified in advanced backcross populations and introgression lines (ILs)
in the PS background including those QTLs from TRI. Interestingly, Zhao et al. [15] also found a
reduction of nucleotide diversity in cultivated compared with wild melons in the genomic region
where those QTL mapped to. Therefore, those QTLs are candidates as the targets of human selection
during melon domestication.
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The next step was to try to identify the causal genes underlying the domestication QTLs, as has
been completed before in other crops such as maize [19], rice [20] and tomato [21]. In this report,
we present our efforts to fine map paqt6.1 for subsequent map-based cloning. However, the fine
mapping results were inconsistent, making it impossible to narrow down the position of the QTL.
We followed several strategies and we found that the reason for the inconsistent results was the
existence of epistatic interactions with loci in the genetic background that changed the effects of paqt6.1
across the different experiments. These results have an important implication for further studies related
to the genetics of domestication in melon.

2. Materials and Methods

2.1. Plant Material

All segregating populations and ILs analyzed in the current study derived from advanced
backcross populations from the cross between the Spanish cultivar “Piel de Sapo” (PS) and the wild
accession Ames 24294 (TRI) obtained from the North Central Regional Plant Introduction Station
(Ames, IA, USA).

The segregating population 14M2-F2 was obtained by self-fertilizing the advanced backcross
plant 12M81-13 carrying a heterozygous introgression in chromosome 6 from marker AI_19-F11
(approximately in the middle of the chromosome) to the end of the chromosome, covering the
confidence interval of paqt6.1. The TRI_6-3 introgression line was obtained by self-fertilizing one
of the plants from the 12M125 family used by Díaz et al. [17] to verify paqt6.1. ILs with different
recombinant points in the paqt6.1 QTL (TRI_6-1, TRI_6-2, TRI_6-4, TRI_6-5 and TRI_6-6) were developed
by identifying recombination in the region in different advanced backcross families and fixing the
recombination by self-fertilization. The pedigree of all material is depicted in Supplementary Figure
S1. The segregating population TRI_6-3F-2 was an F2 from the cross between TRI_6-3 and PS. Different
homozygous plants for the introgressions in chromosomes 6 and 11 (see Results section) from the
TRI_6-3-F2 population were self-fertilized to obtain families with different allelic composition at the
introgressions (chromosome 6, chromosome 11): 18M55 (PS, PS), 18M56 (TRI, PS), 18M57 (TRI, TRI),
18M60 (PS, TRI).

2.2. Genotyping

DNA was obtained according to Doyle et al. [22] with slight modifications for extraction in 96-well
plates [17]. Populations 14M2 and TRI_6-3-F2 were genotyped using the Agena Bioscience iPLEX
Gold MassARRAY at the Sección de Epigenética y Genotipado, Unidad Central de Investigación
(University of Valencia, Valencia, Spain) with the respective single nucleotide polymorphism (SNP)
plexes obtained from previous works [2,14,23] (9 and 12 SNPs, respectively, Supplementary Table S1).
Additional genotyping was performed by High Resolution Melting, designing new primers in the same
SNP-flanking sequences and using the MeltDoctorTM Master Mix (Thermo Fisher Scientific, Waltham,
MA, USA). All ILs, together with the parents, PS and TRI, were genotyped by genotyping-by-sequencing
(GBS) by LGC Genomics GmbH (Germany) following the procedure reported by Elshire et al. [24].
Briefly, DNA was digested with the restriction enzyme ApeK I and barcoded libraries were prepared
by accession and sequenced on an Illumina HiSeq 2000 platform. SNPs were extracted using
TASSEL-GBS Discovery/Production pipeline (https://bitbucket.org/tasseladmin/tassel-5-source/wiki/
Tassel5GBSv2Pipeline). Only SNPs, not indels, with a minimum read depth of three were retained.
Chromosomal assignment and position of SNPs on the physical map were deduced from the melon
reference genome (version 3.5.1) at https://www.melonomics.net/ [25].

2.3. Experimental Designs

Three hundred and thirty 14M2-F2 seedlings were screened with SNP markers PS_19-b07 and
a_38-f04 located in the chromosome 6 region where paqt6.1 was mapped. Recombinants were

https://bitbucket.org/tasseladmin/tassel-5-source/wiki/Tassel5GBSv2Pipeline
https://bitbucket.org/tasseladmin/tassel-5-source/wiki/Tassel5GBSv2Pipeline
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transplanted, together with six plants of PS, to a greenhouse at the Polytechnic University of Valencia
(UPV) and genotyped with SNPs located between the above markers (Supplementary Table S1).
Flowers were hand pollinated, allowing for a maximum of two fruits per plant.

TRI6-1 to TRI6-5 were evaluated at the Centro de Investigación y Tecnología Agroalimentaria de
Aragón (CITA) in Zaragoza in 2016 in an open field with a completely random design of six plots of
two plants per IL and 10 plots for PS. Additionally TRI6-6 and PS were evaluated in the greenhouses
of Centro de Experiencias de Cajamar (Paiporta, Spain) with a completely randomized design with
10 replicates for each of them.

Two hundred seedlings of the TRI_6-3-F2 population were genotyped with SNP markers for the
chromosome 6 and 11 introgressions (Supplementary Table S1). Plants with different combinations of
homozygous genotypes at the chromosome 6 and 11 introgressions were selected and transplanted to
the UPV greenhouse. Flowers were hand pollinated, allowing a maximum of two fruits per plant.

Progeny from single TRI_6-3-F2 plants having different allelic combination for the introgressions
were selected for evaluation in the greenhouses from the Centro de Experiencias de Cajamar (Paiporta,
Spain). Eight replicates from each selected progeny (18M55, 18M56, 18M57, 18M60) and TRI_6-3 and
ten replicates from PS were randomized in the greenhouse and pollinated by bumblebees, keeping two
fruit per plant.

Fruit weight (FW) was recorded for each fruit. Fruit were cut longitudinally and scanned. Digital
images were used to calculate pericarp thickness (PT, ratio of the average length of pericarp along X
and Y axes to the maximum height and maximum width), pericarp area (PA, relative pericarp area,
excluding the placenta, to the total fruit area) and fruit shape (FS, ratio of the maximum height to the
maximum width) with Tomato Analyzer 3.0 [26].

2.4. Data Analysis

A linkage map of the 14M2-F2 population was calculated with MAPMAKER 3.0 [27] with the
Kosambi map function [28]. Based on data collected from single F2 plants, a composite interval QTL
analysis [29] was carried out with Windows QTL Cartographer 2.5 [30], and a logarithm of odds (LOD)
score threshold for p < 0.05 was calculated by a permutation test with 1000 resamplings.

TRI_6-1 to TRI_6-6, as well as 18M55 to 18M60 trait means were compared with control PS means
with a Dunnett’s test at p < 0.05 to determine which ILs could include QTLs involved in the fruit
morphology traits. 18M56 and 18M57 were compared with a t-test to check differences among these
families for those traits.

The association between chromosomes 6 and 11 introgressions and the studied traits in the
TRI_6-3-F2 experiment were assessed with an analysis of variance (ANOVA):

Yij = µ + SNPj + eij

whereµ is the population mean, SNPj is the genotype for the SNP (P, homozygous for PS, T, heterozygous
for TRI), eij the error

Interactions between introgressions were investigated with a two-way ANOVA.

Yijk = µ + CHR6j + CHR11k + CHR6*CHR11jk + eijk,

where CHR6j is the genotype for chromosome 6 (P, T), CHR11j is the genotype for chromosome 11
(P, T) and CHR6*CHR11jk the interaction.

All these analyses were performed with JMP 12.1.0 (SAS Institute, Cary, NC, USA).
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3. Results

3.1. QTL Analysis in the 14M2-F2 Population

Three hundred and thirty seedlings belonging to the 14M2-F2 family were screened with SNP
markers PS_19-b07 and a_38-f04. One hundred and thirty seedlings showed recombination between
those markers. Recombinants were genotyped with seven additional SNPs distributed between the
flanking markers (Supplementary Table S1). A genetic map was obtained with a total distance of
20.26 cM. The physical distance between flanking markers was 3143 kb. The ratio between physical
and genetic distance was 155.13 kb/cM. The ratio was not constant throughout the regions, ranging
from 229.13 kb (between Sca21-4509984 and Sca21-3371186) to 13.62 kb (between Sca21-2506312 and
a_38-f04). Nevertheless, both physical and genetic maps were colinear.

The 14M2-F2 means for FS, PA and PT were similar to PS, but the FW mean was lower (Table 1).
The coefficient of variation was clearly higher in 14M2-F2 compared with PS for FS and FW, but similar
for PA and PT.

Table 1. Descriptive statistics of “Piel de Sapo” and 14M2-F2 population.

Piel de Sapo 14M2-F2

Trait Mean ± sd CV Mean ± sd CV

Fruit Shape (FS) 1.30 ± 0.02 0.015 1.30 ± 0.15 0.115
Pericarp Area (PA) 0.68 ± 0.05 0.074 0.65 ± 0.082 0.126

Pericarp Thickness (PT) 0.40 ± 0.04 0.100 0.41 ± 0.04 0.098
Fruit Weight (FW) 2485.00 ± 356.38 0.143 1273.9 ± 402.9 0.316

The means, standard deviation (sd) and coefficient of variation (CV) for “Piel de Sapo” and 14M2-F2 population for
fruit morphology traits are shown.

Table 2 shows the results of the QTL analysis. Two QTLs were found, for FS and FW, with
maximum LOD peaks at opposite regions within the introgression, suggesting that the effects on those
traits are controlled by different linked QTLs. For both QTLs, TRI alleles reduced the value of the
trait (as expected according to [17]). The gene action was additive and the percentage of variance
explained by the QTLs was relatively modest (R2

≈ 10%). Unexpectedly, no significant association was
found for PA and PT. This lack of association could be due to several reasons, such as the occurrence
of QTL–x-environment interaction or to the fact that the TRI introgression segregating in 14M2-F2
population did not include paqt6.1. Therefore, a different strategy was pursued for further studying
the paqt6.1 effects, as described in the next section.

Table 2. Quantitative trait locus (QTL) analysis in the 14M2-F2 population.

Trait Marker LOD
Threshold LOD

Genetic
Position

(cM)

Physical
Position

(bp)

Confidence
Interval a d d/[a] R2

Fruit Shape Sca21-3371186 2.1 3.29 3.12 32,568,674 0.0–13.5 −0.07 0.00 0.05 0.11
Fruit Weight Sca21-2801185 2.2 2.77 18.04 33,138,675 5.98–20.07 −191.94 −21.82 −0.11 0.13

For each trait, the marker closest to the QTL peak, the logarithm of odds (LOD) threshold for p < 0.05 after resampling,
the LOD value, genetic position in the 14M2-F2 map, physical position in the melon genome v3.5.1, for the QTL
peak, the two-LOD confidence interval, the additive (a), dominance (d) effects, gene action (d/[a]) and percentage of
variance explained by the QTL (R2) are depicted.

3.2. Analysis of Recombinant Introgression Lines

Five advanced backcross lines, with homozygous TRI introgressions with different recombination
events along chromosome 6, were obtained through several rounds of marker assisted selection from
advanced backcross populations (TRI_6-1, TRI_6-2, TRI_6-4, TRI_6-5, TRI_6-6). Additionally, the
IL TRI_6-3 previously developed by Díaz et al. (2017) was also used to verify the effects of paqt6.1.
The extend of the introgressions was verified by GBS. The introgressions covered most of chromosome
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6, from position 0.90 Mb to the end of the chromosome, and the length of the introgressions ranged
from 1.40 to 29.5 Mb (Figure 1).
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Figure 1. Extent of introgressions and phenotypic characterization of TRI_6-1 to TRI_6-6 introgression
lines. The graphical genotype for chromosome 6 of the introgression lines (ILs) is depicted on the
left, dark green indicates the Ames 24294 (TRI) introgression and light green the “Piel de Sapo” (PS)
background. The recombination points are indicated by a blurred green. On the lower part, the position
of the markers flanking the recombination points defined by genotyping-by-sequencing (GBS) and
the approximate positon of markers used in the previous work [17] are shown. The GBS markers are
named as the chromosome number (S6_) and the position in bp. The mean phenotypic values (fruit
weight, FW, fruit shape, FS, pericarp area, PA, pericarp thickness, PT) for ILs and control “Piel de Sapo”
(PS) are depicted on the right. TRI_6-1 to TRI_6-5 were evaluated in the 2016 experiment, whereas
TRI_6-6 was evaluated in 2017. Asterisks (*) indicate significant differences (p < 0.05) among IL and PS
means (measured the same year) based on a Dunnett’s test.

TRI6-1 to TRI6-5 significantly reduced FW and FS, consistent with previous results (Díaz et al.
2017) and those found in the 14M2-F2 experiment. In the case of FW, strong differences were also
found among ILs, ranging from 396 g to 1520 g (PS FW mean was 2385 g in 2016). These differences
may reflect the presence of multiple FW QTLs in chromosome 6. Assuming that there could be two
QTLs at the two ends of the region shown in Figure 1, TRI_6-1 and TRI_6-4 may include one QTL
and TRI_6-5 the other one. Each QTL would induce a reduction of around 40% of FW, while TRI_6-2,
TRI_6-3 would contain the two suggested QTLs resulting in a reduction of around 80%. Regarding
FS, the results are similar, also likely reflecting the presence of multiple QTLs in the chromosome,
although perhaps in this case, each introgression line (TRI_6-1 to TRI_6-5) would only have one of
them, reducing around 10% of FS. The PA means of TRI_6-2 and TRI_6-3 were statistically different
than the PS mean, which would confirm the presence of paqt6.1 in chromosome 6. However, other ILs
with overlapping introgressions with those ILs did not show any effect on PA, making it impossible to
determine the position of paqt6.1 by substitution mapping. This result also suggested that PA may be
controlled by more than one QTL in this IL set. Lastly, TRI_6-6 did not show effects on any trait, what
suggests that there is no QTL for the studied fruit morphology traits in the introgession at the end of
the chromosome, assuming no QTL–x-E interaction.

GBS data also showed that the ILs had from three to six additional introgressions, expanding from
5 to 44 Mb, representing between 1 and 4% of the melon genome (Supplementary Table S2). Therefore,
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it is possible that some of the observed effects were caused by QTLs located in other chromosomes.
In order to solve this controversy, a new approach was followed as described in the next section.

3.3. Effects of Other Genomic Regions on Flesh Content

The IL TRI_6-3 has shown strong effects on PA in the current and previous [17] reports. According to
GBS results, TRI_6-3 harbors four additional introgressions on chromosomes 1, 4, 7 and 11 that in the
previous experiments [17] were not associated with PA. We selected this IL to further study if other
genomic regions on different chromosomes could also be affecting this trait and complicating the genetic
analysis. The introgressions on chromosomes 1 and 7 are relatively small (2.5 and 0.5 Mb, respectively).
The extension of introgression on chromosome 4 is 24.8 Mb (from positions 2.3 to 27.1 Mb), overlapping
most of it with the centromere, which expands approximately from positions 5.5 to 23.0 Mb [31].
On the other hand, the 13.1 Mb introgression on chromosome 11 (from positions 18.3 to end of the
chromosome) is located entirely in euchromatin. Given that the genes in euchromatin are usually more
expressed (and therefore with more biological impact) than genes in the heterochromatin, we chose the
chromosome 11 introgression to explore additional effects on PA and PT in the next experiments.

Thirty three plants with different combinations for the four double homozygous combinations
(PS/PS, PS/TRI, TRI/PS, TRI/TRI, chromosome 6 and 11, respectively) were selected from the TRI_6-3-F2
population (approximately eight plants per each genotypic combination). Table 3 depicts the distribution
of FW, PA and PT in the 33 TRI_6-3-F2 plants and the recurrent PS parent. TRI_6-3-F2 plants showed a
wide distribution for FW, PA and PT. The segregation of that region in chromosome 6 was strongly
associated with FW (Table 3), in agreement with all previous experiments. However, no significant
association with PA nor PT was found. Interestingly, the joint analysis of both introgressions suggested
a possible interaction between introgressions for PA (p = 0.07), a significant one (p < 0.05) for PT
(Figure 2), but not for FW. The effects of the chromosome 6 introgression on PT were evident only when
chromosome 11 was homozygous for TRI alleles, indicating the presence of a locus in chromosome
11 without major effects but interacting epistatically with the QTL on chromosome 6. Additional
introgressions also segregating in the TRI_6-3-F2 population (see above) might also have a role on
the control of pericarp thickness either directly or by epistatic interaction with paqt6.1, although this
possibility was not checked in the current experiment.

Table 3. Statistical analysis for TRI_6-3-F2 population and “Piel de Sapo” (PS).

Fruit Weight Pericarp Area Pericarp Thickness

mean 1036.37 0.63 0.36
TRI_6-3-F2 sd 424.09 0.03 0.02

PS mean 1557.61 0.68 0.39
sd 322.11 0.02 0.02

SNP Chromosome Genotype

a38f04 6 PS/PS 1426.21 * 0.64 0.37
TRI/TRI 828.91 0.63 0.36

Mean and standard deviation (sd) for the fruit morphology traits of the TRI_6-3-F2 population and PS. In the lower
part, the means of TRI_6-3-F2 plants homozygous “Piel de Sapo” (PS/PS) or Trigonus (TRI/TRI) for marker a38f04 on
the introgression of chromosome 6 are shown. Statistically highly significant (p < 0.001) differences between means
are indicated with “*”.
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Figure 2. Epistasis between chr6 and chr11 loci for pericarp thickness in the TRI_6-3-F2 population.
Means of the four possible allelic combinations only considering the homozygous (PS/PS, homozygous
“Piel de Sapo”; TRI/TRI homozygous Trigonus) for markers located within the introgressions on
chromosome 6 (A38f04) and chromosome 11 (CMSNP1016).

3.4. Verification of Epistatic Interaction

In order to verify the epistatic interaction for PT between loci in chromosomes 6 and 11, seeds
from self-fertilized TRI_6-3-F2 plants with different homozygous allelic combinations for whole
introgressions in chromosomes 6 and 11 were further studied. Table 4 depicts the means of each family,
TRI_6-3 and PS as controls, and the significance of the Dunnett’s test between families and PS and the
pairwise comparison between 18M56 and 18M57. Most families showed a reduction of FW compared
with PS, although at different degrees. Families with introgressions on chromosome 6 showed a very
important reduction of the traits. The self-fertilized progenies 18M55 and 18M60, homozygous PS at
chromosome 6, but with different allelic state at chromosome 11 showed a similar reduction on FW
but much lower than families with TRI alleles on chromosome 6, suggesting that the reduction was
likely due to the genetic background. In fact, 18M56 and 18M57 did not show differences in FW even
with different allelic states on chromosome 11. These results confirm the presence of a QTL for FW on
chromosome 6 and the absence of QTL for this trait on chromosome 11.

On the other hand, only the families with an introgression on chromosome 6 showed significant
differences with PS for PA and PT, which is consistent with the presence of a QTL for these traits in
that region, in agreement with previous results. Moreover, 18M57 fruit, with both introgressions on
chromosome 6 and 11, displayed significantly lower PA and PT than 18M56, which carries only the
TRI chromosome 6 introgression. Overall, these results confirm that gene/genes on the chromosome
11 introgression do not have direct effects on PA and PT, but they interact with gene/genes on
chromosome 6, causing a stronger reduction of these traits.
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Table 4. Performance of families derived from the TRI_6-3-F2 population.

Family Chr6 Chr11 Pericarp
Area Dunnet 18M56 vs.

18M57
Pericarp

Thickness Dunnet 18M56 vs.
18M57 Fruit Weight Dunnet 18M56 vs.

18M57

TRI_6-3 TRI TRI 0.58 ± 0.02 * 0.33 ± 0.01 * 295.7 ± 33.55 *
18M55 PS PS 0.66 ± 0.05 0.38 ± 0.01 953.67 ± 259.2 *
18M56 TRI PS 0.61 ± 0.04 * * 0.34 ± 0.01 * * 499.48 ± 55.09 * n.s
18M57 TRI TRI 0.55 ± 0.04 * * 0.30 ± 0.01 * * 415.03 ± 105.78 * n.s
18M60 PS TRI 0.66 ± 0.03 0.38 ± 0.01 1252.75 ± 118.27 *

PS PS PS 0.68 ± 0.01 0.39 ± 0.01 1578.25 ± 150.36

TRI_6-3 is the original introgression line, PS is the recurrent parent “Piel de Sapo”, used as control, and 18M55-60 are the selfed progeny of TRI_6-3-F2 plants with different homozygous
allelic composition for chromosome 6 and 11 target regions. The allelic states (TRI, homozygous Trigonus; PS, homozygous “Piel de Sapo”) of the two chromosomic regions are depicted in
Chr6 and Chr11 columns. Means and standard deviation for all the families for pericarp area, pericarp thickness and fruit weight are also given. Dunnett´s test was performed for all
families against PS, additional 18M56 and 18M57 means were compared with a t-test. Statistical significance at p < 0.05 is indicated (*), n.s., no significant differences.
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4. Discussion

4.1. paqt6.1 Effects Are Modulated by an Epistatic Locus

Map-based cloning is a powerful strategy for identifying the genes underlying QTLs [32]. Briefly,
the standard procedure consists in mendelizing the QTL in a homogeneous genetic background by
developing ILs, generating a large number of recombinants to fine-map the QTL at gene resolution
and verifying the candidate genes by diverse functional analysis approaches. We tried to follow this
strategy to identify the causal gene responsible for the QTL involved in melon fruit flesh content
paqt6.1. We used two different fine-mapping strategies. However, the results were not consistent,
preventing our initial objective. A more detailed analysis of the genome of the ILs used for the fine
mapping revealed the presence of additional introgressions on different chromosomes that were also
segregating in the mapping populations, which could interfere with the phenotypes, and therefore
in the interpretation of the mapping. We focused our next steps on an introgression on chromosome
11 because it was present in the IL TRI_6-3 that was previously used to verify the effects of paqt6.1
and also the whole introgression was located in a large euchromatin region. An epistatic interaction
was observed between chromosome 6 and 11 introgressions in the TRI_6-3-F2 population, which was
confirmed in a subsequent experiment. The results showed that the effects of paqt6.1 depend on a
locus in chromosome 11. When both loci carry homozygous TRI alleles, the reduction of fruit flesh
content is significant and consistent among experiments. However, when the allelic combination is
TRI/PS (homozygous for TRI on chromosome 6 and PS con chromosome 11), the effects of paqt6.1 are
not so strong and, therefore, they are not detected consistently across experiments. On the other hand,
the locus in chromosome 11 does not seem to have any effect when the chromosome 6 introgression is
homozygous PS (see 18M55 and 18M60 in Table 4). Under this scenario, advanced lines carrying TRI
alleles at paqt6.1, but PS alleles at chromosome 11 locus, would not display effects on flesh content
consistently making the initial approach for QTL fine-mapping unsuccessful. To proceed with future
fine mapping experiments, the genetic material should be homozygous TRI for chromosome 11 and
recombinant for chromosome 6 introgressions.

Epistasis can be defined as biological epistasis (the interaction of gene products in cellular
processes [33]) or statistical epistasis (the deviation from the additive model in the segregation of
genetic data, [34]). The importance of biological epistasis is clear, as all gene products are included in
complex networks. Consequently, statistical epistasis should also be detected in experimental mapping
populations. In fact, several examples of epistasis between QTLs have been reported since the early
QTL mapping studies; for example, less-than-additive epistasis on tomato yield-associated [35] and
fruit quality [36] traits, the role of epistasis on yield heterosis in upland cotton [37] or physiological
traits in sugar beet [38]. Interestingly, epistases among loci or QTLs have been reported relatively
frequently in melons: external [39] and flesh fruit [40] color, climacteric ripening [41], resistance to
Cucumber Mosaic Virus, Tomato Leaf Curl New Delhi Virus, Fusarium oxysporum [42–44] and fruit
shape [45,46]. However, epistatic interactions between QTLs have not been reported in most QTL
mapping works [47,48]. The reasons for the lack of detection of epistasis may be genetic (no variation in
one of the interacting genes in the experimental population), or statistical (low power to detect epistatic
interactions in the common mapping populations), so most of them remain undetected. On top of that,
epistasis has been found when testing specific genes or QTLs [35,36,49,50] and much less frequently in
whole genome scans. These results support the hypothesis that epistasis is probably common, but
it is not detected due to the low statistical power of the experimental designs. In the current report,
an epistatic interaction between paqt6.1 and a chromosome 11 locus was not detected in the original F2
PS×TRI population [17], in line with that hypothesis.

Genes involved in the variation of pericarp thickness have been reported in the tomato. For instance,
the silencing of SlPRE2, a member of a bHLH (basic helix-loop-helix) transcription factor gene family,
causes the reduction of tomato pericarp thickness, reducing cell size [51]. Cell Size Regulator (CSR) is
the causal gene underlying the tomato fruit weight QTL fw11.3 [52]. CSR causes variation on fruit
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weight by modifying the pericarp size as well as by altering the mesocarp cell size. On the other
hand, the over-expression of CDKA1 (cyclin-dependent kinase) increases the number of cell layers in
the tomato fruit pericarps, with the concomitant increase of pericarp thickness [53]. The enormous
differences in pericarp thickness between wild and cultivated melons cannot be attributed only to the
enlargement of cell size (although this may play a role). On the contrary, the increase in cell layers seems
to be a more important mechanism for explaining the transition from the tiny pericarp thickness of
wild melons to the over-10-cm pericarp thickness displayed by some cultivars. No melon homologues
of SLPRE2 and CSR are located in the chromosome 6 and 11 introgressions in TRI_6-3. Interestingly,
several melon genes (MELO3C021187, MELO3C021394, MELO3C019687, MELO3C022533) with high
homology to the tomato gene CDKA1, that regulates the fruit pericarp development by interaction with
other genes [54], are located within the chromosome 11 introgressions, therefore becoming candidate
genes for the epistatic locus.

4.2. Epistasis and Melon Domestication

The impact of epistasis during crop domestication has explicitly been discussed in several previous
works. From early QTL mapping studies, Doebley et al. [55] reported early-on that the dominance of a
given allele may change depending on the genetic background, e.g., domesticated maize alleles showing
dominant gene action over wild teosinte allele in the maize background changed to recessive when
introgressed into the teosinte background. The opposite was also observed, the teosinte allele turned
recessive when introgressed into maize background. Specific epistatic interactions among loci involved
in domestication traits have been reported in previous works. Korff et al. [56] found that only the
combination of wild alleles at a certain pair of loci caused an altered phenotype in domestication-related
traits such as heading date, plant height and yield in a barley mapping population from a cross between
cultivated and wild genotypes. Similarly, in the same species, wild alleles at two loci were required to
confer shattering [57,58]. Less-than-additive epistasis (i.e., the effect of the double wild allele is smaller
than the sum of the effects of the single wild alleles) has also been observed when introgressing wild
alleles into cultivated genetic backgrounds in both tomato [35] and barley [56]. Even though relatively
few works have provided evidence of epistasis in diverse mapping studies, there is proof of the role
of epistasis during the domestication event [48]. Assuming this role, domestication alleles whose
effects would reduce the fitness in wild species could be maintained in wild populations. This kind
of variation is usually classified as cryptic variation, as the effects of those loci are not evident until
they are transferred to a different (domesticated in this case) background. The cryptic variation would
explain the success of advanced backcross strategies to find new valuable genetic diversity for modern
breeding in wild accessions [59–61]. On the other hand, Doust et al. [62] concluded that the effects of
major domestication alleles are less affected by the genetic background than wild alleles, implying that
the selection on those alleles would be very effective and, therefore, a rapid domestication process
would be possible, although this does not agree with archaeobotanical observations. Nevertheless,
more works are needed to understand the role of epistasis in domestication processes.

In the current report, the interaction between chromosomes 6 and 11 was similar to the one found
in barley by Korff et al. [56]. The mutation in the chromosome 11 locus present in domesticated melons
clearly altered the relationship of that region with paqt6.1 when harboring the wild allele, making its
effect on pericarp thickness weaker and less consistent and therefore allowing for the increase of the
pericarp. It is thought that melon was originally consumed for its seeds [1]. The appearance of the
edible pericarp was probably a secondary step in melon domestication. The locus on chromosome
11 could have played a major role in this change during the domestication event, allowing for the
increase in pericarp and therefore the human selection for this trait. In fact, among the 145 putative
domestication sweeps detected in both subspecies, C. melo subsp. melo and C. melo subp. agrestis, 11 are
located in the genomic region harbored by the chromosome 11 introgression in TRI_6-3. Therefore,
the current results support the importance of epistasis in domestication processes and reinforces the
interest of studying it in the genetics of domestication research.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/8/1064/s1.
Supplementary Figure S1. Pedigree of the genetic materials developed and investigated. The pedigree starts from
the original PS-x-TRI cross. Backcrosses are indicates with xPS and selfing with (x). Supplementary Table S1. Single
Nucleotide Polymorphism (SNP) markers used to genotype 14M2-F2 and TRI_6-3-F2 populations. The position of
the SNPs in the 14M2-F2 genetic map and melon genome (v3.5.1) and the sequence flanking them are also provided.
Supplementary Table S2. Genotype of TRI_6-1 to TRI_6-6 introgression lines based on genotype-by-sequence
data. Only genotypic regions in which the introgression line displays at least a Trigonus introgression are shown.
The rest of the genome is “Piel de Sapo” in all the introgression lines. The sequences flanking the SNPs are
also given.
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Nomenclature

ANOVA analysis of variance
bHLH basic helix-loop-helix
CV coefficient of variation
FS fruit shape
FW fruit weight
GBS genotyping by sequencing
IL introgression line
LOD logarithm of odds
PA pericarp area
PS Piel de Sapo
PT pericarp thickness
QTL quantitative trait locus
SNP single nucleotide polymorphism
TRI trigonus
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