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Abstract A new collection of introgression lines

(ILs) have been developed using the Spanish cultivar

‘Piel de Sapo’ (PS, subsp. melo, group ibericus) as the

recurrent parent, and ‘Queen’s pocket melon’ (DUD,

subsp. melo, group dudaim PI 273438) as donor.

Genome-wide markers assisted selection has been

proceed in several backcross generations to obtain a

set of 16 ILs. An average of 1.4 introgressions/plant

representing altogether about 62% of the DUD

genome, and with an average of recovery per IL of

93.9% of the PS genetic background, has been

accomplished in the selected ILs after several back-

crosses and selfings. QTLs for abscission layer,

external aroma, rind and flesh firmness, rind netting,

fruit weight and shape, and sugar content have been

identified on this set of ILs some of them correspond-

ing to genomic regions previously described or with

interesting candidate genes, but, also, new allelic

diversity has been identified. Thus, this set of ILs may

be useful to exploit new underexploited genetic

variability from DUD. Based on GBS results for five

of this ILs, further steps of backcrossing will be

necessary to clean up the small introgressions detected

in some of them. Novel phenotypes like small PS

melons or aromatic and medium-climacteric PS mel-

ons were obtained, which might become pre-breeding

lines with potential commercial interest.

Keywords C. melo � Genetic resources � QTLs �
Climacteric Piel de Sapo � Small melons � Quality

traits

Introduction

Melon (Cucumis melo L.) is a cucurbit species with

high agronomic and economic importance worldwide,

with almost 32 million tons produced worldwide

(FAO 2017), and exportation values of more than 1.6

billion U.S. dollars (FAO 2016), Due to this economic

impact, the development of new and more adapted

cultivars is required to satisfy consumer producer and
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(COMAV-UPV), Camino de Vera s/n, 46022 Valencia,

Spain

e-mail: mpicosi@btc.upv.es

C. Esteras

e-mail: criesgo@upvnet.upv.es

A. J. Monforte

Instituto de Biologı́a Molecular y Celular de Plantas

(IBMCP) UPV-CSIC, Ciudad Politécnica de la
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market demands. The first step in a breeding program

is to find useful genetic variability. The exploitation of

exotic genotypes related to crops is a strategy to

increase the variability pool available for breeders.

Cucumis melo presents a high level of genetic

variability due to at least two domestication events

(Endl et al. 2018), that have led to a large diversifi-

cation regarding to seed, vegetative and flowering

traits, fruit size and shape, flesh and rind color,

ripening behavior, resistances, etc. (Dantas et al. 2015;

Esteras et al. 2013, 2018; Lázaro et al. 2017; López

et al. 2015; Nunes et al. 2017; Pitrat 2017; Sabato et al.

2015). This species has been traditionally subdivided

into two subspecies, subsp. melo and agrestis, and

recently, Pitrat (2017) has described 19 groups:

agrestis, kachri, chito, tibish, acidulus, momordica,

conomon, makuwa, chinensis, flexuosus, chate,

dudaim, chandalak, indicus, ameri, cassaba, ibericus,

inodorus, and cantalupensis. All this huge diversity

can be potentially employed for breeding commercial

cultivars, using different strategies, although the high

diversity on fruit traits among cultivar types preclude

the transfer of genetic variability through different

types.

Although high production and disease/pest resis-

tance continue being important breeding objectives,

nowadays the development of cultivars with high

quality standards is the main goal in melon breeding

programs in response to the current consumer’s

demand. Melon fruit quality is a complex feature that

involves morphological traits (fruit shape, size, rind

and flesh color) and also organoleptic and nutritional

properties such as sweetness, content in vitamins and

antioxidants, and aroma (Burger et al. 2006; Gur et al.

2016). Most of these quality traits show a quantitative

variation, as a consequence of a polygenic genetic

control (Quantitative Trait Loci, QTLs) (Amanullah

et al. 2018; Argyris et al. 2017; Galpaz et al. 2018; Gur

et al. 2016; Pereira et al. 2018; Perpiñá et al. 2016),

and also influenced by environmental factors. There-

fore, their breeding is complex and requires the

generation of specific populations. Introgression Lines

(ILs) are appropriate populations to study QTLs,

especially when dealing with exotic variability (Eshed

and Zamir 1995; Zamir 2001), allowing a rapid and

straightforward association for traits to specific

genomic regions and accelerating the development

of new commercial cultivars with favourable QTLs.

With that purpose, the use of exotic or wild genotypes

as donors of new alleles, is the most used strategy to

exploit the extant diversity through the generation of

IL libraries. These are collections of lines, obtained by

backcrossing after the first F1 cross, each one

containing a chromosome fragment of a selected

donor genotype within an elite genetic background.

Finally, the whole collection represents the donor’s

complete genome.

To date, two IL collections have been reported in

melon, both using genotypes with contrasting pheno-

types belonging to the two subspecies. The first one

used a Spanish cultivar type ‘Piel de Sapo’ (PS, subsp.

melo, group ibericus) as a recurrent parent and the

Korean accession PI 161375 (SC, Songwan Charmi)

(subsp. agrestis, group chinensis) as a donor parent

(Eduardo et al. 2005). The second one was developed

from the cross of a Charentais ‘Vedrantais’ type

(subsp. melo, group cantalupensis), as the recurrent

parent, and the Japanese accession PI 420176 (Ginsen

makuwa) (subsp. agrestis, group makuwa) (Perpiñá

et al. 2016). Other two IL collections, reciprocal

between ‘Vedrantais’ and ‘Piel de Sapo’ genotypes,

will be reported soon (Pereira 2018).

Apart from the incorporation of the new variability

found in exotic genotypes, these ILs collections also

allowed the detection of new QTLs in the species

(Eduardo et al. 2007; Perpiñá et al. 2016). In the last

few years, using other strategies such as different

mapping populations derived from other exotic mel-

ons like flexuosus, momordica and agrestis types

(Amanullah et al. 2018; Dı́az et al. 2017; Galpaz et al.

2018; Ramamurthy and Waters 2015), or even

germplasm collections through GWA (genome-wide

association analysis) (Gur et al. 2017; Nimmakayala

et al. 2016), more than 250 common and new QTLs

have been reported for the species regarding fruit

quality traits. Moreover, Pereira et al. (2018) recently

developed a RIL population derived from the two most

important commercial cultivars in Europe, a ‘Vedran-

tais’ and a ‘Piel de Sapo’, detecting 33 QTLs mainly

associated to fruit quality.

The large collections of molecular markers cur-

rently available in melon as the result of several

sequencing projects (Blanca et al. 2011, 2012; Pavan

et al. 2017), as well as saturated genetic maps

anchored to the genome sequence like the ones

reported by Garcia-Mas et al. (2012) and Argyris

et al. (2015), and the consensus maps by Dı́az et al.

(2011, 2015), are genomic tools which highly improve
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the efficiency in the development of IL populations

through marker assisted selection (MAS), since their

use reduces significantly the number of backcross

generations to obtain ILs with single donor introgres-

sions (Perpiñá et al. 2016). High Resolution Melting,

medium-throughput platforms like Agena Bioscience

iPLEX � Gold MassARRAY, or Genotyping-by-

Sequencing (GBS) are available genotyping technolo-

gies, which are currently easily affordable, and that

can be very useful during ILs development in the

different moments of the process.

In this context, we present the development of a

new IL collection in melon using a dudaim melon as

new exotic donor with interesting quality traits to

introduce new variation in the most important non-

climacteric melon background in the market (‘Piel de

Sapo’). Dudaim melons are cultivated from Turkey to

Afghanistan. They firstly were reported in ninth

century by its medical properties and fragrance in

Persia (Paris et al. 2012). In fact, dudaim fruits have a

very unique fragrant, exotic, and musky smell (Aubert

and Pitrat 2006; Esteras et al. 2018). Also, they are

characterized by their small reddish-yellow fruits with

ochre stripes and smooth surface, round or slightly

oval shaped, and with white, mealy flesh. They are

early maturing and with dehiscent peduncle.

Materials and methods

Plant material

The two genotypes employed in the generation of the

IL population were the Spanish cultivar ‘Piel de Sapo’

(PS) (subsp. melo, group ibericus) as the recurrent

parent, and ‘Queen’s pocket melon’ (DUD) (a selec-

tion by selfing from the accession PI 273438, subsp.

melo, group dudaim, of the NPGS GRIN collection) as

the exotic donor parent (Fig. 1). Both accessions were

multiplied and conserved at the Genebank of the

Institute for the Conservation and Breeding of Agro-

biodiversity (COMAV-UPV) in Valencia (Spain) and

were previously phenotyped, along with other acces-

sions from the COMAV melon core collection, to

confirm their classification in the corresponding

horticultural group (Esteras et al. 2018; Leida et al.

2015).

DUD is an exotic Asian variety, mainly used with

ornamental purposes. It produces small-size, round, no

sutured and white-fleshed fruits, that are highly

aromatic and climacteric with low sugar content. In

contrast, PS bears fruits which are big and oval. They

are white-fleshed, sweet, without aroma, and non-

climacteric.

Breeding scheme

The F1 generation derived from the cross between PS

and DUD was backcrossed to the recurrent PS parent

to generate the BC1 population. Fourteen BC1 plants

were then backcrossed with the recurrent parent thus

producing 14 BC2 families. A total of 409 BC2 plants

(28–30 plants per BC2 family) were genotyped at the

seedling stage using Agena Bioscience iPLEX� Gold

MassARRAY with a set of SNPs evenly distributed

throughout the melon genome (see details below).

According to these results, a subset of plants was

selected, those having the highest proportion of the

recurrent (PS) genome while containing DUD intro-

gressions in order to cover the entire donor genome.

The selected BC2 plants were grown in the greenhouse

and backcrossed to construct the BC3 population.

The same genotyping platform was employed to

select the best BC3 individuals (among a total of 332)

according to genotype, using the same criteria that in

BC2 to produce the following generations. Eighty-two

BC3 plants, carrying three or fewer DUD introgres-

sions, were selfed, and their offsprings (BC3S1 and

BC3S2) were genotyped using the SNPs located in the

corresponding target introgressions by High Resolu-

tion Melting (HRM) (Vossen et al. 2009) in order to

finally select plants with single/double homozygous

introgressions. Subsequently, the selected BC3S1 and

BC3S2 plants were genotyped using the Agena

Bioscience array designed in previous generations.

Fig. 1 Fruits of the parentals used to develop the ILs population

‘Piel de sapo’ 9 dudaim
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Moreover, in order to remove a few remaining

heterozygous markers and provide seeds for future

characterization assays, selected plants of the BC3S2

generation were subjected to further selfing processes

(BC3S3 and BC3S4).

In this work, a first set of 16 ILs (developed in

BC3S3 and BC3S4 generations) with single or double

homozygous introgressions was agronomically char-

acterized. This is a medium-sized IL population, with

one or two lines representing each DUD chromosome.

Markers and genotyping methods

Genomic DNA was extracted from young leaves

following the method described by Doyle and Doyle

(1990) with minor modifications. Final concentration

was adjusted to 10 ng/ll for the Agena Bioscience

array and 30 ng/ll for the HRM genotyping (Perpiñá

et al. 2016).

Markers included in the Agena Bioscience array

performed in this study were selected from the SNP set

used by Perpiñá et al. (2016). The selected SNPs were

polymorphic between PS and DUD, and evenly

distributed in chromosomes, based on the first genetic

map anchored to the melon genome by Garcia-Mas

et al. (2012) (Online resource 1). This Agena Bio-

science array was employed to genotype the full BC2

and BC3 populations, the selected BC3S1 and BC3S2,

and the final set of ILs selected for phenotyping

(BC3S3 and BC3S4). The Agena Bioscience geno-

typing was carried out at the Epigenetics and Geno-

typing laboratory at the Central Research Unit of the

Faculty of Medicine (UCIM) belonging to the Univer-

sitat de València (Spain).

A total of 89 SNPs, out of the 107 employed in the

full Agena Bioscience platform, were adapted for

HRM analysis. HRM genotyping was used to accel-

erate the selection and fixation of target introgressions

during the construction of the IL population in several

specific offsprings. HRM reactions were performed

using the LightCycler 480 with the Roche LightCycler

480 High Resolution Melting Master kit.

Five ILs with the most interesting phenotypes

regarding climacteric ripening, fruit shape and yel-

lowish rind, out of the 16 ILs selected, were also

genotyped by GBS (DUD_3-1; DUD_4-2; DUD_5-1;

DU_6-1; DUD_6-2). Genomic DNA extraction was

carried out employing DNeasy Plant Mini Kit (Qia-

gen, Hilden, Germany) and about 400 ng of each one

were sent to LGC Genomics GmbH (Berlin, Germany)

for the GBS analysis. Libraries were constructed using

ApeKI, and 2.5–2.9 million filtered reads per sample

were obtained with an average size of 70 bp. Quality

reads were mapped against the last version of the

melon genome (genome assembly v.3.6.1, Melo-

nomics) and SNP calling was performed using free-

bayes selecting SNPs with at least 3 reads.

Polymorphic SNPs between parentals and monomor-

phic within them were filtered to have a set of useful

markers in our lines.

Agronomic evaluation and traits measured

The selected plants in each generation were trans-

planted to the greenhouse for seed obtention. Gener-

ations BC3S3 and BC3S4 were also phenotyped. A

total of 22 BC2, 82 BC3, 99 BC3S1 and 126 BC3S2

plants were grown from 2011 to 2015, during the

spring–summer growing season at the greenhouse

facilities of the Polytechnic University of Valencia

(Valencia, Spain) and the Fundacion Cajamar in

Paiporta (Valencia, Spain). Sixteen ILs were selected

from the BC3S3 and BC3S4 populations, and evalu-

ated in two trials conducted in 2 years, 2016 and 2017,

in the facilities of the Fundacion Cajamar in Paiporta

(Paip16 and Paip17). Each assay included six to eight

plants of each IL in a fully randomized design with five

to ten plants of each parental line (PS and DUD).

Pollination was ensured with insects. Temperature

was controlled with cooler and automatic window

aperture (with a temperature range of 10–25/10–20

and of 25–37/18–35, minimum and maximum during

the whole growing season for Paip2016/2017, respec-

tively). Plants were grown in substrate bags (70%

coconut fiber and 30% coconut chips) with

fertirrigation.

Plants were phenotyped for flowering-related traits:

the number of male and female flowers 15 and 30 days

after the opening of the first flower on each plant was

counted (NMaF15, NFeF15, NMaF30 and NFeF30).

Two fruits per plant were set and characterized at full

maturity with the following traits: fruit weight (FW in

grams, with digital scale), fruit length and diameter

(FL, FD in mm, with graduated rule), fruit shape index

(FS, as the ratio of fruit length to fruit diameter), cavity

width (CW, as the ratio of the width of the seminal

cavity to the fruit diameter), flesh and rind thickness

(Fth, Rth in mm, with electronic digital caliper, I.C.T,
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S.L., La Rioja, Spain), rind and flesh firmness (RF, FF,

measured as kg/cm2 with a fruit pressure tester, FT

327, with a plunger diameter of 8 mm, Alfonsine,

Italy), pH on a scale from 1 to 14 (1 = pH acid,

14 = pH basic), formation of abscission layer, the

occurrence of rind netting (AL and NET, scored

visually as 0, absent and 1, present), and external

aroma of the whole fruit (AR assessed by olfaction,

without opening the fruit, as 0, absent and 1, present);

flesh color measured with a CR-400 colorimeter

(Konica Minolta, Inc., Tokyo, Japan) (coordinates

Hunter Lab. L* express luminosity (L = 0 black and

L = 1 white), a* expresses the color direction

between red (positive) and green (negative) and b*

expresses the color direction between yellow (posi-

tive) and blue (negative) (FCHl, FCa, FCb), and also

rind color (evaluated visually, as parentals present a

clearly distinguishable rind color). Soluble solids

concentration (SSC) was measured as �Brix from

drops of juice with a hand-held ‘‘Pocket’’ refractome-

ter (PAL-a, Atago CO., LTD, Tokyo, Japan). Flesh

samples were taken from the same regions in the

equatorial slice of the fruit and used for firmness, flesh

color, 8Brix and pH measurements.

QTL detection in introgression lines

With the aim of checking the normality of every trait

distribution, the Kolmogorov–Smirnov test was car-

ried out using Statgraphics Centurion XVII.II (Online

resource 2).

An analysis of variance (ANOVA) was performed

with ILs data for trials Paip16 and Paip17 to examine

the effects of genotype, environment and genotype x

environment interaction. In addition, the mean of

every IL in each environment (Paip16 and Paip17) was

compared to the control PS mean using the Dunnett’s

contrast with Type-I error a B 0.05 (Dunnett 1955).

QTLs for each trait in the DUD introgression were

considered to exist in those lines with means signif-

icantly different from PS in the two environments.

Results and discussion

Development of the several IL generations

The genome of BC2 plants showed an average of 8.7

introgressions/plant and 81.0% of the PS background

genome (ranging from 68.7 to 88.3%). The DUD

genome was fully represented among the BC2 plants.

In the next generation, selected BC3 plants presented

an average of 5.9 introgressions/plant and 89.4% of

the PS background genome (range 81.1–97.2%). The

early selection in a large number of plants facilitated

the recovery of the recurrent genetic background, and

the reduction of the number of introgressions per plant

(to about 3) in one backcross generation. Several

rounds of selfing (BC3S1, BC3S2, BC3S3, BC3S4)

were performed to fix introgressions and to generate

enough seeds for further assays. A first collection of 16

ILs (Online resource 3) was obtained. This IL

collection has an average of 1.4 introgressions/IL

(3.2 introgressions/IL with single-marker introgres-

sions), representing more than 60% of the DUD

genome with 93.9% of the PS background genome

(range 86.9–96.3%) (Online resource 3). The average

size of the introgressions, not considering single ones,

was 8.42 Mbp.

Five ILs (DUD_3-1; DUD_4-2; DUD_5-1; DU_6-

1; DUD_6-2) were further genotyped by GBS. A total

of 3479 SNPs resulted informative for these 5 ILs and

the parent genotypes (Online resource 4A). The

introgressions defined previously with the Agena

Bioscience assay (Online resource 3) were confirmed,

but also some additional small introgressions were

detected (Online resource 4B), showing a percentage

of PS genome recovery slightly lower than the

previously calculated with Agena Bioscience assay

(88.4%). All this suggests that at the final steps in the

process of IL development, a more exhaustive geno-

typing with thousands of markers is necessary.

Parent phenotypes

The two parents showed contrasting phenotypes in a

number of traits related to flowering time, fruit

morphology, fruit ripening behavior and traits related

to organoleptic and nutritive value, such as sugars

content and aroma. Online resource 5 depicts the mean

values and standard deviations, along with ANOVA

results for means comparison of both parents, PS and

DUD, for each studied trait in the two trials in which

they were phenotyped along with the ILs.

PS fruits were significantly heavier [average fruit

weight (FW) 1665.7 g] than DUD fruits (213.8 g). PS

fruits were more elongated with lower percentages of

seminal cavity (FS 1.7 vs. 1.0, and CW 0.39 vs. 0.53,
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respectively for PS and DUD) (Fig. 1). Additionally,

DUD presented an abscission layer at the time of

ripening (AL) and the occurrence of external aroma in

mature fruits (AR), while these two traits were absent

in PS. Accordingly with their ripening behavior, fruit

flesh at time of maturity was firmer in PS [2.00 vs.

0.79 kg/cm2 in DUD, for flesh firmness (FF)].

While PS is a sweet melon, DUD is a low sugar

melon, showing a significant difference of the values

of soluble solids content (SSC) in the fruits (13.8� vs.

8.4� brix degrees for PS and DUD, respectively)

(Online resource 5).

Differences in other traits, such as rind thickness

(RTh, 3.4 mm vs. 1.7 mm in PS and DUD, respec-

tively), rind firmness (RF, 13.0 vs. 4.8 kg/cm2, in PS

and DUD, respectively), and rind netting (Net, PS

presents low values in netting, while in DUD is absent)

were also observed (Online resource 5). Regarding

other traits related to flesh quality, both fruits, PS and

DUD were white fleshed, with similar values of

luminosity Hl and b* parameter (FCHl 61.9 and FCb

10.5 vs. FCHl 62.1 and FCb 7.3, in PS and DUD,

respectively), although the greenish-white fleshed PS

fruit had significantly lower values of the colorimeter

parameter a* (FCa - 2.5) compared to the white

fleshed DUD fruit (FCa - 0.6) (Online resource 5).

PS and DUD also showed differences in male and

female flowering, being DUD more early flowering

(with an average of 0.8 vs. 3.3 male flowers

(NMaF15), 0.4 vs. 3.2 female flowers (NFeF15), 0.3

vs. 2.5 male flowers (NMaF30), and 0.4 vs. 2.8 female

flowers (NFeF30), for PS and DUD respectively).

Introgression line analysis

The QTLs detected in this set of 16 ILs, representing

altogether 62.6% of the DUD genome, in the two

environments using the Dunnet test are summarized in

Table 1 (with complete information in Online

resource 6) and Figs. 2, 3, 4, 5 and 6. These QTLs

are described with detail in the next section.

Flowering and ripening behavior

Although DUD presents a significant early flowering

in comparison to PS (Online resource 5), no IL from

this set showed significant differences in the number

of male and female flowers 15 and 30 days after the

opening of the first flower.

As previously said, significant differences between

parentals for ripening-associated traits like the pres-

ence of abscission layer (AL), occurrence of aroma

(AR), and flesh and rind firmness (FF and RF) were

detected in the ANOVA analysis (Online resource 5).

The presence of the abscission layer had a strong

genotype effect (56.9%) and almost no environmental

and no interaction G 9 E (0.7 and 1.8% respectively)

(Online resource 7). As previously reported in other

studies (Bernillon et al. 2013), aroma also had an

important genotype effect (23.4%) with moderate

interaction G 9 E (5.6%) (Online resource 7). Sim-

ilarly, rind and flesh firmness had a notable genotype

effect (19.4–24.3% of total variation), with no envi-

ronmental effect for FF and low effect for RF (0.8%)

and moderate interaction G 9 E (7.0–9.8% of total

variation).

The abscission layer was observed in the fruits of

the lines DUD_3-1 and DUD_6-2 (Fig. 7a) with

significant differences detected for these ILs in

comparison to PS based on ANOVA and Dunnett’s

test (Online resource 5, Fig. 2). DUD_3-1 has a main

introgression on chromosome 3 (spanning 25.9 Mbp),

only partially shared with DUD_8-1 (Online resources

3 and 4), and a minor introgression on chromosome 9

(0.55 Mbp). Additional small introgressions, ranging

from 0.01 to 0.14 Mbp, were also detected after GBS

analysis on chromosomes 4, 5, and 10 (Table 1,

Online resources 4 A, B and 6). QTLs controlling

melon abscission layer were reported for first time by

Périn et al. (2002), who identified the genes Al-3 and

Al-4 in chromosomes 8 and 9, respectively. Moreno

et al. (2008) and Vegas et al. (2013) reported a QTL

(ETHQB3.5) associated to ethylene production in

fruits, in a region of chromosome 3, spanning from 22

to 30 Mbp. The introgression in DUD_3-1 includes

partly this region (Online resource 4). ETHQB3.5

alleles of the chinensis SC induce climacteric behavior

in the non-climacteric ‘Piel de Sapo’ background, with

a similar behavior to DUD_3-1, supporting the

presence of a QTL for ripening in this introgression.

CmACS5 (MELO3C010779, 30,906,213–30,908,525 bp

in chromosome 3) was proposed as candidate for

ETHQB3.5, although it can be discarded as the

responsible of the phenotype observed in DUD_3-1,

since this gene is out of the IL DUD_3-1 introgression

(located 199 Kbp–26.1 Mbp) and other IL, DUD_5-1,

contains a DUD introgression including CmACS5
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Table 1 QTLs identified by the Dunnet’s test in two environments in the IL collection

Trait QTL_Name Chromosome QTL position cM/flanking-markers DUD effect relative to PS (%) IL

Paip16 Paip17 Mean

AL al.1 1 86.8/CMPSNP204 100.00 80.00 90.00 DUD_6_2a

al.3 3 3.2–34.2/AI_18-E05–CMPSNP8 100.00 85.00 92.50 DUD_3_1a

al.6 6 49.6–49.6/CMPSNP292–CMPSNP295 100.00 80.00 90.00 DUD_6_2a

AR ar.1 1 86.8/CMPSNP204 100.00 55.00 77.50 DUD_6_2a

ar.6 6 49.6–49.6/CMPSNP292–CMPSNP295

NET net.5 5 0–26.5/CMPSNP898–CMPSNP437 669.23 233.33 451.28 DUD_5_1a

592.31 166.67 379.49 DUD_5_2

FW fw.1 1 59.6–72.4/CMPSNP410–AI_05-G01 - 30.85 - 42.22 - 36.54 DUD_1_2

fw.2 2 0–40.6/CMPSNP774–AI_14_H05 - 32.00 - 35.80 - 33.90 DUD_2_1

FL fl.1 1 59.6–72.4/CMPSNP410–AI_05-G01 - 18.96 - 25.67 - 22.32 DUD_1_2

fl.2 2 0–40.6/CMPSNP774–AI_14_H05 - 19.19 - 20.34 - 19.77 DUD_2_1

fl.3 3 56.3–62.7/CMPSNP998–CMPSNP712 - 22.90 - 28.38 - 25.64 DUD_5_1a

fl.4 4 48.3–62.7/CMPSNP147–CMPSNP852 - 38.75 - 38.82 - 38.79 DUD_4_2a

fl.5 5 94.2/CMPSNP735 - 19.10 - 20.95 - 20.03 DUD_5_3

fl.6 6 49.6–57.6/CMPSNP295–CMPSNP1021 - 22.90 - 28.38 - 25.64 DUD_5_1a

- 19.71 - 18.62 - 19.17 DUD_6_3

FD fd.2 2 0–40.6/CMPSNP774–AI_14_H05 - 14.41 - 11.58 - 13.00 DUD_2_1

FS fs.1.1 1 45.2–46.8/AI_17-E07–CMPSNP711 - 19.97 - 24.98 - 22.48 DUD_1_1

- 13.96 - 14.83 - 14.40 DUD_1_2fs.1.2 1 80.4/CMPSNP731

- 24.79 - 24.98 - 24.89 DUD_6_2a

fs.4 4 48.3–62.7/CMPSNP147–CMPSNP852 - 26.59 - 35.13 - 30.86 DUD_4_2a

fs.5 5 89.4–94.2/AI_13-H12–CMPSNP735 - 26.59 - 34.57 - 30.58 DUD_5_3

fs.6 6 49.6–57.6/CMPSNP292–CMPSNP1021 - 19.97 - 24.98 - 22.48 DUD_1_1

- 20.57 - 27.80 - 24.19 DUD_5_1a

- 26.59 - 34.57 - 30.58 DUD_5_3

- 24.79 - 24.98 - 24.89 DUD_6_2a

fs.12 12 16.4/AI_35-A08 - 26.59 - 35.13 - 30.86 DUD_4_2a

- 26.59 - 34.57 - 30.58 DUD_5_3

CW cw.1 1 59.6–80.4/CMPSNP410–CMPSNP731 21.13 13.28 17.21 DUD_1_2

Rth rth.3 3 56.3–62.7/CMPSNP998–CMPSNP712 - 37.62 - 25.45 - 31.54 DUD_5_1a

rth.4 4 48.3–62.7/CMPSNP147–CMPSNP852 - 49.98 - 18.50 - 34.24 DUD_4_2a

rth.6 6 86.9/CMPSNP378 - 32.56 - 15.65 - 24.11 DUD_6_3

rth.7 7 4.9–30.5/AI_05-F11–CMPSNP262 - 37.62 - 25.45 - 31.54 DUD_7-1

Fth fth.1 1 59.6–72.4/CMPSNP410–AI_05-G01 - 26.67 - 21.94 - 24.31 DUD_1_2

FF ff.1 1 86.8/CMPSNP204 - 76.69 - 42.20 - 59.45 DUD_6_2a

ff.6 6 49.6–49.6/CMPSNP292–CMPSNP295

RF rf.1 1 86.8/CMPSNP204 - 29.00 - 5.69 - 17.35 DUD_6_2a

rf.6 6 49.6–49.6/CMPSNP292–CMPSNP295

SSC ssc.2 2 0–40.6/CMPSNP774–AI_14_H05 - 19.16 - 23.13 - 21.15 DUD_2_1

Abbreviated trait name, QTL name, chromosome, QTL position (cM) and flanking markers, DUD effect relative to the PS parental

expressed in percentage (%) with positive/negative effects and IL carrying the introgression
aLines also analyzed by GBS (Online resource 4 A, B)
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(30–31.5 Mbp), and does not develop abscission layer

(Online resource 4).

DUD_6-2, also displaying abscission layer, carries

two main introgressions according to Agena Bio-

science assay, on chromosomes 1 (spanning 2.6 Mbp)

and 6 (spanning 17.7 and 2.9 Mbp) (Online resources 3

and 4). Additional small introgressions have been

found using GBS on chromosomes 3, 4, 5, 7, and 10

(from 0.01 to 0.65 Mbp in length; Online resource 4).

This line, DUD_6-2, was the only IL that showed

consistently significant differences with respect to PS

in other ripening related traits since it presents external

aroma (AR), and a loss of flesh and rind firmness (FF,

RF) (59.5 and 17.4%, respectively) in both years

(Fig. 2, Table 1, Online resource 6). Based on GBS

genotyping, the main DUD introgression of chromo-

some 6 in DUD_6-2 is located from 14.5 to 32.7 Mbp

and from 34.8 to 37.7 Mbp. In this region is located the

previously reported QTL ETHQV6.3 also involved in

climacteric ripening of the non-climacteric ‘Piel de

Sapo’ with chinensis SC introgressions (Moreno et al.

2008; Vegas et al. 2013). The gene CmNAC-NOR

(MELO3C016540, 27,663,292–27,665,351 bp;

Online resource 8), which encodes a NAC transcrip-

tion factor involved in the regulation of climacteric

ripening, has been identified as the responsible of the

altered ripening controlled by ETHQV6.3 (Rı́os et al.

2017). Although this gene is located within the

introgression of DUD_6-2, also the non-climacteric

IL DUD_5-1 contains a DUD introgression in this

region (27.4–27.9 Mbp) showing no effects (Online

resource 4). The DUD_6.2 introgression in chromo-

some 6 contains other four genes annotated as NAC

domain proteins (MELO3C014922, 20,900,809–

20,902,991, MELO3C016444 29,775,058–29,777,

132, MELO3C013971, 35,529,924–35,533,985,

MELO3C014141, 37,363,939–37,367,039) (Online

resource 8) that could also contribute to the climac-

teric phenotype.

Interestingly, other NAC domain-containing pro-

teins such as MELO3C019845 and MELO3C019954

are located in the genomic region of chromosome 3

from DUD_3-1 (Online resource 8). Also, a recent

study using a ‘Vedrantais’ IL with a chromosome 10

introgression from a makuwa melon (PI 420176)

(Perpiñá et al. 2017), suggested a NAC/NAM tran-

scription factor (MELO3C012390) as a candidate

gene responsible for the delayed ripening process and

the absence of abscission layer and external aroma in

the climacteric genetic background of ‘Vedrantais’,

highlighting again the close relation between NAC

genes and the climacteric behavior.
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Fig. 2 Comparison of the means of the set of ILs with the mean

of the recurrent parent (PS) using the Dunnett’s test. The means

and standard errors for AL = presence or absence of abscission

layer, AR = presence or absence of external aroma, RF = rind

firmness in kg/cm2 and FF = flesh firmness in kg/cm2 are shown

for each trial (gray bars for Paip16, white bars for Paip17). Bars

with an asterisk show significantly different (p\ 0.05) IL and

PS means
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Fig. 3 Comparison of the means of the set of ILs with the mean

of the recurrent parent (PS) using the Dunnett’s test. The means

and standard errors for FW = fruit weight in grams, FS = fruit

shape as the ratio between fruit length and fruit diameter,

FL = fruit length in mm, FD = fruit diameter in mm,

CW = cavity width (as the ratio between the width of the

seminal cavity and the fruit diameter) and Fth = flesh thickness

in mm are shown for each trial (gray bars for Paip16, white bars

for Paip17). Bars with an asterisk show significantly different

(p\ 0.05) IL and PS means
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Fig. 4 Comparison of the means of the set of ILs with the mean

of the recurrent parent (PS) using the Dunnett’s test. The means

and standard errors for Rth = rind thickness in mm and

Net = presence or absence of rind netting, are shown for each

trial (gray bars for Paip16, white bars for Paip17). Bars with an

asterisk show significantly different (p\ 0.05) IL and PS means
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Our results, along with previous studies, suggest

that the genetic basis of fruit ripening in melon is

complex and variety-specific. The presence of NAC

factors in most of the main introgressions coming from

different exotic genetic backgrounds, suggests that

common genetic mechanisms may be involved in

ripening regulation through the action of different

transcriptions factors of the NAC family located in

different genomic regions and that can induce climac-

teric ripening in non-climacteric background or delay

ripening in climacteric-backgrounds, leading to a wide

range of climacteric behavior that can be useful for

melon breeding.

DUD_3-1 and DUD_6-2 also showed differences in

ripening related traits among them. DUD_3-1 forms

abscission layer, likely induced by the QTL al.3

defined by this line, but fruits are not aromatic and do

not suffer flesh softening, whereas DUD_6-2 forms

abscission layer and develops aromatic fruit with an

enhanced flesh softening process. Although the

genomic region in chromosomes 6 defined by

DUD_6-2 is the one more consistently supported by

-15

-10

-5

0

5

10
D

U
D

_1
-1

D
U

D
_1

-2

D
U

D
_2

-1

D
U

D
_3

-1

D
U

D
_4

-1
D

U
D

_4
-2

D
U

D
_5

-1

D
U

D
_5

-2

D
U

D
_5

-3

D
U

D
_6

-1

D
U

D
_6

-2

D
U

D
_6

-3

D
U

D
_7

-1

D
U

D
_8

-1

D
U

D
_9

-1

D
U

D
_1

2-
1

FCHl

-1.5
-1

-0.5
0

0.5
1

1.5
2

2.5

D
U

D
_1

-1

D
U

D
_1

-2

D
U

D
_2

-1

D
U

D
_3

-1

D
U

D
_4

-1
D

U
D

_4
-2

D
U

D
_5

-1

D
U

D
_5

-2

D
U

D
_5

-3

D
U

D
_6

-1

D
U

D
_6

-2

D
U

D
_6

-3

D
U

D
_7

-1

D
U

D
_8

-1
D

U
D

_9
-1

D
U

D
_1

2-
1

FCa

*
*

* *

-5
-4
-3
-2
-1
0
1
2
3
4
5

D
U

D
_1

-1

D
U

D
_1

-2

D
U

D
_2

-1

D
U

D
_3

-1

D
U

D
_4

-1
D

U
D

_4
-2

D
U

D
_5

-1

D
U

D
_5

-2

D
U

D
_5

-3

D
U

D
_6

-1

D
U

D
_6

-2

D
U

D
_6

-3

D
U

D
_7

-1

D
U

D
_8

-1
D

U
D

_9
-1

D
U

D
_1

2-
1

FCb
*

* * *

*
*

*

*
*

Fig. 5 Comparison of the means of the set of ILs with the mean

of the recurrent parent (PS) using the Dunnett’s test. The means

and standard errors for Hunter coordinates, FCHl = flesh color

luminosity, FCa = flesh color a* parameter and FCb = flesh

color b* parameter, are shown for each trial (gray bars for

Paip16, white bars for Paip17). Bars with an asterisk show

significantly different (p\ 0.05) IL and PS means
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Fig. 6 Comparison of the means of the set of ILs with the mean

of the recurrent parent (PS) using the Dunnett’s test. The means

and standard errors for SSC = soluble solids content in Brix

degree and pH = degree of acidity, are shown for each trial

(gray bars for Paip16, white bars for Paip17). Bars with an

asterisk show significantly different (p\ 0.05) IL and PS means
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previous studies of QTLs related to climacteric

ripening and flesh firmness (Monforte et al. 2004;

Paris et al. 2008; Rı́os et al. 2017; Vegas et al. 2013),

this line has an additional major introgression in

chromosome 1, where other studies have reported

QTLs related to flesh softness. For instance, Galpaz

et al. (2018) detected a QTL for flesh firmness, but this

is located 30 Mbp away from our rf.1 and ff.1 (Table 1,

Online resource 6). Another QTL involved in ethylene

production, eth1.1, was reported in chromosome 1

(Moreno et al. 2008; Périn et al. 2002), being

suggested the ethylene receptor CmERS1

(MELO3C015961) as a candidate gene. Although this

gene locates outside DUD_6-2 introgression (at 32

Mbp), several ethylene-related genes like MELO3

C024268 and MELO3C024315, two ethylene-respon-

sive transcription factors, were located in the QTL

region of chromosome 1 defined by DUD_6-2 IL.

Additionally, other genes involved in volatile meta-

bolism like MELO3C029261 or MELO3C024348 (a

malonate-CoA ligase-like protein and a lipoxygenase,

enzymes involved in the pathway of phenylpropanoid-

derived compound metabolisms) collocated with ar.1

(Online resource 8). Galpaz et al. (2018) reported

more than 140 QTLs, mainly in chromosomes 6, 8 and

11, corresponding to many volatiles detected
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Fig. 7 Pictures showing characteristic phenotypes of some ILs

in comparison to PS. a Mature fruits of parental PS without

abscission layer and of line DUD_3-1 and DUD_6-2 with

abscission layer. b Variation of fruit morphology in DUD_4-2

and DUD_5-3 likely caused by the DUD introgressions in

chromosomes 4, 6 or 12 in the genetic background of PS

affecting the FS and FL. c Effect of the DUD introgressions in

the line DUD_1-2 produces increase the CW (18.1%) and

reduction the Rth (15.7%) and Fth (24.1%) in comparison with

the parental PS. d Mature fruits of parental PS (netted) and of

lines DUD_5-1 and DUD_5-2 with more intense netting.

e Mature fruits of parental PS and DUD_6-1 showing the effect

of yellowish rind
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differentially in their RILs derived from the momor-

dica PI 414723 and the reticulatus Dulce. Only some

QTLs in chromosome 6 such as the ones for S-methyl

propanethioate or total sesquiterpenes collocate with

ar.6. The stronger impact of QTL al.6 compared to

al.3 on the ripening process, or the combined impact of

al.6 with al.1 in IL DUD 6-2, along with effects from

other minor introgressions, could account for these

differences.

Segregation of the additional introgressions

detected with GBS in these ILs will allow verifying

that the QTLs are in the chromosome 3 and 6

introgressions. Aroma is one of the most important

quality traits for the consumer, whereas flesh softness

is an undesired trait. Both lines might be a prebreeding

material useful to develop Piel de sapo varieties with

improved fruit quality and new characteristics.

Fruit morphology

The fruit morphology studied in the present report

includes fruit weight (FW), length (FL), diameter

(FD), shape (FS) and cavity (CW), traits which

showed significant differences among PS and DUD

(Online resource 5). As expected, these traits showed a

strong genotype effect (12.7–47.4%) and low interac-

tion G 9 E (3.0–9.9%). CW and FS also displayed a

significant environmental effect (Online resource 7).

In addition, some of these traits are closely related. For

instance, FS was positively correlated with FL

(r = 0.65, mean Paip16 and Paip17), and FW pre-

sented a strong correlation with FL and FD (r = 0.80

and r = 0.91, respectively) (Online resource 9). How-

ever, FS and FW showed low correlation (r = 0.19)

(Online resource 9), similar to the results reported by

Perpiñá et al. (2016).

DUD_1-1, DUD_1-2, DUD_4-2, DUD_5-1,

DUD_5-3, DUD_6-2 showed a significant reduction

of FS from 14.4 to 30.9% compared with PS in both

trials (Fig. 3, Table 1, Online resource 6). In fact,

many of these lines also showed a FL reduction from

20.0 to 38.8% with respect to PS parental (with

exception of DUD_1-1 and DUD_6-2). These lines

define 6 QTLs in fs.1.1, fs.1.2, fs.4, fs.5, fs.6 and fs.12

(Table 1).

Regarding fruit shape, Monforte et al. (2014)

reported several meta-QTLs derived from different

studies and populations. In chromosome 1, FSMQ1

was described with subsp. agrestis allele leading to

elongated fruits. Our fs.1.1 and fs.1.2 defined by

DUD_1-1, DUD_1-2 and DUD_6-2 collocate in this

region, with alleles from DUD decreasing the shape

index (rounder fruits; 22.5, 14.4, 24.9%, respectively;

Table 1). In fact, the line DUD_1-2 also defined fl.1,

displaying a significant decrease in fruit length

(22.3%).

The introgression on chromosome 4 of DUD_4-2

defined fs.4 and fl.4 (Table 1, Online resource 6). This

IL presented fruits with a significant decrease in fruit

shape index (30.9%) and also in length (38.8%). No

meta-QTL involved in fruit shape was reported by

Monforte et al. (2014) in this chromosome. However,

QTLs involved in fruit length have been reported by

Dı́az et al. (2015) in that region of chromosome 4 in

their consensus map (FLQC4.3, FLQX4.1), and

Ramamurthy and Waters (2015) found that the snake

melon allele for QTL FS2 (same region as fs.4)

increased the fruit length, while the cantaloupe alleles

decreased the trait. Dı́az et al. (2017) detected flqt4.1,

faqt4.1, and fdqt4.1 in a region partly collocalized with

fs.4, in a population derived from wild Cucumis

trigonus (Trigonus, now reclassified as Cucumis melo

subspecies agrestis) crossed to ‘Piel de sapo’, with the

PS alleles increasing length fruit and size, which is

coherent with our results for that region.

Wu et al. (2018) presented strong evidences that

members of Ovate Family Protein (OFP) gene family

are involved in the determination of organ shape in

different plant species having a critical role in

regulating cell division patterns early in the develop-

ment of organs. Consistently, Dı́az et al. (2017)

indicated that the QTLs described in chromosome 4

included some candidate genes belonging to the OFP

family (CmOFP4 corresponding to MELO3C009113,

34,135,042–34,136,208 bp; and CmOFP5, corre-

sponding to MELO3C009514, 31,566,369–31,567,

286 bp), along with other genes like MELO3C013074

(17,152,898–17,154,990 bp), a calmodulin-binding

family protein (involved in orientation during cell

division; Huang et al. 2013; Wu et al. 2011, 2015).

Although the region of fs.4 did not include any of these

OFP candidates, it included the calmodulin-binding

family protein MELO3C013074.

Interestingly, the lines DUD_4-2, DUD_5-1,

DUD_5-3 and DUD_6-2, which showed rounder

shape in comparison to PS, include OFP genes in

their DUD introgressions of chromosomes 1, 5 and 12,

based on the list of OFPs reported by Monforte et al.
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(2014) (Online resource 8). For example, DUD_4.2

shares with DUD_5-3 an introgression in chromosome

12. In this region maps the Transcription repressor

OFP6 (MELO3C025581, 12,990,776–12,991,288),

that can be a candidate to explain fruit shape variation

in these lines (Fig. 7b). Apart from OFP6, a probable

candidate for this QTL is the pentamerous locus (p),

which controls the number of carpels (Monforte et al.

2014) and has been mapped in this region on

chromosome 12 (16.4–22.4 Mbp; Dı́az et al. 2011).

As an increase in the number of carpels has been

associated to longer diameters and rounder fruits in

tomato (Rodriguez et al. 2011), alleles from acces-

sions with 5 carpels (not the usual 3) such as the

chinensis SC and dudaim melons may be lead also to

rounder shapes. A meta-QTL involved in fruit shape

(FSQM12) was reported in chromosome 12 (Monforte

et al. 2014). Our fs.12 collocates with this meta-QTL

whose conomon alleles lead to rounder fruits, simi-

larly to DUD alleles.

Moreover, based on the DUD introgressions in this

line DUD_5-3, putative QTLs in chromosomes 5 and 6

(fs.5, fl.5, fs.6, fl.6), and not only in chromosome 12,

were defined (Table 1, Online resource 6). With

respect to the introgression on chromosome 6 of

DUD_5-3 (fs.6), it is shared with DUD_1-1, DUD_5-

1, and DUD_6-2 with the same effects on FS.

Recently, Pereira et al. (2018) detected FSQU6.1

and FSQU6.2 (QTLs spanning 20.7–31.9 Mbp and

31.6–36.4 Mbp, respectively) on chromosome 6 in

which ‘Vedrantais’ alleles, like DUD ones, lead to

rounder shapes in contrast to more elongated PS.

Wu et al. (2018), using NILs from the cross

between the Indian momordica PI 124112 and ‘Piel

de Sapo’ as recurrent parent, identified a gene of the

ovate family (OFP1 transcription repressor,

MELO3C025206) on chromosome 8, as the respon-

sible for the decrease of the length, producing round

shape if the momordica allele is present. This gene is

not represented in our final ILs collection, but the

results described above suggest that other OFP-related

genes, may also cause differences in fruit shape.

Derivation of additional ILs from BC3 and new BC4 is

needed to cover this genomic region and confirm if

DUD alleles for this gene in a PS background have

similar effects on fruit shape.

Regarding fruit size, only DUD_1-2 and DUD_2-1

showed significant differences with respect to PS in

both environments (Fig. 3), with a reduction in weight

of 36.5 and 33.9%, respectively. The former IL not

only presents smaller fruits but also rounder ones, as

indicated previously (fl.1, fs.1.1). Previous studies

using PS also reported a QTL located in the same

region (FWQC1.4, Eduardo et al. 2007) with PS alleles

decreasing fruits weight. In addition, fw.1 collocates

with cw.1, a QTL involved in the variation of seed

cavity width, and fth.1, involved in flesh thickness

(Table 1, Online resource 6). Only this IL DUD_1-2

showed significant effects increasing seed cavity and

reducing flesh thickness in both environments

(Figs. 3, 7c, Table 1) compared to PS (17.2 and

- 24.3%, respectively).

In contrast, DUD_2-1 only presented a difference in

weight, as both length and diameter were also

significantly lower than PS without an effect on shape

(Fig. 3, Online resource 5). Thus, fw.2, fl.2 and fd.2

collocate in a large region on chromosome 2 (from

170 Kbp to 15.8 Mbp). Previous studies reported

QTLs involved in fruit length associated to size and

in shape in this region of chromosome 2. For instance,

Zalapa et al. (2007) detected a QTL that collocates

with our fw.2 (FWQI2.1, Dı́az et al. 2015), and Harel-

Beja et al. (2010), using RILs derived from the

momordica PI 414723 and the reticulatus Dulce,

reported flqn2.1 (0.7–23 Mbp, with Dulce reducing the

length) and fsh2.1 (0.8–20.0 Mbp). In our PS back-

ground, DUD alleles lead to a reduction in length

(19.8%, Table 1) like Dulce alleles in flqn2.1. Subse-

quently, a QTL for weight including the same region

was detected using ILs derived from makuwa and

‘Vedrantais’, although in this case makuwa alleles

increased fruit weight, the opposite of dudaim.

Recently, Dı́az et al. (2017), using the F2 from PS

and the wild Trigonus, detected flqt2.1 in an overlap-

ping region to our fw.2 [1.4–2.1 Mbp, region of

andromonoecious a gene (CmACS7; MELO3C015

444: 1,709,035–1,711,473 bp)], with PS alleles

decreasing fruit length, similar to our DUD reported

effect. Monforte et al. (2014) reported a meta-QTL for

weight in that region (FWMQ2) co-segregating with

a gene. Previously, Monforte et al. (2005) suggested

that sex expression affects fruit size and shape since

the presence of stamens prevent the normal longitu-

dinal growth leading to a reduced elongation of the

ovary. Since DUD and PS melons are andromonoe-

cious and carry the non-functional allele for CmACS7

(a), this pleiotropic effect does not explain the

observed phenotype caused by this DUD introgression

123

Euphytica (2019) 215:169 Page 13 of 18 169



in chromosome 2. Therefore, we suggest that maybe

other gene is involved in this trait in our population, or

simply that fruit length and andromonoecious pheno-

type only co-segregates without a cause-effect relation

as previously thought.

The small size of melons may be a desired attribute

in current markets. Thus both DUD_1-2 and DUD_2-1

can be promising pre-breeding lines, and especially

DUD_2-1, since flesh thickness is not affected.

Rind thickness and netting

The rind characteristics, such as the thickness and

netting are important in the processes of resistance to

storage and transport (shelf life). These two traits, Rth

and Net, displayed a negative correlation of r = -0.17

(Online resource 9). Moderate heritability has been

reported for them (Perpiñá et al. 2016). We found

important G effects (17.7–44.9%), non-significant E

effects, and moderate G X E interaction (Online

resource 7).

Based on ANOVA, parentals showed significant

differences for Rth in Paip16 and Paip17, while for Net

the differences were only significant in one environ-

ment (Online resource 5). Four ILs presented signif-

icant differences with PS in both trials for Rth

(DUD_4-2, DUD_5-1, DUD_6-3 and DUD_7-1) and

two for Net (DUD_5-1 and DUD_5-2) (Fig. 4). For

rind thickness these lines presented an average of 2.2,

2.3, 2.5 and 2.6 mm respectively versus 3.4 in PS

(Online resource 5). Putative genomic regions respon-

sible to the decrease in these lines were identified

(rth.3, rth.4, rth.6 and rth.7) (Table 1, Online resource

6), although DUD_4-2 and DUD_5-1 carries some

other introgressions based on GBS analysis (from 0.02

to 11.2 Mbp long) that will be necessary to study.

One region in chromosome 5 seemed to control

netting density (Table 1, Online resource 6). Although

DUD is a non-netted type (likely due to a genetic

background effect), DUD alleles in this region span-

ning 2 Mbp lead to netting in DUD_5-1 and DUD_5-2

fruits (Fig. 7d), with an increase of 451.3 and 379.5%

with respect to PS, which is also non-netted, respec-

tively. Perpiñá et al. (2016) identified QTLs associated

with this trait on chromosomes 5, 6 and 7, with no

correspondence with the reported herein. Also, Paris

et al. (2008) using a cross with the cantaloupe Top

Mark, reported PNQJ5.1 in chromosome 5, which is

located 1Mbp away from our net.5.

Rind and flesh color and sugars content

Despite the differences in rind color between parentals

(dark green in PS and reddish-yellow with ochre

stripes in DUD; Fig. 1) only one IL, DUD_6-1,

presented a yellowish rind (Fig. 7e). It is well known

that the rind color in melon changes during the

ripening process due to the loss of the green pigment

chlorophyll and the synthesis of other pigments such

as carotenoids and flavonoids. Monforte et al. (2004)

detected in chromosome 10 a QTL involved in this

trait, which is not associated to the climacteric

behavior. Subsequently, Feder et al. (2015) identified

a Kelch domain-containing F-box protein coding gene

(CmKFB, MELO3C011980: 3,475,283–3,476,416 bp)

in that region as the causal factor of the yellow rind

phenotype. This gene negatively regulates the accu-

mulation of naringenin chalcone, a yellow flavonoid,

and affects to downstream flavonoid pathway. Based

on the GBS genotyping, DUD_6-1 has two main

introgressions in chromosome 10 (4.2–6.2 Mbp, and

19–26.5 Mbp) and small ones in 1, 2, 4, 5, 6, 7, 8 and

11 (spanning small regions from 0.02 to 1.68 Mbp)

(Online resource 4). However, CmKFB is outside the

DUD introgressions in chromosome 10, therefore

other genes must be controlling this trait in this

dudaim derived population. For example, in the

chromosome 10 introgression of DUD_6-1 is located

MELO3C018335 (19,402,491–19,403,056) that cat-

alyzes the 30,50-hydroxylation of naringenin and other

flavonoids and could be a good candidate for this

genotype.

PS and DUD have similar white flesh, with similar

values of FCHl and FCb, and differences in FCa

(greenish flesh in PS fruit) (Online resource 5). ILs did

not show high variability for these traits (Fig. 5). For

these color parameters a considerable genotype effect

(10.9, 23.8 and 26.1%, for FCHl, FCb and FCa,

respectively) and interaction G X E (6.6, 14.8 and

15.6%, respectively) were found, while low or no

environmental effect was estimated (1.5% for FCa)

(Online resource 7). Only some lines showed signif-

icant effects based on Dunnett’s test for FCa and FCb,

but only in one environment, none showing a consis-

tent effect in both assays (Fig. 5).

Regarding nutritional content, sweetness is one of

the most appreciated traits. Sugar content in melon has

a complex genetic control (Gur et al. 2016), so a large

number of QTLs related to this trait have been
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identified in different chromosomes to date (Argyris

et al. 2017; Dı́az et al. 2015; Pereira et al. 2018).

Parentals showed differences in SSC (13.8 8Brix for

sweet PS vs. 8.18 8Brix for non-sweet DUD).

Although a significant environmental effect (3.1%)

and G 9 E (6.9%) was estimated, also a moderate

genotype effect existed for this trait (16.9%) (Online

resource 7). Only DUD_2-1, had a consistent effect in

both environments (average 10.9� Brix vs. 13.8� Brix

in PS) with a significant decrease in �Brix

(19.2–23.1%) (Table 1, Fig. 6). This IL defined QTL

ssc.2, and as expected, DUD alleles led to a reduction

in the soluble solid content (Table 1). Harel-Beja et al.

(2010) reported some QTLs in that region of chromo-

some 2 (sscqn2.1, sscqc2.2), with Dulce allele

increasing SSC. Although only in one location,

Argyris et al. (2017), using NILs derived from SC,

also detected QTLs in this chromosome for SSC and

sucrose in the region 0–1.4 Mbp overlapping ssc.2. SC

alleles led to a decrease of the sugar content relative to

PS (more than 25%). Despite the fact that RIL

population by Pereira et al. (2018) was also developed

from PS, no QTL for SSC was detected in common

with our population. Many other studies have mapped

sugar-related traits also in other chromosomes, how-

ever, some QTLs seem to be conserved across distinct

germplasm suggesting that common genetic mecha-

nisms regulate sugar content (Argyris et al. 2017),

especially in populations involving non-sweet Orien-

tal alleles (from DUD, SC, Trigonus).

Differences between parentals for flesh acidity (pH)

only were detected in one environment (Paip17) and

only DUD_6-2 was slightly more acid than PS

demonstrating there is low genetic variability for this

trait in this population (Fig. 6).

Conclusions

The set of introgression lines presented in this work

represents the first IL set developed with the aim to

exploit and study dudaim genomic variability into a

‘Piel de Sapo’ genetic background. Although the

whole dudaim genome is not represented in these 16

ILs, interesting variability for several fruit quality

traits such as climacteric ripening accompanied or not

of external aroma, fruit shape and weight, develop-

ment of thinner and netted rind, and different rind

color not associated to climacteric ripening has been

found. Therefore, some of these ILs could be consid-

ered prebreeding lines for future improvement of PS

commercial types with new characteristics. Associ-

ated to these traits, several QTLs have been defined by

these ILs, in some cases reinforcing previously

reported QTLs and discussing the location of some

candidate genes in these genomic regions, and in other

cases suggesting new candidates and regions involved.

The need of an in depth genotyping using GBS

methodologies in the final steps of IL library con-

struction has been also suggested.
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Picó B (2012) Transcriptome sequencing for SNP discov-

ery across Cucumis melo. BMC Genom 13:1–18. https://

doi.org/10.1186/1471-2164-13-280

Burger Y, Sa’ar U, Paris HS, Lewinsohn E, Katzir N, Tadmor Y,

Schaffer AA (2006) Genetic variability for value fruit

quality traits in Cucumis melo. Isr J Plant Sci 54:233–242.

https://doi.org/10.1560/ijps

Dantas ACA, Araujo IS, Esteras C, Nunes GHS, Pico MB

(2015) Diversity of melon accessions from northeastern

Brazil and their relationships with germplasms of diverse

origins. J Am Soc Hortic Sci 10:505–517. https://doi.org/

10.21273/JASHS.140.5.504

Dı́az A, Fergany M, Formisano G et al (2011) A consensus

linkage map for molecular markers and quantitative trait

loci associated with economically important traits in melon

(Cucumis melo L.). BMC Plant Biol 11:111. https://doi.

org/10.1186/1471-2229-11-111

Dı́az A, Forment J, Argyris JM, Fukino N, Tzuri G, Harel-Beja

R, Katzir N, Garcia-Mas J, Monforte AJ (2015) Anchoring

the consensus ICuGI genetic map to the melon (Cucumis

melo L.) genome. Mol Breed 35:1–7. https://doi.org/10.

1007/s11032-015-0381-7

Dı́az A, Martı́n-Hernández AM, Dolcet-Sanjuan R, Garces-
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Schaeffer H (2018) Repeated domestication of melon

(Cucumis melo) in Africa and Asia and a new close relative

from India. Am J Bot 105:1662–1671. https://doi.org/10.

1002/ajb2.1172

Eshed Y, Zamir D (1995) An introgression line population of

Lycopersicon pennellii in the cultivated tomato enables the

identification and fine mapping of yield-associated QTL.

Genetics 141:1147–1162

Esteras C, Formisano G, Roig C, Dı́az A, Blanca J, Garcia-Mas
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