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Abstract Different factors affect the quality of melon fruit
and among them long shelf life is critical from the consumer’s
point of view. In melon, cultivars showing both climacteric
and non-climacteric ripening types are found. In this study we
have investigated climacteric ripening and fruit softening
using a collection of near-isogenic lines (NILs) derived from
the non-climacteric melon parental lines PI 161375 (SC) and
“Piel de Sapo” (PS). Surprisingly, we found that QTL eth3.5
in NIL SC3-5b induced a climacteric-ripening phenotype with
increased respiration and ethylene levels. Data suggest that
the non-climacteric phenotypes from PI 161375 and “Piel de
Sapo” may be the result of mutations in different genes. Sev-
eral QTLs for fruit flesh firmness were also detected. Candi-
date genes putatively involved in ethylene regulation,
biosynthesis and perception and cell wall degradation were
mapped and some colocations with QTLs were observed.
These results may provide additional data towards under-
standing of non-climacteric ripening in melon.

Introduction

Fruits are the essential components of human and animal
diets, and for this reason the improvement of their quality is
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one of the main objectives of breeding programs in many
crops. Different factors affect fruit quality and probably the
most important ones are ripening-induced changes such as
texture, aroma, flavour and pigmentation. Two types of
fruit-ripening mechanisms have been described in the fully
developed fruit, (1) climacteric ripening, which is charac-
terized by a rise in respiration rate and is initiated by an
autocatalytic ethylene burst, and (2) non-climacteric ripen-
ing, represented by the continuous decrease of respiration
rate and ethylene production with absence of an ethylene
peak (Moore et al. 2002). Fruit texture and softening are
also important factors for fruit shelf life and post-harvest
quality, due to fruit cell wall disassembly during ripening
(Brummell and Harpster 2001). Understanding fruit ripen-
ing from a molecular point of view may have important
commercial applications for fruit storage and distribution to
the consumer. Advances have been made during the last
years in the knowledge of the molecular mechanisms that
control fruit ripening in climacteric tomato fruit, where eth-
ylene biosynthetic and perception genes are transcription-
ally regulated (Giovannoni 2007). Some important
regulatory elements of ripening are the rin (Le-MADS-
RIN) and Cnr genes, both encoding transcription factors
(Vrebalov etal. 2002; Manning et al. 2006) or the Gr
mutant (Green-ripe) that contains a mutation in a gene
encoding a conserved protein of unknown function that dis-
rupts ethylene signalling (Barry and Giovannoni 2006).
Strawberry, a non-climacteric fruit, also contains a fruit-
specific Le-MADS-RIN orthologue, suggesting the pres-
ence of common ethylene-independent regulatory networks
involving MADS-box genes in both types of fruit ripening
(Giovanonni 2007). The key elements that trigger ripening
in a climacteric manner are not fully understood, and much
less is known about the ripening mechanism in non-climac-
teric fruits.
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On the other hand, fruit softening is probably the result
of the controlled reorganization of cell wall structures
(Brummell and Harpster 2001) together with a cell turgor
pressure component (Lin and Pitt 1986; Shackel et al. 1991;
Harker et al. 1997), but which enzymes are responsible for
the modifications that lead to fruit softening is not com-
pletely understood (Brummell and Harpster 2001; Vicente
et al. 2007).

Melon (Cucumis melo L.) has also been used as a model
species to study climacteric ripening (Ayub et al. 1996).
However, climacteric and non-climacteric varieties exist
within this species. For example, Cantalupensis melon
types are climacteric, whereas Inodorus melon types are
non-climacteric. The coexistence of both types of ripening
genotypes makes melon a suitable system to study the
genetic control of climacteric ripening. Cantaloupes (Can-
talupensis) are the melon type in which ripening has been
studied in more detail (Ayub et al. 1996; Périn et al. 2002;
Nishiyama et al. 2007). Ethylene production is drastically
reduced in antisense l-aminocyclopropane-1-carboxylate
oxidase (ACO]I) cantaloupe plants (Ayub et al. 1996). Both
exogenous ethylene treatment and application of 1-methyl-
cyclopropene (1-MCP) in ACOI antisense melons con-
firmed that fruit softening of “Charentais” melon types is
completely ethylene-dependent (Nishiyama etal. 2007).
The expression of some cell wall degrading enzymes is also
dependent on ethylene expression, suggesting that these
genes may be good candidates for pectin disassembly in cli-
macteric melons, although other cell wall-modifying genes
from the same gene families are not regulated by ethylene
(Nishiyama et al. 2007).

A segregating population from a cross between the non-
climacteric PI 161375 accession and the climacteric
“Védrantais” line (Cantalupensis) revealed the presence of
two genes (A/-3 and Al-4) involved in ethylene-dependent
fruit abscission and ethylene production, and four addi-
tional quantitative trait loci (QTLs) controlling the level of
ethylene production (Périn et al. 2002), but the molecular
nature of these genes is still unknown. Exogenous propyl-
ene treatments did not induce endogenous ethylene produc-
tion in PI 161375 fruits, although it displayed the
characteristic triple response induced by ethylene in seed-
lings, suggesting that ethylene perception is inhibited in the
fruit tissue in PI 161375 (Périn et al. 2002).

In this paper we describe the identification of a region in
melon linkage group III carrying a QTL that induces cli-
macteric ripening, using a collection of near-isogenic lines
(NILs) derived from two non-climacteric parental lines PI
161375 and “Piel de Sapo” (Eduardo et al. 2005). We also
report the discovery of several QTLs that control the ripen-
ing-related trait fruit flesh firmness. Additionally, candidate
genes for ethylene biosynthesis, perception and signalling
and cell wall degradation have been placed in the PI
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161375 x “Piel de Sapo” genetic map, and the possible co-
segregations between QTLs and candidate genes are dis-
cussed.

Materials and methods
Plant material and DNA extraction

DNA sequence polymorphism within the candidate genes
was investigated between the Spanish melon cultivar “Piel
de Sapo” (PS) and the Korean accession PI 161375
“Songwhan Charmi” (SC). A double haploid line (DHL)
population, developed previously from the F, hybrid of PS
and SC to construct the melon genetic map (Gonzalo et al.
2005), was used for mapping the candidate genes. Genomic
DNA from parents and DHLs was isolated from young
leaves according to Doyle and Doyle (1990), with some
modifications (Garcia-Mas et al. 2000).

Climacteric ripening and cell wall related traits were
studied with a set of 27 near-isogenic lines (NILs) derived
from the previous cross between PS and SC (Eduardo et al.
2005). The NILs were developed by marker-assisted selec-
tion after several generations of backcrossing and selfing,
most of them containing a single homozygote introgression
from SC, and only three of them containing a single hetero-
zygote introgression (Eduardo et al. 2007). The introgres-
sions represented in this set of 27 NILs together covered
most of the SC genome.

Phenotyping of ethylene production
and fruit softening traits

The 27 NILs and both parents PS and SC were cultivated in
2004 in Cartagena (Murcia, Spain), following soil prepara-
tion, fertigation, plant protection and other growing
practices commonly used for melon cultivation in Mediter-
ranean conditions. The field design was completely ran-
domised with ten replications for each NIL, 50 replications
for PS and five plants for SC. Further details about this
experiment have been reported previously (Eduardo et al.
2007; Obando et al. 2007). In 2006 and 2007, selected
NILs, PS and “Védrantais” (as a climacteric control) were
cultivated with the same conditions as above in Cartagena
and Cabrils (Barcelona, Spain).

Fruits were harvested in the morning based on the matu-
rity indexes and the handling practices previously reported
(Obando et al. 2007). Seven selected fruits were harvested
per line and subjected to analysis. Respiration rate and eth-
ylene production activities were measured at 20°C and 70%
relative humidity after equilibrating the fruit with the
environment (4 h minimum). Fruits were analysed by the
static method (Kader 2000) as previously reported in
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Fernandez-Trujillo etal. (2005). Ethylene (C,H,) and
carbon dioxide (CO,) were sampled after fruits were placed
in hermetic containers for 30 min and 1 h, respectively.
Two samples of 0.5 mL were removed from the headspace
and analysed by gas chromatography (Thermo Finnigan
Trace GC 2000, Milan, Italy).

Flesh firmness was evaluated after fruit harvest using
flesh cylinders (20-mm-long and 15-mm-diameter) that
were trimmed from the middle flesh part of the longitudinal
fruit section with an apple cork borer. This tissue corre-
sponds to hypodermal mesocarp. In Cartagena, flesh firm-
ness was evaluated measuring the breaking force of the
above-mentioned flesh cylinders using a 4.6-mm-diameter
probe (the numbers of independent measures were 50 for
PS and 7 for NILs, two fruits per replicate) (Fernidndez-
Trujillo et al. 2005). In Cabrils, flesh firmness for selected
lines (four independent measures per line) was measured by
using a penetrometer with an 8.0-mm-diameter probe tip.

Candidate gene selection and polymorphism discovery

Candidate genes involved in ethylene biosynthesis and per-
ception and cell-wall degradation were selected. The
sequences of Arabidopsis thaliana related with the traits of
interest were used to perform BlastX (Altschul et al. 1990)
in the MELOGEN database (http://www.melogen.upv.es,
Gonzalez-Ibeas et al. 2007) and in GeneBank. Candidate
genes were named with the prefix Cm (for Cucumis melo)
followed by the abbreviated gene name and a number indi-
cating the different genes that have been found for each
candidate gene. For previously described candidate genes
the same gene numbering was used.

For each of the selected ESTs, specific primers were
designed using the Primer3 software (Rozen and Skaletsky
2000) with an average length of 20 nucleotides, a melting
temperature around 60°C and an expected PCR product of
500-700 bp. In order to increase the probability of poly-
morphism discovery, we designed primers in regions near
the 3'UTR or flanking positions where introns were located
in Arabidopsis.

Genomic DNA from the parental lines of the mapping pop-
ulation SC and PS was amplified following the conditions
described by Morales et al. (2004) after modifying the length
of the PCR extension step, which varied between 30 and 90 s
according to the fragment length. Amplified fragments were
purified with sepharose columns and sequenced using the ABI
Prism BigDye Terminator Cycle Sequencing kit (Applied
Biosystems, Foster City, CA, USA) in an ABI Prism 3130
sequencer (Applied Biosystems, Foster City, CA, USA).

Sequences were aligned and screened for polymorphism
with the Bioedit software (Hall 1999). Sequences were also
compared with EST sequences to verify the intron positions
that had previously been predicted.

Bioedit software was used to generate restriction maps
from sequences obtained from SC and PS. SNPs or indels
producing differential restriction maps between PS and SC
were used to develop cleaved amplified polymorphic
sequence (CAPS) markers when possible. PCR products
were digested with the corresponding enzyme and buffer.

For cases where the SNP could not be genotyped by a
CAPS marker, the ABI Prism SNaPshot ddNTP Primer
Extension Kit (Applied Biosystems) was used (Morales
et al. 2004). Microsatellites found within candidate genes
were detected by PCR amplification with primers flank-
ing the repetitive sequence. One of the primers was
labelled with IRD-800 (MWG Biotech AG, Ebersberg,
Germany) and visualized with a LICOR IR? sequencer
(Li-cor Inc, Lincoln, NE, USA) as described in Gonzalo
et al. (2005).

For mapping some important candidate genes that did
not show any SNP between SC and PS, we screened a
melon bacterial artificial chromosome (BAC) library (van
Leeuwen etal. 2003) in order to identify flanking
sequences near the gene of interest. The BAC library was
screened by PCR according to van Leeuwen et al. (2003) in
order to isolate single positive BAC clones. Positive clones
were grown in 2x YT medium (16 g of tryptone, 10 g of
yeast extract and 5 g of NaCl/L) and BAC DNA was puri-
fied. After obtaining BAC-end sequences by direct
sequencing, specific primers were designed and SC and PS
DNA were amplified in search for polymorphisms.

In those cases in which BAC-ends were monomorphic
between the parental lines, BAC DNA was digested with
EcoRI and HindIIl and the resulting fragments were sub-
cloned in pUC19. Random clones were isolated and
sequenced, specific primers were designed and SC and PS
DNA were amplified in search for polymorphisms.

SNP mapping

SNPs and indels were mapped by selective genotyping
using the bin-mapping strategy (Howad etal. 2000),
adapted for the melon mapping population (Ferndndez-
Silva et al. 2006). Briefly, 14 DHLs from the melon map-
ping population were selected to obtain the maximum reso-
lution with a minimum number of genotypes. This reduced
number of individuals defined 102 bins with an average of
18 cM per bin. SNPs and indels were placed in the bin map
by visual inspection of the genotypes presumed by the
markers and genotypes in the bin set.

Statistical analysis
All statistical analyses were performed with JMP v5.1.2 for

Windows (SAS Institute, 2004). To study the effect of the
SC introgressions on ethylene production and fruit softening,
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NIL mean values were compared with the control genotype
PS using the Dunnett contrast (Dunnett 1955) with type-I
error o < 0.05. When the mean of a NIL was significantly
different from PS, it was inferred that there was a QTL for
the trait within the SC introgression carried by the NIL
(Eshed and Zamir 1995). The total number of QTLs con-
trolling a trait was estimated assuming that there was only
one QTL per introgression, and that when two NILs with
overlapping introgressions showed significant effects the
QTL was located in the overlapping region (Eduardo et al.
2007). NILs with less than four replicates were excluded
from the analysis.

Results

Respiration rate and ethylene production at harvest and dur-
ing postharvest ripening

During the 2004 field experiments, PS and SC had respi-
ration rates and ethylene production values during post-
harvest storage typical of non-climacteric melon varieties
(data not shown). No changes in skin colour, softening
and aroma were observed, especially for the PS genotype.
No significant differences were detected at harvest in both
activities between PS and any of the 24 out of the 27
available NILs that were successfully grown (data not
shown). Three additional NILs were not included in the
statistical analysis because we did not obtain enough
fruits. Visual inspection of the fruits of one of these NILs,
SC3-5b, showed the most different ripening phenotype
compared with PS or SC, the skin turned from green to
yellow, the flesh developed evident softening, the fruit
abscised and a strong differential aroma could be appreci-
ated, indicating a possible climacteric ripening for this
near-isogenic line. To confirm that possibility, respiration
and ripening were studied more carefully during 2006
experiments for SC3-5b. PS and SC fruits behaved again
as non-climacteric with ethylene values around 5 and
10 pmol kg~ s~!, respectively (Fig. 1). SC3-5b fruits
were climacteric, showing the characteristic ethylene
peak observed in typical climacteric fruits around 4 days
postharvest with a maximum peak of ethylene production
of 77.8 pmol kg~!' s™! (Fig. 1). “Védrantais” fruits were
also tested and an ethylene peak value of 207 pmol
kg~! s~! was observed (data not shown). Respiration rates
were also consistently higher for SC3-5b with a peak of
CO, production of 694 nmol kg~' s7! around 6 days after
harvest.

A QTL involved in ethylene production and climacteric
response, which was named eth3.5, was defined on LG III
(Fig. 2) inside the introgression in SC3-5b covering
approximately 50 cM (Eduardo et al. 2005).
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Fig. 1 Respiration rate (nmol.kg~'.s™!) (a) and endogenous ethylene

(pmol.kg_l.s_l) (b) measured at 21°C in the non-climacteric parental
lines PS, SC and the NIL SC3-5b (SC3-5)

Fruit firmness

Flesh firmness at harvest for PS and 24 out of the 27 avail-
able NILs were measured during 2004 in Cartagena
(Table 1). NILs SC2-2a, SC8-2 and SC8-4 showed signifi-
cant lower flesh firmness rates than PS, whereas SC10-2
showed a higher flesh firmness rate, defining four QTLs for
this trait ff2.2, ff8.2, ff8.4 and ff10.2. For the climacteric line
SC3-5b, flesh firmness measured during 2006 in Cabrils
was significantly lower than PS, defining another QTL
(ff3.5) for flesh firmness (Table 1). Thus, a total of five
QTLs involved in fruit firmness were detected (Fig. 2,
white and lined bars). We focused on the QTLs for fruit
flesh firmness in NILs SC3-5b, SC8-2 and SC10-2, which
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Table 1 Flesh firmness means with their standard deviations for 25
NILs and “Piel de Sapo” (PS) control genotype in the 2004 Cartagena
trial (CT 2004)

Flesh firmness (N)

CT 2004 CB 2006 CT 2006 CB 2007
PS 4.8+ 0.1 53+04 6.9 £0.2 69+03
SC1-3d 47+04
SCl-4a 48+ 04
SC1-4d 45+03
SC2-2a 35+04*% na. n.a. n.a.
SC2-3d 40+£03
SC3-3 55+05
SC3-5b n.a. 374+04% 42+ 04* 4.5 + 0.4%
SC4-1hb 45+04
SC4-4 44403
SC5-2 43+04
SC5-3 40+£03
SC6-4 43+04
SC7-2 55+£06
SC7-4a 6.1 04
SC8-1 4.1+£03
SC8-2 29+03* na. n.a. 3.2 + 0.6*
SC8-3 35+04
SC8-4 3.6 £03* n.a. n.a. n.a.
SC9-1a 59+04
SC9-2a 49+03
SC9-3 43403
SC10-2 6.6 £0.4* n.a. 11.3 £ 0.6* n.a.
SC11-2ahb 53 +04
SC12-1ab 52404
SC12-4hb  5.0+03

Some significant NILs were measured again in 2006 in Cartagena (CT
2006), Cabrils (CB 2006) and in 2007 in Cabrils (CB 2007)

n.a. Data not available, CT Cartagena assay, CB Cabrils assay
* Mean for a NIL is significantly different (P < 0.05) from PS

were re-evaluated in 2006 in Cartagena (SC3-5b and SC10-
2) and in 2007 in Cabrils (SC3-5b and SC8-2). In all cases
fruit flesh firmness was significantly different than PS, con-
firming QTLs ff3.5, ff8.2 and ff10.2 (Fig.2, lined bars).

Identification of candidate genes involved in ethylene
biosynthesis, ethylene signal transduction and cell wall
degradation

Genes involved in ethylene biosynthesis, ethylene percep-
tion and signal transduction pathways were selected
(Table 2). Candidate gene sequences were obtained from
the MELOGEN database (http://www.melogen.upv.es) and
from GeneBank. Four different ESTs encoding 1-aminocy-
clopropane-1-carboxylate synthase (ACS) were identified.

PSI_39-HO8 and A_02-A09 were identical to melon
CmACS2 and CmACS3 genes, respectively (Ishiki et al.
2000) and 15d_41-DO1 and DV633629 represented new
melon ACS genes (CmACS4 and CmACSS5). CmACS4 and
CmACS5 were both recovered from fruit cDNA libraries
and showed the best homologies to tomato ACS2 and ACS5
genes, respectively. Three ESTs encoding 1-aminocyclo-
propane-1-carboxylate oxidase (ACO) were also identified.
X95553 corresponded to melon CmACO3 (Lasserre et al.
1996) and CI_07-FO8 and HS_35-E12 represented new
melon ACO genes (CmACO4 and CmACOS, respectively),
both obtained from a cotyledon cDNA library. CmACO4
and CmACOS5 showed the best homologies to tomato ACO4
and ACOI genes, respectively.

Three ethylene receptors putatively involved in ethylene
perception were also selected as candidate genes. CI_54-
HO9 that was identical to melon CmETRI gene (Sato-Nara
etal. 1999), the CmERSI gene (Sato-Nara etal. 1999;
orthologous to tomato Nr gene) and AI_29-A04 (CmETR?2)
that showed the highest homology with the ETR2 gene
from cucumber (Yamasaki et al. 2000).

For ethylene signalling, several candidate genes were iden-
tified. CI_19-F07 (CmCTRI) showed high homology with the
negative regulator kinase CTR1. PS_03-F02 (CmEIN2) was
homologous to the positive regulator of the ethylene pathway
EIN2. Three members of the EIN3-like family of transcrip-
tion factors were also identified: AB063191 (CmkEILI),
DV633356 (CmEIL3) and 46d_19-G04 (CmkEIL4) that
showed homology with EIN3-like genes. Three genes with
high homology to ethylene responsive factors were also iden-
tified: melon CmERF1 and CmERF2 (Mizuno et al. 2006),
and DV631911 (CmERF3) with the highest homology to an
ERF from B. oleracea. We also identified PSI_37-A02
(CmGRL) as homologue to the tomato Green-ripe like (GRL)
and PSI_36-G11 (CmEthind) with homology to an ethylene-
inducible protein from Hevea brasiliensis.

Enzymes involved in cell wall degradation such as
polygalacturonases, expansins, xyloglucan endotransglyco-
lase/hydrolases, pectinesterases, pectate lyases and xylose
isomerases were also selected for the candidate gene
approach. Three genes encoding polygalacturonases were
selected: CmPGI (Hadfield etal. 1998), DV633624
(CmPG4) similar to CmPG2 (Hadfield etal. 1998) and
PSI_36-E05 (CmPGS5). Six homologues to the xyloglucan
endotransglycolase/hydrolase (XTH) gene family were
found. 15d_18-A03 was identical to melon CmXTH2
(ABI94062). A_15-E06 (CmXTH4), Al_20-E02 (CmXTHS),
and 15d_30-C10 (CmXTH9) showed homologies to several
XTHs from other plant species. CI_39-G03 (CmXTHinh)
showed homology to a xyloglucan endotransglycolase
inhibitor from S. fuberosum. DV632961 (CmPME3) and
HS_39-B01 (CmPME4) were homologous to pectinester-
ases from A. thaliana and N. tabacum, respectively. Three
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Fig. 2 Melon framework genetic map (SC x PS, Gonzalo et al. 2005)
containing candidate genes for ethylene synthesis, signal transduction
and cell wall degrading enzymes. Candidate genes are in italics on the
left side of each linkage group. Underlined are candidate genes report-
ed only in Périn et al. (2002). Vertical bars indicate bins where fruit
QTLs for climacteric ripening (filled bar) and flesh firmness (lined
bars) are located. Flesh firmness QTLs that have not been verified are
represented in white bars. QTLs for ethylene synthesis from Périn et al.
(2002) are in italics on the right side of each linkage group

ESTs showed homologies to members of the expansin
family: 46d_01-B10 (CmEXPI) (Nishiyama et al. 2007),
FR13C9 (CmEXP2) and P11.25 (CmEXP3). Finally, P3.84
(CmPL) showed homology to a pectate lyase from Fragaria
x ananassa and P3.08 (CmXylso) to a xylose isomerase
from A. thaliana. In total, 35 melon ESTs with homology to
genes involved in ethylene biosynthesis, ethylene response
and cell wall degradation were selected as candidate genes
for mapping (Table 2).

SNP discovery and mapping

Primers were designed for all the ESTs (Table 2). A single
clear amplification product was obtained for 30 candidate
genes. The size of the amplified fragment was bigger than
originally predicted from the EST sequence for ten candi-
date genes, confirming the presence of introns in the geno-
mic sequence. For most of the sequences the intron location
was conserved with the corresponding gene in Arabidopsis,
except for the polygalacturonase PSI_36-E05 (CmPGS5)
(data not shown). We were unable to obtain any amplifica-
tion product from five ESTs (CmACO4, CmCTR1, CmGRL,
CmPGI and CmXylso).

For the 30 candidate genes successfully amplified,
approximately 11.4 kb of genomic sequence were analysed
in each of the two parental melon lines SC and PS. In total,
53 polymorphisms were identified (45 SNPs, 7 indels and 1
microsatellite) in 19 candidate genes (Table 2). The fre-
quency of polymorphisms observed was 3.9 SNP and 0.6
indels per kilobase. Twenty-four SNPs (53.3%) were found
in introns, 18 SNPs (40%) in exons and 3 SNPs (6.7%) in
the 3'UTR. All indels were located in non-coding regions
(two in introns and four in 3’UTR). The microsatellite in
CmACO3 was located in an intron.

All candidate genes containing at least one polymor-
phism between SC and PS were mapped in the SC x PS
melon genetic map. The candidate genes were mapped
using cleaved amplified polymorphic sequence (CAPS)
markers (nine candidate genes), single primer extension
with SNaPshot (eight candidate genes), one sequence char-
acterized amplified region (SCAR) marker and one micro-
satellite (Table 2).

Additionally, four candidate genes (CmACO2, CmETRI,
CmERSI and CmETR?2) that were monomorphic between

SC and PS were successfully mapped indirectly using
flanking sequences obtained after screening a melon BAC
library. Positive BAC ends (CmERSI) or internal BAC
regions (CmACOS5, CmETRI and CmETR2) were
sequenced and markers were developed and successfully
located in the melon genetic map (Table 3). In total, 23 out
of the 30 successfully amplified candidate genes were
placed in the SC x PS genetic map (Fig. 1). Additionally,
the genetic map also contained the position of markers
CmACS1 (Miki etal. 1995), CmACOI (Lasserre et al.
1996), CmXTH7, CmXTHS, CmPMEI, CmPME2 and
CmPGinh that were previously mapped in our laboratory as
RFLPs or SSRs (Oliver et al. 2001) (Table 4).

Previously mapped QTLs and candidate genes

The approximate positions of several candidate genes
reported in the melon genetic map from Périn et al. (2002)
are also represented in Fig. 1. For CmERSI, CmACSS5,
CmACSI and CmACOI, the map position fitted with the
position that we found for the same gene (Fig.2). Two
additional candidate genes that we did not map were also
included: CmACO?2 and CmXTH?7 (Table 4). The map posi-
tion of four QTLs for ethylene production (ethl.1, eth2.1,
eth3.1 and ethll.l), hook curvature (ech) and two genes
involved in fruit abscission and autocatalytic ethylene pro-
duction (Al-3 and Al-4) (Périn et al. 2002) is also repre-
sented in Fig. 2. The approximate position of these genes in
the SC x PS genetic map was determined by using com-
mon markers between both genetic maps.

Colocation of candidate genes and QTLs

Seven possible colocations between candidate genes and
QTLs were detected. For fruit ripening, eth3.5 with
CmACSS; ethl.l with ERSI; eth2.] with CmEILI and
CmEIL3; eth3.1 with CmEIL4. For fruit firmness, ff10.2
with CmEXP3 and CmXTH5. Additionally, CmEXP1 colo-
cated with the unverified QTL ff8.4. It should be pointed
out that due to the low resolution mapping of the QTLs, we
are still far from being able to correlate between QTLs and
candidate genes, and further fine mapping of the QTLs is
still needed.

Discussion

A novel QTL for climacteric fruit ripening derived
from two non-climacteric melon types

We report the identification of eth3.5, a QTL involved in

climacteric ripening, derived from the cross between the
non-climacteric melons SC and PS. The eth3.5 allele from

@ Springer
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Table 2 continued

Linkage
group

SNP

SNP/indel position
and location

Primer sequences

E value

Best Hit (BlastX)

GenBank Gene

accession

Sequence

detection

method

(forward and reverse, 5'—3")

name

Monomorphic

AACCGGCAATCCTATTGATG
CTTACCATGGCGTTTCCAGT

1E-126

Pectate lyase (Fragaria x ananassa)

CmPL

*

P3.84%

AAK66161

Xylose ismoerase (A. thaliana)

Not amplified

TGAACACTGACATGGGGAGA
AATCCGCCATTTCTCACAAC

3E-87

CmXylso

*

P3.08*

QYFKK?7

The best BlastX hit for each sequence is indicated. Primer sequences, SNPs identified, SNP detection method and melon linkage group are indicated. For CAPS markers the restriction enzyme

is also shown

* Sequences available in MELOGEN only (http://www.melogen.upv.es)

% ESTs from MELOGEN database. Some of them are singletons. For ESTs contained in contigs, a representative EST from the contig is given

b Sequences retrieved from GeneBank

¢ Primers for SNaPshot polymorphism detection

4 Sequences mapped through BAC-end sequencing or BAC subcloning

¢ SNaPshot primers designed from intron sequences

f Primers for Licor polymorphism detection

SC, when introgressed into the PS genetic background, is
able to induce climacteric ripening, suggesting that the non-
climacteric phenotypes from PS and SC are probably pro-
duced by different genes. In fact it has been suggested that
SC has impaired ethylene perception in the fruit tissue, as
ethylene does not induce endogenous ethylene production
or expression of known target genes (Périn et al. 2002). In
climacteric melon types the treatment with exogenous eth-
ylene can induce abscission, endogenous ethylene produc-
tion and ripening. The non-climacteric “Earl’s Favourite”
melon (Cantalupensis) did not induce endogenous ethylene
synthesis after treatment with exogenous ethylene, but
ACOI expression was induced (Shiomi et al. 1999). Thus,
the non-climacteric phenotype found in “Earl’s Favourite”
suggests a different type of mechanism than the one found
in SC, maybe related to the impaired regulation in early
ethylene biosynthesis steps, as it has been reported for the
tomato rin and nor mutants (Giovannoni 2007). The same
non-climacteric phenotype may also be attributed to PS, but
exogenous ethylene treatments have to be performed in PS
in order to make further conclusions. It should be noted
that values of ethylene production for SC3-5b (77.8
pmol kg~! s~!) were not as high as the ones usually found
in typical climacteric “Védrantais” melons (207 pmol
kg~'s7"), suggesting that additional loci may control the
levels of ethylene.

Interestingly, Monforte et al. (2004) reported an associa-
tion of the genomic region containing eth3.5 with orange
flesh colour found in fruits of some individuals belonging to
F, and DHL populations derived from the SC x PS cross,
even though neither PS nor SC show orange flesh. Thus,
eth3.5, through ethylene production, could induce the for-
mation of orange flesh colour in combination with other loci
as ofc3.1 and ofc12.1 (Monforte et al. 2004), in contrast with
the previously reported ethylene-independent pathway of
flesh colour in cantaloupe melon (Guis et al. 1997).

Several QTLs for fruit flesh softening have been detected

The genetic control of fruit firmness and related traits has
been studied in a limited number of works. Four reproduc-
ible flesh firmness QTLs have been identified in apple
(Liebhard etal. 2003). In tomato, however, two major
QTLs for fruit firmness identified in chromosomes 4 and 9
using an RIL mapping population (Saliba-Colombani et al.
2001; Causse et al. 2002) did not have consistent effects on
different years and genetic backgrounds, except the QTL on
chromosome 4 in a specific genetic background (Chaib
et al. 2007). In the current report we described five QTLs
related to fruit flesh firmness, three of them tested and veri-
fied in different years or locations. The SC allele of ff10.2
increased flesh firmness, a desirable trait for “Piel de Sapo”
cultivars. ff3.5 is also interesting as it maps in the same

@ Springer
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Table 3 Candidate genes mapped after the identification of a melon BAC clone containing them

Gene Positive BAC BAC polymorphic region SNP detection method Primer sequences for amplification and
name polymorphism detection® (5'—3")
CmACOS5 23-4A internal sequence SNaPshot GGCTTTAGGTGGGCTTGAG
AATGATTATTGAGAAACGACGTAAA
CTATGTTGGGTTTGGGCTTGAGT?
CmETRI 12-17P internal sequence SCAR GGAGCAACGGATGGTCTTTA
CAAAATTGATTTGTCATCCTAACC
CmERS1 41-17L BAC-end SNaPshot TTTTCACCCTAACTTTGAAGTGTAAT
ACTCGAAGAATATAACAAACCAAACA
GAGTAATGTAATTTTTACAAATA®
CmETR2 20-6B internal sequence SNaPshot CCTCCTTGGAAGATAAGTTGG

TGGTGTGATGTCAATGTGGA
GTTGATACAAAGGTAGCTTATTCT?

SNP detection method and primers for amplification and SNP detection are indicated

# Primers for SNaPshot polymorphism detection

Table 4 Candidate genes previously mapped in the PI 161375 x
“Piel de Sapo” and “Védrantais” x PI 161375 genetic maps

Gene name Marker type Linkage group
CmACSI RFLP XI?
CmACOI SSR (CMAT35) Vi
CmACO2 RFLP VIIP
CmXTH6 RFLP vb
CmXTH7 RFLP (MC284) v?
CmXTHS RFLP (MC102) X
CmPMEI RFLP (MC325) x?
CmPME?2 RFLP (MC373) VIE
CmPGinh RFLP (MC348) x?
ech Phenotipic I
Al-3 Phenotipic vIIP
Al-4 Phenotipic Ix°

The marker name in the SC x PS map in brackets

# Mapped in the PI 161375 x “Piel de Sapo” framework map (Oliver
et al. 2001)

b Mapped in the “Védrantais” x PI 161375 framework map (Périn
et al. 2002)

introgression than the climacteric QTL eth3.5, suggesting
that the decrease in flesh firmness in SC3-5b may be a con-
sequence of the climacteric ripening phenotype due to
eth3.5. Thus, this is the first example where QTLs for fruit
firmness with consistent effects in independent experiments
have been “mendelized” using a set of NILs. Previous stud-
ies have shown that cell wall changes leading to fruit soft-
ening and textural changes are complex, and involve the
coordinated and interdependent activities of a range of cell
wall-modifying proteins (Brummell and Harpster 2001;
Rose et al. 2003). The reproducibility of the reported firm-
ness QTLs makes NILs SC3-5b, SC8-2 and SC-10-2 an
excellent genetic material to study the molecular basis of

@ Springer

this trait. These QTLs are also useful for introducing new
genetic variabilities in melon breeding programs.

Several candidate genes colocate with QTLs
for fruit softening and climacteric ripening

The recent availability of gene sequences in melon allowed
mining the databases for candidate genes involved in ethyl-
ene metabolism and cell wall degradation (http://www.mel-
ogen.upv.es). We have been able to map 18 genes involved
in ethylene metabolism and 14 genes encoding cell wall-
degrading enzymes. Many candidate genes are members of
multigenic gene families from which only a few genes have
been retrieved from MELOGEN (Gonzalez-Ibeas et al.
2007). When more melon sequences are available, addi-
tional candidate genes will be identified in order to further
saturate the genetic map.

Transcription factors from the MADS-box, NAC-
domain or SBP-box families, which are regulators of ripen-
ing in tomato as rin, nor and Cnr, respectively (Vrebalov
et al. 2002; unpublished; Manning et al. 2006), were not
included for analysis. Additional MADS-box genes that are
expressed in the tomato fruit could also have a role in the
control of fruit ripening (Giovannoni 2007). Several ESTs
with homology to MADS-box, NAC-domain and SBP-box
genes have been identified in MELOGEN. However, these
genes were not considered for mapping, because it is diffi-
cult to infer only from sequence homologies which are the
melon orthologues of rin, nor or Cnr.

Several possible colocations between candidate genes
and QTLs for fruit firmness and climacteric ripening were
identified, although it should be considered that the map-
ping resolution is still low and they could reflect simply
random coincidences. Further experiments are needed in
order to validate the hypothesis that the candidate genes are
responsible for the QTLs.
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In linkage group 10, ff10.2 was found accounting for an
increase in fruit firmness when compared with PS. The SC
introgression spans all linkage group X (58 cM), and in this
interval we have mapped one expansin gene CmEXP3 and
one xyloglucan endotransglycosilase/hidrolase CmXTHS.
Further mapping resolution is needed in this region in order
to locate ff10.2 in a smaller interval.

The positions of QTLs eth2.1 and eth3.1 for ethylene
content in linkage groups II and III (Périn et al. 2002) colo-
cate with the position of three ethylene-insensitive gene
homologues CmEILI, CmEIL3 and CmEILA4, respectively.
EIN3/EIL encode nuclear-localized proteins that are
required for responding to ethylene by binding to promoter
regions of the ERFI gene in Arabidopsis (Solano et al.
2006). These genes are located downstream the ethylene
receptor in the ethylene-mediated signal transduction path-
way. In linkage group I, the position of the ethylene recep-
tor ERSI colocated with ethl.l as it was previously
reported by Périn etal. (2002). Further experiments are
required to confirm these genes as candidates for QTLs
controlling the levels of ethylene in the progeny of
Védrantais x SC.

In the introgression of 50 cM containing eth3.5 for cli-
macteric ripening in linkage group III, we have mapped the
CmACSS5 gene. The ACC synthase (ACS) multigenic fam-
ily is involved in the conversion of S-adenosylmethionine
to 1-aminocyclopropane-1-carboxylic acid (ACC), which is
converted to ethylene by members of the ACC oxidase
family. In Arabidopsis 12 members of the ACS gene family
have been identified (Yamagami et al. 2003). Three ACS
genes have been described in melon (Miki etal. 1995;
Ishiki et al. 2000), and two new ESTs (CmACS4 and
CmACS5) have been retrieved from MELOGEN. CmACSS5
may correspond to ACSS5 in Périn et al (2002) for map posi-
tion, but the ACS5 sequence is not available. Again, a pos-
sible role of CmACS5 in the regulation of climacteric
ripening cannot be discarded, but further mapping resolu-
tion in this interval and expression studies for CmACS5 are
needed.

Genetic analysis of QTLs can be performed efficiently
using NIL collections (Eshed and Zamir 1995). The results
presented in this report demonstrate that the melon genomic
library of near-isogenic lines (Eduardo et al. 2005) is a pow-
erful tool to dissect complex fruit traits. These complex traits
have been “mendelized”, which would allow a better charac-
terization of the underlying genes. Furthermore, unexpected
allele effects have been detected, as the climacteric behav-
iour due to eth3.5 or the increase of flesh firmness due to
ff10.2. This data widens the spectrum of future research and
practical applications in genetics and postharvest.

Several interesting associations between QTLs and can-
didate genes have been defined. Further research on these
associations will help to understand the ripening process in

melon. Moreover, the mapped ESTs that are not associated
with any QTL can be a source of candidate genes in other
works that include different melon germplasm.
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