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Abstract

Melon has undergone an intense process of selection and crossbreeding,
resulting in many landraces distributed all over Europe, Africa and Asia. Due
to this huge variability, the systematic position of this faxon has been
reviewed many times in the last two decades. The goal of this article is to
compare the phenotypic characterization achieved by seed features with the
molecular analysis on melon genotypes. A set of 124 accessions of Cucumis
melo has been selected for molecular and morpho-colourimetric analyses plus
an additional selection of accessions of Cucumis sativus, Citrullus lanatus and

Citrullus colocynthis used to highlight seed morphology distances among
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genus and species. Genotyping was performed on the basis of 211
polymorphic SNPs and was executed using the iPLEX® Gold MassARRAY
Sequenom technology. A total of 137 parameters were specifically designed
to evaluate seed colour, size, shape and texture. Both molecular and seed
morpho-colourimetrical analyses confirm the existence of two melon
subspecies while an intermediate group has also been found. A non random
allelic distribution in SNPs located in specific genomic regions suggests that
some of these regions may account for a part of the observed variation in
seed size. Six major groups of varieties can be discriminated on the basis on

seed traits.

Keywords
Cucurbitaceae; Cucumis melo; genetic characterization; old landraces; seed

image analysis; wild crop relatives.

1. Introduction

The Cucurbitaceae family includes about 130 genera and 800 taxa
(Jeffrey, 2005; Jeffrey and De Wilde, 2006). Among them, the most
economically important species are Cucumis melo L. (melon), Cucumis
sativus L. (cucumber), Citrullus lanatus (Thunb.) Matsum & Nakai
(watermelon) and Cucurbita L. spp. (gourds and squashes).

Melon is worldwide diffused and comprises wild, feral and cultivated
varieties, including sweet melons used for dessert and non-sweet ones
consumed raw, pickled or cooked (Kirkbride, 1993; Bates and Robinson,

1995). Africa has been traditionally thought to be the centre of origin of this
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species. However, due to the high level of variation found in Asia, especially
in India, melon could have originated there and then reached Africa (Renner
et al., 2007; Sebastian et al.,, 2010). Other theories suggest that two
independent domestications took place (Jeffrey, 1980; Esquinas-Alcazar and
Guilick, 1983; Mallick and Mausi, 1986; Bates and Robinson, 1995).

In the Mediterranean area the presence of melon is recorded in Egypt
since the third millennium BC (Zohary et al., 2012), and in Greece and ltaly
since at least the Late Bronze Age (Megaloudi, 2003; Sabato et al., 2015).
First representations show fruits likely belonging to the non-sweet melon
varieties chate and flexuosus (with long cucumber-like fruits) (Janick et al.,
2007). The presence of round sweet melons in the Mediterranean basin till the
Classical Age is uncertain, but it is well proven since the 11" century AD by
Arabian trade with Central Asia (Paris et al., 2012).

C. melo has been traditionally separated into two subspecies, melo and
agrestis (Naudin 1859), each one including different varieties (Munger and
Robinson, 1991). Pitrat et al. (2000) recognized 16 varieties: cantalupensis
Naudin, reticulatus Ser. (cantaloupes, muskmelons), inodorus H.Jac. (winter
melons, casaba melons), flexuosus L. (snake melons), chate Hasselq.
(cucumber melons), adana Pangalo, chandalak Gabaev, ameri Pangalo
(Asian melons), chito C.Morren (American melons), dudaim L. (pocket
melons), and tibish Mohamed within the subsp. melo L. and acidulus Naudin,
conomon Thunb., makuwa Makino and chinensis Pangalo (pickling melons),
and momordica Roxb. (snap melons) within subsp. agrestis Naudin. In later
revisions, Pitrat (2008) merged some varieties and Esteras et al. (2009,

2013), after further molecular studies, moved tibish and chito into the
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subspecies agrestis. Some of these varieties are quite heterogeneous, and
accessions displaying intermediate features are difficult to classify. The wild
forms of melon, usually referred to as C. melo subsp. agrestis var. agrestis,
are mainly distributed in North and Eastern Africa and in Asia, while free-living
forms of small size fruited melons have been found in Northern Australia,
Southern USA and Central America (Roy et al., 2012). The sweet
cantalupensis, reticulatus and inodorus melons are the ones with the most
commercial interest worldwide (Pitrat, 2008).

In order to establish the genetic relationships among subspecies and
varieties, several molecular studies have been carried out in melon,
employing different markers (reviewed in Esteras et al., 2012). Most of them
support the division at the sub-specific level and have contributed to better
reclassify some of the varieties (Stepansky et al., 1999; Deleu et al., 2009;
Esteras et al., 2009; Esteras et al., 2013). SNPs (Single Nucleotide
Polymorphisms) are high-quality markers mostly used for genome-wide
surveys in high to medium-throughput genotyping platforms (Fan et al., 2006;
Steermers and Gunderson 2007; Gabriel et al., 2009). The number of SNPs
available in melon has largely increased in the last few years (Blanca et al.
2011, 2012; http://melogene.net/; Garcia-Mas et al., 2012). Esteras et al.
(2013) reported the first application of a GoldenGate genotyping platform to
analyse a melon core collection with SNPs distributed throughout the
genome, demonstrating their usefulness for genetic diversity and population
structure studies.

Also phenotypic variability has been studied with different core

collections (Stepansky et al., 1999; Esteras et al., 2009; Leida et al., 2015),

—4—



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

and with germplasm from specific centres of diversity (reviewed in: Esteras et
al., 2012; Raghami et al., 2014). These phenotyping assays have basically
focused on fruit traits and on the responses to biotic and abiotic stress, and
many QTLs controlling these traits have been mapped in the melon genome
(Diaz et al., 2011). In contrast to other species for which extensive efforts
have been made in mapping QTLs for seed properties (Cai et al., 2012), and
even in cloning the underlying genes (Orsi and Tanksley, 2009), only some
studies have included seed traits in melons. Some of them report a significant
correlation between seed traits and botanical classification (Stepansky et al.,
1999; Yashiro et al., 2005; Tanaka et al., 2007). Fujishita and Nakagawa
(1973) pointed out that seed size is one important trait for the identification of
melon varieties. Fujishita (1980) described makuwa and conomon varieties
with seeds smaller than 9 mm, reticulatus with seeds larger than 9 mm and
momordica with intermediate seeds. Also in a recent study Tanaka et al.
(2013) associated the variation in seed length and weight to chloroplast
genome variation. However, seed traits have not been extensively analysed in
large collections, representing the whole diversity of the species. In other
cucurbits like Cucurbita pepo, seed traits have been used as discriminating
factors since early studies (Decker and Newsom, 1988), and correlation
between seed and fruit traits has been reported (Paris and Nerson, 2003).
Since the inception of the taxonomy, hierarchical classifications have
been constructed on the basis of morphology, and molecular analyses can
support those parts of phylogeny for which morphological data is lacking
(Scotland et al., 2003). Morpho-colourimetric evaluations are commonly

employed as tools to assess shape, size and colour of objects (Bacchetta et
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al., 2008, Venora et al., 2009; Grillo et al., 2010). Several works about the
application of image analysis to the diaspores of wild vascular flora have been
carried out, providing excellent results of classification within taxonomic units
close to infra-generic and infra-specific levels (Bacchetta et al., 2011a, 2011b;
Grillo et al., 2012; Pinna et al., 2014). Many studies have been focused also
on crop wild relatives and landraces (Venora et al., 2007a, Venora et al.,
2007b; Smykalova et al., 2011; Smykalova et al., 2013), and recently many
authors focused on the Vitis vinifera complex (Rivera et al., 2007; Terral et al.,
2010; Orru et al., 2013a, 2013b).

The knowledge of the existing diversity in melon is important, not only
for its conservation, but also for its exploitation in commercial breeding, as this
species displays crossability problems with other species of the genus
Cucumis.

The goals of this research are to:
- compare the groups established using molecular analyses with those
achieved by seed characters;
- analyse the variability of morpho-colourimetric seed features;
- implement statistical classifiers able to discriminate among the studied
varieties;
- increase the knowledge about the variation of the current extant melon
seed collections.
2. METHODS
2.1 Seed lots
The whole melon collection was established on the framework of a

previous project (MELRIP 2007-2010, Esteras et al., 2009, 2013; Leida et al.,
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2015). Accessions were characterized for vine and fruit traits, multiplied and
conserved at the COMAV Genebank (Institute for the Conservation and
Breeding of the Agrobiodiversity). We selected 124 seed lots (103 for both
molecular and seed analyses plus 21 only for morpho-colourimetric analysis
of the seeds). Seeds belonged to accessions from 48 countries and
represented all melon varieties. Fruits were collected at the optimum maturity
stage, corresponding to the complete morphologic and chromatic seed
development. To avoid over-representation of single plants and/or fruit
features, seeds from the highest number of plants and fruits available for each
accession were analysed. Undeveloped, deformed and sterile seeds were
excluded. For further details about the composition of the analysed collection
see Supplementary data.

With the purpose to evidence morphological distances at the genus
and species levels, a small set of close relatives of melon were used: Twenty-
one accessions of Cucumis sativus, 18 of Citrullus lanatus and 9 of Citrullus
colocynthis, were selected (see Supplementary data). All accessions were
supplied by COMAV Genebank and represent mainly Mediterranean, African
and Asian landraces.

2.2 Molecular analysis

The DNA was extracted from young leaves using the CTAB method
with minor changes (Esteras et al., 2013). Genotyping was done with a total of
211 polymorphic SNPs, evenly distributed throughout the genome, that were
selected from the SNP melon collection available in the Melogene database
(http://www.melogene.net/) and in silico identified in two previous re-

sequencing analysis (Blanca et al., 2011, 2012). Genotyping was performed
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using the iPLEX® Gold MassARRAY Sequenom technology at the Epigenetic
and Genotyping Unit of the University of Valencia (Unitat Central
d’Investigacié en Medicina UCIM). The basis of this technology is described
in Gabriel et al. (2009).

The genotyping results were employed to perform a cluster analysis
using the PowerMarker software (Liu and Muse, 2005). Nei’s genetic distance
(Nei et al., 1983) was used, and the support values for the degree of
confidence at the nodes of the dendrogram were analysed by bootstrap re-
sampling 1,000 times. Phylip 3.69 software (Felsenstein, 1997) was employed
to construct the consensus tree and TreeView32 (Page, 1996) to visualize it.
Genotyping summary statistics such as the number of alleles, the frequency
of the most common allele (MAF) and the polymorphism information content
(PIC) for each locus is provided in Supplementary data. In addition, a
Principal Coordinate Analysis (PCoA) was performed using GenAlEx 6.5
(Peakall and Smouse, 2012).

The genetic structure underlying the genotyped collection, that is the
number of populations and the probability of each accession belonging to
each inferred population, was previously analysed (Esteras et al., 2013; Leida
et al., 2015) using STRUCTURE v2.2 (Pritchard et al., 2000).

Both the database of the melon genome, Melonomics
(http://melonomics.net), and the SNP melon collection available in Melogene
were used to select and analyse the variation of the melon orthologue of a
gene underlying a major QTL associated to seed size in tomato, Seedweight

41 (Sw4.1) (Orsi and Tanksley, 2009). This is an ABC transporter
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orthologous to the Arabidopsis ABC transporter gene At4g39850, also
associated with variation in both seed length and width in this model species.

Most of the SNPs used in this study were employed in previous
mapping experiments and their position in the genetic map is known (Esteras
et al., 2013). This genetic position was used to check the allelic distribution in
the germplasm collection of SNPs located in regions of the genetic map in
which QTLs for fruit size were previously located (Diaz et al., 2011), and to
confirm if differential allelic distributions were also related with differences in
the seed traits measured in the present study.
2.3 Seed morpho-colourimetric analysis

Before image acquisition, the scanner was calibrated for colour
matching, following the protocol set by Shahin and Symons (2003) as
suggested by Venora et al. (2009). Using a flatbed scanner (Epson EU22),
two images were acquired for each sample, with black and white background,
with a resolution of 400 dpi and 24 bit-depth, in RGB colour model and stored
in TIFF format. Sub-samples consisting of 100 seeds were randomly chosen
from the original seed lots and arranged on the scanner tray, in such a way
that they did not touch each other. When the original accession was
numerically lower than 100 units, the analysis was executed on the whole
seed lot. All images were analysed with KS-400 release 3.0 image analysis
software by Carl Zeiss Vision GmbH (Oberkochen, Germany). A macro,
expressly developed for the characterization of cultivated leguminous seeds
(Venora et al., 2009), was partially modified to perform automatically all the
analysis procedures, reducing the execution time and contextual mistakes in

the analysis process.
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A total of 20 parameters, specifically designed to evaluate seed colour,

were measured together with 17 features descriptive of seed dimensions, 78

shape Elliptic Fourier Descriptors (EFDs) able to define seeds contour shape,

and further 22 Haralik’s features to assess seed surface texture, for an overall

amount of 137 morpho-colourimetric parameters (Table 1).

Table 1

List of characters analysed in morpho-colourimetric analysis

Colour parameters

Rmean Red channel mean value of seed pixels (grey levels)
R_SD Standard Deviation of Red channel value
Gmean Green channel mean value of seed pixels (grey levels)
G_SD Standard Deviation of Green channel value
Bmean Blue channel mean value of seed pixels (grey levels)
B_SD Standard Deviation of Blue channel value
Hmean Hue channel mean value of seed pixels (grey levels)
H_SD Standard Deviation of Hue channel value
Lmean Lightness channel mean value of seed pixels (grey levels)
L_SD Standard Deviation of Lightness channel value
Smean Saturation channel mean value of seed pixels (grey levels)
S_SD Standard Deviation of Saturation channel value
Dmean Density channel mean value of seed pixels (grey levels)
D_SD Standard Deviation of Density channel value
S Skewness, asymmetry degree of intensity values distribution (grey levels)
K Kurtosis, peakness degree of intensity values distribution (densitometric units)
H Energy measure of the increasing intensity power (densitometric units)
E Entropy Dispersion power (bit)
Dsum Sum of Density values of the seed pixels (grey levels)
SgDsum Sum of the Squares of density values (grey levels)
Shape parameters
A Area (mm?)
P Perimeter (mm)
Pconv Convex Perimeter (mm)
PCrof Crofton’s Perimeter (calculated using the Crofton’s formula) (mm)
Pconv/PCrof Ratio between convex and Crofton’s perimeters
Dmax Maximum diameter of the seed (mm)
Dmin Minimum diameter of the seed (mm)
Dmin/Dmax Ratio between minimum and maximum diameters
Sf Shape Factor = (4 X 1 X area)/Perimeter? (normalized value)
Rf Roundness Factor = (4 X 1 X area)/max diameter?) (normalized value)
Ecd Diameter of a circle with an area equivalent to that of the seed (mm)
EAmax Maximum axis of an ellipse with equivalent area (mm)
EAmin Minimum axis of an ellipse with equivalent area (mm)
Cpt Compact grade = (V2 (4/17) X area)/Dmax
(o Curl = ratio between maximum diameters and Fiber lengths
Fl Fiber length (mm)
Cvx Convexity = ratio between Crofton’s Perimeters and real Perimeters
EFDs 1 to 78 Elliptic Fourier Descriptors
Texture parameters
Haralik 1 Angular second moment
HaralikSD1 Standard Deviation of Angular second moment
Haralik 2 Contrast
HaralikSD2 Standard Deviation of Contrast
Haralik 3 Correlation
HaralikSD3 Standard Deviation of Correlation
Haralik 4 Sum of square: variance
HaralikSD4 Standard Deviation of Sum of square: variance
Haralik 5 Inverse difference moment
HaralikSD5 Standard Deviation of moment
Haralik 6 Sum average
HaralikSD6 Standard Deviation of Sum average
Haralik 7 Sum variance

—10 -
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HaralikSD7 Standard Deviation of Sum variance
Haralik 8 Sum Entropy

HaralikSD8 Standard Deviation of Sum Entropy
Haralik 9 Entropy

HaralikDS9 Standard Deviation of Entropy

Haralik 10 Difference variance

HaralikSD10 Standard Deviation of Difference variance
Haralik 11 Difference Entropy

Haralik SD11 Standard Deviation of Difference Entropy

Data were statistically elaborated applying the stepwise LDA (Linear
Discriminant Analysis) (Fukunaga, 1990) that finds the combination of
predictor variables with the aim of minimizing the within-class distance and
maximizing the between-class distance simultaneously, thus achieving
maximum class discrimination. This approach is commonly used to
classify/identify unknown groups characterized by quantitative and qualitative
variables (Fisher, 1936, 1940; Hastie et al., 2001; Holden et al., 2011). The
stepwise method selects the parameters most statistically significant among
the 137 measured on each seed, using three statistical variables: Tolerance,
F-to-enter and F-to-remove. The Tolerance value indicates the proportion of a
variable variance not accounted for by other independent variables in the
equation. F-to-enter and F-to-remove values define the power of each
variable in the model and are useful to describe what happens if a variable is
inserted and removed, respectively, from the current model. This method
starts with a model that does not include any of the variables, adding step by
step one more, until no remaining variables are able to increase the
discrimination ability, stopping the process (Grillo et al., 2012; Venora et al.,
2009). At each step, the predictor with the largest F-to-enter value that
exceeds the entry criteria (F = 3.84) is added to the model. The cross-
validation procedure, also called rotation estimation (Picard and Cook, 1984;

Kohavi, 1995), was applied, both to evaluate the performance and validate

1=
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any classifier and to avoid problems and/or mistakes that might arise on
account of seed samples not enough numerically representative.

The correlation of some measured seed traits with the previously
available fruit weight data was studied using Pearson Coefficient and the
relation of genetic regions previously known to be involved in fruit weight
variation with seed variation was studied as described above.

3. RESULTS
3.1 Molecular relationships among accessions

The 211 polymorphic SNPs used in this study were quite informative
with PIC average values ranging from 0.01 to 0.48 (see Supplementary data).
Table 2 shows the polymorphism detected in each group of accessions. The
highest degree of polymorphism was found in the ameri group (91.00%) (that
included ameri, adana and chandalack accessions), followed by flexuosus
(85.78%) which also displays the highest genetic diversity (0.32), being
cantalupensis and inodorus less variable (63.51% and 63.98% respectively).
Within subsp. agrestis the highest polymorphism level was found in
momordica (73.93%), with a genetic diversity of 0.30, being the wild agrestis
less variable (46.92%).

Table 2

Polymorphism level and gene diversity in the different groups according to

SNP analysis.

C. melo subsp. Melo C. melo subsp. agrestis

ameri 91.00% / 0.25592 agrestis 46.92% / 0.1535

cantalupensis 63.51% / 0.2022 conomon 42.65% /0.1243

dudaim ® - chito ® -

flexuosus 85.78% / 0.3193 acidulus 42.65% /0.1504

inodorus 63.98% / 0.1609 makuwa 5.21%/ 0.0197

reticulatus 53.55%/ 0.1873 momordica 73.93% / 0.3044

chate b - chinensis 53.35%/0.1715
tibish® -

a Nei's gene diversity (1973).
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b not calculated, less than three genotypes analysed in these groups

The relationships among the varieties assayed in this study are shown in
the NJ tree, constructed with the polymorphic SNPs (Fig. 1). C. melo subsp.
melo varieties, are clustered apart, with two differentiated clusters within
inodorus (one containing mainly the Spanish types and a more disperse one
with African and Eastern Europe types), and two clusters of cantalupensis
(commercial Charentais types, and other cantalupensis and reticulatus types).
Accessions of the ameri group appear mixed with inodorus and cantalupensis.
In the C. melo subsp. agrestis cluster, the African agrestis and tibish varieties,
and the Asian conomom, makuwa and chinensis ones, could be clearly
separated in two groups. The other varieties were intermediate between both
subspecies. These results are coherent with the PCoA (see Graphical
Abstract), whose 3 first coordinates explained the 53.4% of the total variation.
These were also coincident with the Structure analysis conducted in Esteras
et al., 2013 and Leida et al., 2015 (Supplementary data), who reported two
structured populations within both the cantalupensis (Charentais French types
and American reticulatus), and the inodorus groups (Spanish casaba and
European/African inodorus), a population of the Asian ameri group, showing
admixture with other populations, and two separated populations within the
subsp. agrestis (exotic Eastern conomon-makuwa-chinensisand African wild
agrestis plus acidulus and tibish), with some Asian acidulus, and Asian and
American wild agrestis showing population admixture. Structure analysis also
supported the intermediate position of the remainder varieties, momordica,

flexuosus, and chate.

— 13—
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301  Fig. 1. NJ tree constructed with SNPs results, only Bootstrap values higher
302 than 500 are showed. Code abbreviations: Ca= cantalupensis, Re=reticulatus
303 In= inodorus, Am= ameri (including ameri, adana and chandalack), Fx=
304 flexuosus, Ch= chate, Du= dudaim, Co= conomon, Cn= chinensis, Mk=
305 ~makuwa, Mo=momordica, Ct= chito, Ac= acidulus, Ti= tibish, Ag= agrestis,
306 La= intedeterminate landraces. The third and fourth letter indicates the

307  provenience according to ISO 3166-1 alpha-2 country code.
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3.2 Morpho-colorimetry analysis

In order to assess the phenotypic differences among genus and
species hierarchy, the LDA was applied, considering all accessions of
Cucumis melo, C. sativus, Citrullus lanatus and C. colocynthis. The
discrimination of these species, based on 16,096 seeds, was quite clear, with
an overall correct identification of 97.6% (Table 3). Misclassification between
the two genera, Cucumis and Citrullus, was fairly close to zero. Also
classification errors between the two respective species within the same
genus were not significant (1.1%-5.4% between C. melo and C. sativus,
0.7%-5.2% between C. lanatus and C. colocynthis).
Table 3
Results of cross validated LDA analysis on Cucumis melo, C. sativus,
Citrullus lanatus and C. colocynthis. First part of the table reports the amount
of analysed seeds, the second part the respective percentage. The value of
the number of an item crossed with itself and the other items indicates the
number/percentage of seeds correctly classified as the same group, e.g.
among the 11,595 analyzed C. melo seeds, 11,472 (98.9%) have been
correctly classified as melon, 123 (1.1%) as C. sativus and none as C.

colocynthis or C. lanatus.

Cucumis Cucumis Citrullus Citrullus
melo sativus lanatus colocynthis Total
97.6% overall classification

Seeds number n°
Cucumis melo 11,472 123 - - 11,595
Cucumis sativus 112 1,950 - - 2,062
Citrullus lanatus 76 1 1,412 10 1,499
Citrullus colocynthis 16 - 49 875 940
Percentage %
Cucumis melo 98.9 1.1 - - 100.0
Cucumis sativus 54 94.6 - - 100.0
Citrullus lanatus 5.1 0.1 94.2 0.7 100.0
Citrullus colocynthis 1.7 - 5.2 93.1 100.0

— 15—



327 Fig. 2 reports the 2D scatter-plot graph of the discrimination among
328 Cucumis and Citrullus species. Seeds of each of the four taxa are clearly
329 grouped and the distance between the two genera, Cucumis and Citrullus, is
330 higher than that between the two species within the same genus. C.
331 colocynthis and C. lanatus seeds are more distant than C. melo and C.

332  sativus seeds.

1
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333

334  Fig. 2. Scatter plot graph based on LDA analysis discrimination of Cucumis
335 melo, C. sativus, Citrullus lanatus and C. colocynthis. Small points represent
336  single seed data, black points represent their average (centroid). Spatial
337 arrangement of points suggests similarity and dissimilarity of groups, but just
338 first two functions of 3 available have been used for the graphical
339 representation. The variance of Function 1 is 74.4% and Function 2 is 15.1%,

340 the remaining 10.5% is distributed on the non represented third function.
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Table 4 shows the first 10 discriminant parameters according to the F-
to-remove value. As expected, the most important seed character was related
to seed colour, mainly the mean red channel value (Rmean). It means that
colour, and in particular the wavelengths related to the red light, is the most
reliable feature to distinguish seeds of these taxa. Seed dimension also plays
an important role in discrimination. Minimum diameter (Dmin), Area (A) and
some derived measures, such as the maximum axis of the ellipse with
equivalent area (EAmax), were of great importance. Also two texture
parameters (Haralik11 and 5), resulted useful for taxa identification, mainly
related to differences between the spotted and wrinkled watermelon seeds
and the smooth and monochromatic melon and cucumber seeds.

Table 4

First 10 factors used for discrimination among genera and species in order of
decreasing F-to-remove, that describes the power of each variable in the
model. The Tolerance indicates the proportion of a variable variance not
accounted by other independent variables in the equation. Wilks' lambda is a
direct measure of the proportion of variance in the combination of dependent

variables that is unaccounted for by the independent variable.

Parameter F-to-remove Tolerance Wilks' lambda
1 Rmean 3526.6 0.045 0.008
2 Dmin 914.2 0.020 0.005
3 A 755.6 0.019 0.005
4 Haralik11 651.4 0.197 0.005
5 Haralik5 595.1 0.001 0.005
6 FD18 593.8 0.290 0.005
7 SDsum 570.9 0.008 0.005
8 EAmax 532.5 0.126 0.005
9 Sf 526.4 0.009 0.005
10 Cpt 404.2 0.005 0.005

Discrimination of melon seeds between the two C. melo subspecies was
also clear with an overall correct identification of 93.2% (Table 5). Seeds of
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the subspecies melo were correctly classified in 98.2% of cases, with only 146
seeds out of the 8,125 analysed seeds misattributed to the subspecies
agrestis. Wild melons were also correctly classified in 96.4% of cases, with
the remaining 3.6% of the cases misclassified as seeds belonging to the
same subspecies and not to subspecies melo. Subspecies agrestis was
correctly discriminated in 76.7% of cases. Unlike the inter-genera
classification, infraspecific classification is mainly due to seed size parameters
(Table 6). In fact, Area and Ecd are the first two parameters used to
distinguish between subspecies, the colour traits being less important.
Nevertheless, R _SD, S SD, B_SD, L _SD colour values were useful to
differentiate melo seeds, with a darker cream colour, from lighter agrestis
seeds.

Table 5

Results of cross validated LDA analysis on melon subspecies (see legend of

table 3)
C. melo C. melo C. melo subsp.
subsp. melo  subsp. agrestis  agrestis (wild)
93.2% overall classification
Seed number n°
C. melo subsp. melo 7,979 146 - 8,125
C. melo subsp. agrestis 486 2,008 124 2,618
C. melo subsp. agrestis (wild) - 31 821 852
Percentage %
C. melo subsp. melo 98.2 1.8 - 100.0
C. melo subsp. agrestis 18.6 76.7 4.7 100.0
C. melo subsp. agrestis (wild) - 3.6 96.4 100.0

Table 6
First 10 factors used for discrimination among subspecies in order of

decreasing F-to-remove (see legend of table 4).

Parameter F-to-remove Tollerance Wilks' lambda
1 Ecd 532.1 0.006 0.112
2 A 333.0 0.003 0.108

—18—



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

3 Gmean 224.8 0.018 0.106
4 R_SD 188.1 0.006 0.106
5 S_SD 170.4 0.039 0.106
6 B_SD 144.7 0.023 0.105
7 L_SD 118.6 0.003 0.105
8 H 107.0 0.032 0.104
9 E 99.4 0.017 0.104
10 HaralikSD7 99.0 0.022 0.104

Table 7 shows the cross-validated results of melon varieties
classification. Correct classification percentages of varieties belonging to
subspecies agrestis (ranging from 55.8% to 93.3%) were greater than that of
melo varieties (ranging from 37.1% to 86.1%). Overall correct identification
was of 64.9%. Wild melons formed a homogeneous group, with only a 6.7%
of misclassification with other related types of the agrestis subspecies. The
other two varieties of subspecies agrestis more genetically related to the wild
types are tibish and acidulus. The accessions of these two varieties included
in this study were all from Africa, except one from Sri Lanka, and their seeds
were quite well discriminated, 79.5% and 80.6% respectively. A lower degree
of discrimination (ranging from 54.2% to 70.6%) was found in accessions of
the conomon and related varieties, chinensis and makuwa, misclassifications
mostly occurred among them. Within the subspecies melo, seed analysis
gave a 19% of ameri classified as inodorus and vice versa. Also a 24.4% and
16.4% of misclassification with the ameri type was found in cantalupensis and
reticulatus, respectively. Momordica was misidentified in several other
varieties, mainly belonging to subspecies melo (ameri, flexuosus and
reticulatus). It was not possible to define this variety as a determined group,

since seeds can be correctly classified as momordica only in 55.8% of cases.
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Table 7

Results of cross validated LDA analysis on melon varieties (see legend of

table 3)
k%) @
2 . @© o 3
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otal
64.9% overall classification
Seed number n°
ameri 1569 479 164 114 27 54 6 45 12 - - - - 1 - 41 3 2515
inodorus 456 1516 64 93 12 11 1 23 1 1 - - - - - 20 1 2199
cantalupensis 233 57 354 182 51 37 - 7 4 1 10 - - - - 9 10 955
reticulatus 112 24 68 444 - 1 18 - - - - - - - - 14 - 681
chate 6 - - - 85 5 - 2 - - - - - - - - - 98
flexuosus 147 2 16 12 21 637 22 47 1 1 - - - - - 1 - 907
dudaim 42 - - 13 1 - 229 1 7 1 - - - 1 - - - 295
momordica 68 31 2 18 2 32 1 198 - - - - - - - 3 - 355
acidulus 14 2 15 - - 7 1 1 458 10 19 1 19 3 - 1 17 568
tibish - - - - - - 4 - 18 124 - 1 1 - - - 8 156
chinensis 23 1 24 - - - 4 - 16 1 317 80 46 30 42 1 585
conomon - - - - - - - - 10 14 52 195 24 - - - 1 296
makuwa - - - - - - - - 8 177 55 30 274 - 4 - - 388
chito - - - - - - 1 - - 2 - - - 83 4 - - 90
agrestis - - - - - - - - - 15 13 - 22 7 795 - - 852
indet. melo 60 126 44 60 - - - - 27 5 5 - - - - 14 34 475
indet.agrestis - - 6 2 - 6 - 1 29 1 1 - - - - 4 130 180
Percentage %
ameri 624 190 65 45 11 21 02 18 05 - - - - - - 16 0.1 100.0
inodorus 20.7 689 29 42 05 05 - 1.0 - - - - - - - 0.9 - 100.0
cantalupensis 244 6.0 371 191 53 3.9 - 07 04 01 1.0 - - - - 09 1.0 100.0
reticulatus 164 3.5 1- 65.2 - 01 26 - - - - - - - - 2.1 - 100.0
chate 6.1 - - - 86.7 5.1 - 2.0 - - - - - - - - - 100.0
flexuosus 162 02 18 13 23 702 24 52 01 041 - - - - - 0.1 - 100.0
dudaim 14.2 - - 44 0.3 - 776 03 24 03 - - - 0.3 - - - 100.0
momordica 192 87 06 51 06 90 03 558 - - - - - - - 0.8 - 100.0
acidulus 25 04 26 - - 12 02 02 806 18 33 02 33 05 - 02 3.0 1000
tibish - - - - - - 2.6 - 115 795 - 06 0.6 - - - 5.1 100.0
chinensis 39 02 41 - - - 0.7 - 27 02 542 137 79 51 72 - 0.2 100.0
conomon - - - - - - - - 34 47 176 659 8.1 - - - 0.3 100.0
makuwa - - - - - - - - 21 44 142 77 706 - 1.0 - - 100.0
chito - - - - - - 1.1 - - 2.2 - - - 922 44 - - 100.0
agrestis - - - - - - - - - 18 1.5 - 26 08 933 - - 100.0
indet. melo 126 265 93 126 - - - - 57 11 11 - - - - 240 7.2 100.0
indet.agrestis - - 33 11 - 3.3 - 06 16.1 0.6 0.6 - - - - 22 722 100.0

Figure 3 shows the spatial position occupied by each variety where

affinity distances can be deduced. Varieties belonging to subspecies agrestis,

except from momordica variety, are distributed mainly in the left quadrant,

rather than subspecies melo that occupies the right side. An intermediate

group across the two subspecies, formed with momordica, dudaim, flexuosus
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and chate varieties, can be easily determined. Both dimension and colour
traits proved to be key parameters for the varieties discrimination (Table 8).
Area and Ecd were again the most discriminant factors followed by colour

parameters.
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Fig. 3. Scatter plot graph based on melon varieties. Small points represent
single seed data, black points represent their average (centroid). Spatial
arrangement of points suggests similarity and dissimilarity of groups, but just
first two functions of 16 available can be used for the graphical representation.
The variance on Function 1 is 70.1% and on Function 2 is 8.2%, the
remaining 21,7% is distributed over the 16 non represented functions. Major
areas occupied by subspecies agrestis and melo varieties and their

intermediate forms are marked.
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Table 8
First 10 factors used for discrimination among varieties in order of decreasing

F-to-remove (see legend of table 4).

Parameter F-to-remove Tolerance Wilks' lambda
1A 221.7 0.008 0.005
2 Ecd 156.4 0.004 0.004
3 SgDsum 100.5 0.018 0.004
4 Gmean 97.1 0.023 0.004
5 H SD 86.7 0.254 0.004
6 Rf 74.7 0.047 0.004
7 B_SD 69.8 0.024 0.004
8 R SD 57.4 0.006 0.004
9 Pconv 54.6 0.001 0.004
10 Dmax 49.0 0.002 0.004

In order to set up statistically solid groups, according to morpho-
colourimetric data, varieties with similar phenotypic characters were clustered.
Six different macro-groups were isolated: the ameri/inodorus group, the
cantaloupe group (cantalupensis and reticulatus), the intermediate group
(dudaim, chate, flexuosus and momordica), the African agrestis group (tibish
and African acidulus), the conomon group (conomon, chinensis, makuwa and
Asian acidulus) and the wild types group (agrestis and chito). In Table 9,
cross validated results of LDA are shown, while Table 10 reports the main
features that contribute to taxa discrimination. Again Area was one of the
most important discriminatory parameters, together with Eecd and some
colour descriptors. Overall correct identification was of 78.3%. Most macro-
groups resulted in being correctly classified, with percentages up to 73.5%,
except for cantaloupe group that reached 61.9% of correct identification,
confirming a high overlapping with the ameri/inodorus group, which anyway
can be correctly isolated in 85.1% of cases. Indeterminate melo and agrestis
groups, formed with non-classifiable accessions, were totally scattered in their
respective subspecies and intermediate forms
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Table 9

Results of cross validated LDA analysis on groups of variety with higher
similarity: cantaloupe grp. (cantalupensis and reticulatus), ameri/inodorus
grp., intermediate grp. (chate, dudaim, flexuosus and momordica), African
agrestis grp. (African acidulus and tibish), conomon grp. (conomon, chinensis,
makuwa and Asian acidulus), wild types grp. (agrestis and chito) and agrestis

and melo indeterminate landraces (see legend of table 3)
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78.3% overall classification
Seed number n°
cantaloupe grp. 1027 443 135 3 10 - 13 5 1,636
ameri/inodorus grp. 462 4,006 193 2 1 - 42 8 4,714
intermediate grp. 76 306 1,230 32 5 - 2 4 1,655
African agrestis grp. 16 13 17 610 51 - 2 15 724
conomon grp. 27 28 1 39 1,096 73 3 2 1,269
wild types - - - 24 46 870 - 2 942
indet. melo 84 232 3 31 10 - 95 20 475
indet. agrestis 15 1 10 27 1 - 2 124 180
Percentage %
cantaloupe grp. 61.9 27.9 8.3 0.2 0.6 - 0.9 0.4 100.0
ameri/inodorus grp. 9.9 85.1 4.1 - - - 0.8 0.1 100.0
intermediate grp. 5.6 18.5 73.5 11 0.7 - 0.2 0.4 100.0
African agrestis grp. 2.1 1.3 3.2 879 1.8 - 0.3 3.5 100.0
conomon grp. 1.8 2.3 0.1 22 876 54 0.4 0.1 100.0
wild types - - - 0.7 56 93.3 - 0.3 100.0
indet. melo 16.2 51.4 0.8 7.8 1.9 - 185 34 100.0
indet. agrestis 6.1 0.6 56 139 17 - 1.1 711 100.0
Table 10

First 10 factors used for discrimination among macro-groups in order of

decreasing F-to-remove (see legend of table 4).

Parameter F-to-remove Tollerance Wilks' lambda
1 Gmean 159.86 0.022 0.015
2 A 125.42 0.001 0.015
3 Ecd 122.42 0.001 0.015
4 H_SD 106.21 0.234 0.015
5 Dmin/Dmax 78.28 0.024 0.014
6 B _SD 71.56 0.023 0.014
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7 SqDsum 68.77 0.011 0.014

8 Cpt 67.38 0.004 0.014
9 HaralikSD5 59.32 0.041 0.014
10 EAmax 57.08 0.003 0.014

3.3 Integration of molecular data and seed/fruit phenotypes

The seed parameter Area was one of the most relevants to discriminate
melon varieties. High positive correlation (r= 0.921) was found between the
parameter Area and fruit weight, measured in a previous phenotyping assay
(Leida et al., 2015). The coefficient of determination (R?) amounted to 0.849.

The analysis of the allelic frequencies of some SNPs located in genomic
regions in which QTLs involved in fruit weight have been reported (Diaz et al.,
2011), reveals non-random allelic distribution in different seed size groups of
accessions. Specific alleles were more frequent in groups of accessions with
small/large seeds. For example, accessions with low values of the Seed
parameter Area have high frequencies of one of the two alleles of 3 SNPs
located in Linkage group | (LGI), in regions in which QTLs for fruit weight have
been reported, CMPSNP711 and Al_17-E07 (located at 45.2 and 46.8 cM,
respectively) and CMPSNP731 (located at 80.4 cM), whereas similar
frequencies for the two alleles are observed in the SNPs located in other
regions of this LGI. In fact, the ANOVA shows significant differences in the
average Seed Area for these three markers between accessions belonging to
the two homozygous genotypic classes (mean * standard deviation of
homozygous a, allele more frequent in large seed accessions = 39.9+10.9,
39.1% 10.8 and 39.2+11.4; homozygous b, allele more frequent in small seed
accessions = 25.0+14.3, 19.4+10.4, and 18.9£10.5).

The best hit of the Arabidopsis thaliana gene At4g39850 with the melon
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unigene collection of Melonomics was found with MELO3C018991, located in
the CM3.5_scaffold00035 from 2610482 to 2613142. This scaffold is
anchored to the melon genetic map in LGVII at 32,1cM. A differential allelic
distribution in small versus large seed size accessions, similar to that found
markers of LGI, was found in SNP CMPSNP262 (located in LGVII at 30,5cM).

Information about the natural genetic variation of the gene
MELO3C018991 was obtained from the Melogene database of SNPs. A
single SNP in this gene was found. It was a non-synonym mutation (C/T aa
249 S/N). According to the sequence information provided by the Melogene
data base, one allele had been sequenced in three pools composed of
inodorus, momordica and agrestis acidulus accessions (including most of the
accessions of these groups analysed in this study that have large or
intermediate seed size), whereas the alternative allele had been sequenced in
the conomon pool of accessions (also including many of the conomon
accessions analysed in the present study, all with small seed size).
4. Discussion

Seed image analysis has proved to be successful to discriminate among
genera and species in the selected set of cucurbits. Citrullus lanatus and C.
colocyntis show higher heterogeneity in seeds morpho-colourimetric features
than Cucumis melo and C. sativus, which is consistent with their origin and
taxonomic relationships. Despite of C. colocynthis being traditionally
considered the wild ancestor of C. lanatus, genetic analysis showed that the
cultivated and Egusi watermelon (var. lanatus) and the citron type (var.
citroides) diverged into separate lineages appearing independently evolved

from a common ancestor, possibly C. ecirrhosus (Dane and Liu, 2007).
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Furthermore, whereas cucumber and melon are two cultivated crops
phylogenetically close related and surely deriving from the same ancestor
(Sebastian et al., 2010), C. colocynthis is a perennial (rarely annual) wild
species growing on sandy habitats in desert and semi-desert areas of North
Africa, the Near East and South-West Asia as far as India (Jeffrey, 2001).
These differences are reflected on seed morphology, where species of the
same genus are more related than species of different genus.

The division of melon in two subspecies, C. melo subsp. melo and C.
melo subsp. agrestis, already described elsewhere (Silberstein et al., 1999;
Monforte et al., 2003; Deleu et al., 2009; Esteras et al., 2009; Blanca et al.,
2011), was confirmed by both molecular and seed morpho-colourimetric
analyses. The intermediate position found with SNPs for the flexuosus, chate
and momordica varieties is in agreement with the reported idea that from
these varieties evolved most of the current melon populations (Esteras et al.,
2013; Leida et al., 2015).In fact, in the largest melon re-sequencing assay
performed by Blanca et al. (2012), momordica was the most heterogeneous
variety, and shared the highest percentage of SNPs with other varieties of
both subspecies. All of these non-sweet varieties have limited diffusion
through Africa and Near East. The same pattern can be evidenced by
morpho-colourimetric analysis which shows the intermediate position of these
varieties between the two subspecies. Consistency between molecular and
morpho-colourimetric results was also found for C. melo subsp. agrestis var.
agrestis, the wild forms of melons, which were isolated from the cultivated

accessions.
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Within the subspecies melo, ameri accessions show high degrees of
admixture with all other melo varieties. This group of accessions is the most
heterogeneous within the cultivated melon and include quite different
landraces. The high crossbreeding of the ameri group with inodorus and
cantalupensis might have produced a wide range of intermediate forms that
does not always permit to isolate ameri from the others. These results also
agree with the hypothesis that modern inodorus and cantalupensis derived
from these variable Asian melons (Pitrat et al., 2000). Few reports describe
the variability of Asian types of the subsp. melo. In a recent study on Iranian
melons, Raghami et al. (2014) reported the high diversity in melons from this
area and remarked their differences with European/American inodorus and
cantalupensis. Seed image analysis results agree with molecular data and
show a high degree of misclassification of ameri seeds with inodorus,
cantalupensis and reticulatus, Molecular analysis reveals four differentiated
groups within inodorus and cantalupensis that could not be distinguished on
the basis of seed traits.

Within the subspecies agrestis, the accessions of the conomon
group (conomon, chinensis and makuwa) were quite similar molecularly, also
according to previous studies (Blanca et al., 2012), and presented closely
related seed traits. Despite acidulus and tibish being molecularly similar to
wild agrestis, the bigger size of their seeds allows to separate these two
varieties from the wild form. However, acidulus and tibish are quite hardly
differentiated on the basis of seed traits having a significant degree of
misclassification. Old classification models placed tibish in subspecies melo

(Pitrat et al., 2000), but molecular analyses demonstrated its greater similarity
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to agrestis (Esteras et al., 2009). Seed morphology agrees with this
classification of this primitive melon belonging to subspecies agrestis. In line
with molecular data, the unclassified landraces seem to be mostly mixed
types of different varieties of the subspecies melo, mostly inodorus, but with
some traces of subspecies agrestis.

According only to seed morphology it was possible to isolate six different
groups of varieties: a group of accessions of ameri and inodorus, closely
related to the other group of cantalupensis and reticulatus, an intermediate
group between the two subspecies (dudaim, chate, flexuosus and
momordica), a group of African agrestis varieties (tibish and acidulus), the
conomon group formed with conomon, chinensis, makuwa and Asian
acidulus, and a group formed with wild melon types (agrestis and chito).

Despite the importance of seed size in plant evolution and crop
domestication, relatively little is known about the genetic and molecular
processes underlying natural variation in seed size and morphology.
Integration of SNPs and phenotypic data sets provide the opportunity to
obtain information about the genetics of seed traits. A strong correlation was
found between the seed Area, the most discriminant seed trait among melon
accessions, and fruit weight, which agree with the results reported in other
Cucurbits (Paris and Nerson, 2003). Moreover, the evidence of a non random
allelic distribution in large/small seed groups of accessions of SNPs located in
some genomic regions in which QTLs involved in fruit weight had been
previously located (Diaz et al., 2011) suggests that some of these regions
might also account for part of the observed variation in seed size. This non

random distribution of alleles could be also due to an effect of the structure of
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the population, then associations of alleles to seed traits must be proved in
larger unstructured populations or in populations specifically designed, such
as introgression lines with which we are currently working. For example,
populations derived from the cross of acidulus/tibish and wild agrestis could
be suited to study the genetics of seed traits as these varieties are
molecularly similar, but significantly differ in seed traits. The use of the
available genomic tools can also facilitate the identification of candidate
mutations involved in seed traits, such as that found in the melon orthologue
of the tomato SW4 (Orsi and Tanksley, 2009). Our results raised the
possibility that the melon orthologue of SW4 might also underlie natural
variations in seed size in melon, but the association needs to be
demonstrated in appropriate populations.
5. Conclusions

Molecular analysis recognized some differentiated populations, but
also a wide range of mixed types. Despite this molecular admixture, seed
image analysis revealed six major groups that can be discriminated on the
basis of specific phenotypic traits, mainly associated to seed size and
morphology and less to seed colour. The obtained seed groupings are in
agreement with the molecular relationships and with the history of the melon
varieties. In fact, wild agrestis, Far eastern conomon and African tibish and
acidulus could be clearly distinguished. Discrimination of the cultivated types
of the melo subspecies (inodorus, cantalupensis, reticulatus and ameri) was
also possible, although less clear, probably due to a more intense crossing
and breeding process undergone by these commercial groups. The

intermediate position of momordica, flexuosus, chate and dudaim groups
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across the two subspecies is also detected by seed features. The
identification of the more discriminant specific traits allows the development of
a method to classify new seeds in any of the reported groups. A great deal of
the extant melon variation is maintained in different seed collections, so this
tool would be of great utility to manage their variation and optimize their
conservation and use. Also the integration of molecular and seed data would
be a useful tool to study the genetics of seed traits.
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