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ABSTRACT 
Melon, Cucumis melo L., is a high value crop prized throughout the world for sweet, flavorful, dessert-like fruits. Production of such 
fruits ultimately depends on a series of steps in reproductive development, flowering, fruit set, fruit growth, maturation, and ripening. 
New approaches, utilizing molecular, genetic, plant transformation, and genomics tools, have led to increased understanding of the 
underlying processes responsible for the various stages of reproductive development, and promise to further our understanding in the 
future. Recent studies have led to mapping, cloning, and identification of key genes associated with sex expression, and floral and fruit 
development; have identified transcriptional and enzymatic changes associated with various stages of development; and have furthered 
our understanding of the role of ethylene production and perception in floral sex determination and development, and fruit set, maturation 
and ripening. In this review we first examine melon flower development with an emphasis on sex expression and development of carpel-
bearing flowers. We next discuss fruit development and ripening processes, including factors that contribute to production of high quality 
fruits such as sweetness, flavor, texture, and aroma. 
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INTRODUCTION 
 
Cucumis melo L. (melon), is a highly diversified species 
that is widely cultivated throughout the world (Robinson 
and Decker-Walters 1997). The dessert melons, which are 
largely members of the Cantalupensis (e.g., cantaloupe, 
muskmelon, charantais) and Inodorous groups (e.g., honey-
dew, casaba, canary, crenshaw), are highly valued for sweet, 
flavorful fruits that exhibit a tantilizing array of colors, 
flavors and aromas. These high-value crops are frequently 
shipped to distant markets where high quality can demand a 
premium price. Within the melon species there is great 
genetic diversity for fruit characteristics including shape, 
flesh and skin color, surface texture, flavors, sugar and acid 
content, volatile profile, and ripening physiology, including 
both climacteric and non-climacteric cultivars (Robinson 

and Decker-Walters 1997; Katzir et al. 2006). 
Melons also exhibit a diverse array of sexual pheno-

types (Fig. 1). Flowers of most species are bisexual, produ-
cing both male (stamen) and female (carpel) reproductive 
organs. Cucurbit species such as melon produce varying 
combinations of male, female, or bisexual flowers, depen-
ding on genotype and environment. This developmental 
plasticity invites numerous questions in basic plant biology 
relative to flower development, and influences productivity 
in the field, as fruit production is dependent upon produc-
tion of carpel-bearing flowers. 

Given the great diversity in melon flower and fruit 
development, it is not surprising that questions of sex 
expression, fruit quality, and ripening characteristics are of 
both scientific and economic interest. In recent years, the 
advent of new molecular genetic and genomic tools, has 
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made it possible to apply new approaches to these questions. 
National and international efforts have led to the develop-
ment of transformation techniques, BAC (bacterial artificial 
chromosome) libraries, high density maps, EST (expressed 
sequence tag) databases, and microarrays for melon (Papa-
dopolou and Grumet 2002; Katzir et al. 2006; Monforte et 
al. 2006; Puigdomènech et al. 2006a, 2006b). The follow-
ing review will examine new insights that have been gained 
in understanding reproductive development in melon. 
 
FLOWER DEVELOPMENT AND FRUIT SET 
 
Sex determination 
 
One of the most striking features of reproductive develop-
ment of cucurbit species is the capacity to exhibit a broad 
range of heritable sex phenotypes that produce varying 
combinations of male, female, or bisexual flowers (Roy and 
Saran 1990; Perl-Treves 1999). Melon is no exception. At 
least three sex-determining genes (Kenigsbuch and Cohen 
1990), A (andromonoecious), G (gynoecious), and M (mon-
oecious), contribute to sex determination in C. melo (Poole 
and Grimball 1939; Kenigsbuch and Cohen 1990). Depen-
ding on their combination, the resultant sex phenotypes 
include hermaphrodite (all bisexual), andromonoecious 
(male and bisexual on the same plant), monoecious (male 
and female on the same plant), or gynoecious (all female) 
(Table 1). 

The presence of the G allele leads to production of uni-
sexual male flowers, allowing for the occurrence of either 
andromonoecy or monoecy (Kubicki 1969; Kenigsbuch and 
Cohen 1990). The A locus specifies whether or not the 
carpel-bearing flowers are bisexual (aa) or unisexual female 
(A); e.g., A in the presence of the dominant G allele, con-
verts andomonoecious plants to monoecious (Rosa 1928; 
Poole and Grimball 1939; Kenigsbuch and Cohen 1990). A 
in combination with gg converts hermaphrodites to gynoecy, 
but expression is influenced by the M gene (Kubicki 1962; 
Kenigsbuch and Cohen 1990). The recessive m stabilizes 
gynoecy while aaggM- can result in gynomonoecy (bisexu-
al, female) or trimonoecy (all three sex types). 

The most frequent sex type of commercial melon cul-
tivars is andromonoecious, with male and bisexual flowers 
produced according to a developmental gradient (Karchi 
1970; Kenigsbuch and Cohen 1990; Papadopoulou et al. 
2005). The progression along the main stem includes an ini-
tial phase of vegetative nodes, followed by a phase of nodes 
producing only male flowers, and then a phase of nodes 
producing a combination of bisexual and male flowers. In 
the bisexual phase, a given node can produce multiple 
flowers with a combination of sex types. Different andro-
monoecious cultivars or melon types can have varying 
lengths of vegetative and male phases, which contribute to 
variation in length of growing season needed for melon 
production. Lateral branches do not typically exhibit the 
vegetative and male phases, and generally produce bisexual 
flowers beginning with the first node (Rudich et al. 1969; 
Little et al. 2007). 

Studies of floral bud development in cucumber (C. 
sativus) have contributed extensively to our understanding 
of the sex differentiation process in cucurbits. Cucumber 
flower development, from time of primordium initiation to 
anthesis, takes approximately 20 days (Atsmon and Galun 
1960; Goffinet 1990; Hao et al. 2003; Bai 2004). During the 
first five days, all four whorls (sepals, petals, stamens and 
carpels) typical of a bisexual flower are initiated (Goffinet 
1990). At about six days, either the stamens or carpels begin 
to expand rapidly; unisexuality results from specific repres-
sion of either stamen or carpel primordia. Carpel suppres-
sion in a male flower appears to occur at an earlier stage of 
development (stage 6 - prior to carpel elongation) than sta-
men suppression in a female flower (stage 7 - differenti-
ation of the anther from the filament) (Hao et al. 2003; Bai 
et al. 2004). Presumably melon flowers follow the same se-
quence of development. Interestingly, studies of cucumber 
homeotic mutants demonstrated that inhibition of stamen or 
carpel development is dependent on whorl position, not 
sexual identity of the developing primordium (Kater et al. 
2001). 

Sex expression of any given developing flower bud is 
quite plastic, such that the ultimate sex of an individual 
flower at a specific node results from a combination of 
genetic, developmental, environmental, and hormonal fac-
tors (Roy and Saran 1990; Rudich1990; Perl-Treves 1999). 
Environmental conditions or exogenous hormones can 
cause carpel-bearing flowers to occur at earlier or later 
nodes, or can cause conversions among sex types of deve-
loping flower buds (e.g., female to male or bisexual; bise-
xual to male or female) (Rudich 1990; Perl-Treves 1999). 
Application of gibberellins promotes maleness, while au-
xins, brassinosteroids and ethylene promote femaleness 
(e.g., Galun 1959; Robinson et al. 1969; Rudich et al. 1969; 
Papadopoulou and Grumet 2005). Several studies have im-
plicated ethylene to be the key sex-determining hormone 
based on comparisons to effects of auxin, gibberellins, and 
brassinosteroids in cucumber, zucchini, and melon (Kubicki 
1969; Byers et al. 1972b; Tolla and Peterson 1979; Yin and 
Quinn 1992, 1995; Papadopoulou and Grumet 2005), and 
suggest that feminization by auxins and brassinosteroids oc-
curs indirectly through induced ethylene production (Tre-
bitsch et al. 1987; Papadopoulou and Grumet 2005). 

Application of ethylene or ethylene-releasing com-
pounds to developing apical meristems [e.g., 2-chloro-
ethanephosphonic acid (etherel) or 2-chloroethylphosphonic 
acid (ethephon), 5-500 ppm] will cause increased or earlier 
production of carpel-bearing flowers, while inhibitors of 
ethylene production (e.g., aminoethyoxyvinylglycine, 50-
200 ppm) or perception (e.g., silver nitrate or silver thiosul-
phate 100-500 ppm) causes increased production of male or 
stamen-bearing flowers (e.g., Den Nijs and Visser 1980; 
Rudich 1990; Owens et al. 1980; Perl-Treves 1999). In cu-
cumber, ethylene production by shoot apices has been cor-
related with sex type, such that gynoecious lines produce 
approximately 2-3–fold more ethylene than monoecious or 
andromonoecious gentoypes (Rudich et al. 1972; Makus et 
al. 1975; Rudich et al. 1976; Trebitsch et al. 1987; Yama-

male femalebisexual

Fig. 1 Top and side view of male (cv. ‘Hale’s Best Jumbo’), bisexual 
(cv. ‘Hale’s Best Jumbo’) and female (cv. ‘Wisconsin 998’) melon 
flowers at anthesis. Bisexual and female flowers have a pronounced infe-
rior ovary. Pistils in the bisexual flower are largely hidden by stamens. 

Table 1 Sex expression genotypes and phenotypes of C. melo. 
Genotypea Phenotypea Developmental progression
ggaa (M or m) Hermaphrodite Bisexual 
G-aa (M or m) Andromonoecious Male, bisexual and male 
ggA- mm Gynoecious Female 
G-A- (M or m) Monoecious Male, female and male 

a Genotype and phenotype designations are based on Kenigsbuch and Cohen 
(1990), Kubicki (1966), and Poole and Grimball (1939). 
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saki et al. 2001, 2003a). Other studies have demonstrated 
differential expression of the ethylene biosynthetic genes 1-
aminocyclopropane carboxylate synthase and oxidase (ACS, 
ACO) in relationship to cucumber floral sex organ develop-
ment (Kamachi et al. 1997; Kahana et al. 1999; Kamachi et 
al. 2000; Yamasaki et al. 2001, 2003a, 2003b). Transcript 
levels increased at the time of transition to female flowering, 
differed among sex types, and location of expression among 
the developing floral organ primordia, and could be in-
creased or decreased by treatment with ethylene-releasing 
compounds or inhibitors (Kamachi et al. 1997; Kahana et al. 
1999; Kamachi et al. 2000; Yamasaki et al. 2000, 2001). 
Ethylene treatment also induced expression of a MADS box 
gene (ERA17) that correlated with induction of female 
flowers (Ando et al. 2001); many of the key floral organ 
development transcription factors, are MADS box proteins 
(Coen 1991). 

In melon, there has not been a clear correlation of sex 
type with ethylene evolution from the apices (Byers et al. 
1972b). However, treatment of melon plants with hypobaric 
conditions to reduce ethylene levels caused increased male-
ness, while addition of 2 ppm ethylene into the hypobaric 
conditions, reversed the effect (Byers et al. 1972b). It has 
been suggested that melon sex genotypes may differ in sen-
sitivity to ethylene, rather than level of ethylene production. 
More generally, it has been proposed that sex expression in 
a given cucurbit flower is due to a combination of ethylene 
production and ethylene perception. Promotion or inhibition 
of the stamens or carpels will depend on the sex genotype, 
the level of ethylene, and the threshhold sensitivity of the 
specific sex organ primordia (Yin and Quinn 1995; Yama-
saki et al. 2001, 2003a). In cucumber, higher transcript 
levels of the ethylene receptor homologs, CS-ETR2 and 
CS-ERS occurred in gynoecious compared monoecious 
shoot apices, and, like ethylene biosynthetic genes, location 
of expression of the receptors varied with sex genotype, sex 
organ primordia, and ethylene treatments (Yamasaki et al. 
2000, 2001). 

Hormone applications indicate that there are critical 
stages in floral bud development during which developing 
stamen or carpel primorida are subject to the effects of hor-
mone treatment. Delays of approximately ten days occur 
from the time of hormone application to the apical meristem 
to first appearance of sex converted flowers; shifting the 
age of treatment shifts the nodes that exhibit sex change 
(Robinson et al. 1969; Karchi 1970; Byers et al. 1972a). 
Increasing concentration can bring about changes at later 
stages of bud development (i.e., cause a change in sex ex-
pression at earlier nodes relative to the age of treatment) 
and/or increase the extent of change [i.e., conversion from 
male to bisexual (permit carpel development) or to female 
(permit carpel development and suppress stamens)] (Robin-
son et al. 1969; Karchi 1970; Byers et al. 1972a). Consis-
tent with the microscopic analyses described above, indi-
cating that differentiation of stamen primordium is a critical 
stage for induction of sex conversions (Hao et al. 2003; Bai 
et al. 2004), tissue culture studies demonstrated that cucum-
ber buds destined to be males could be converted to females 
if they are removed prior to expansion of the stamen pri-
mordia (Galun et al. 1963). Exogenous ethylene treatments 
also indicate that differentiation of stamen primordium is a 
critical stage for induction of sex conversions (Hao et al. 
2003; Yamasaki et al. 2003a, 2003b; Bai et al. 2004). 

Recent efforts have been directed toward cloning of key 
sex expression genes. In cucumber, the F (Female) locus 
conferring gynoecy was found to encode an extra copy of 
the key ethylene biosynthetic enzyme, ACS (Cs-ACS1G), 
thus providing a direct connection between the sex pheno-
type and ethylene production (Trebitsh et al. 1997; Mibus 
and Tatlioglu 2004; Knopf and Trebitsh 2006; Mibus and 
Trebitsh et al. 2006). The promoter regions of Cs-ACS1G 
and Cs-ACS1 were found to include potential auxin-respon-
sive elements, consistent with the interaction between auxin 
and ethylene in stimulating female sex expression (Mibus 
and Tatlioglu 2004; Little 2005; Knopf and Trebitsh 2006). 

Interestingly, the distal upstream region of Cs-ACS1G also 
contains a CArG motif, which is frequently associated with 
binding of MADS box transcription factors (Knopf and Tre-
bitsh 2006). Since many of the key floral organ develop-
ment factors, are MADS box proteins, Cs-ACS1G may be a 
downstream target of such a factor. 

Mapping efforts in melon have been directed toward 
location and ultimate cloning of the A and G genes. Bulked 
segregant and recombinant inbred analysis, and develop-
ment of linkage maps have located the A gene on linkage 
group 2 and identified a SCAR marker 5.5 cM from a 
(Périn et al. 2002a; Silberstein et al. 2003; Noguera et al. 
2005). Several ethylene related genes, including 5 ACS, 3 
ACO genes, and an ethylene receptor homolog, Cs-etr1, and 
floral development genes (AGAMOUS and APETELA2 
homologs) also have been mapped, but these genes have not 
fallen in close association with the a locus (Périn et al. 
2002a; Siberstein et al. 2003; Nogura et al. 2005). Recent, 
fine mapping efforts have placed an AFLP marker 0.23 cM 
from a and approximately 1 cM on either side of g (Fer-
gemy et al. 2006). BAC clones covering the regions of a 
and g have been identified, providing an important step 
toward cloning of these genes (Fergamy et al. 2006). 

Transgenic approaches leading to modified endogenous 
ethylene production or perception also have provided new 
insights. Melon plants transformed to express the dominant 
negative Arabidopsis ethylene perception mutant, etr1-1, 
exhibited an array of phenotypes associated with inhibited 
ethylene perception (e.g., inhibited lateral root formation, 
delayed senescence and abscission, elevated ethylene pro-
duction), and importantly, failed to produce carpel-bearing 
flowers (Little et al. 2007), demonstrating the critical role 
for ethylene perception in female sex expression in melon. 
Conversely, melon plants transformed to constitutively ex-
press ACS, exhibited increased production and enhanced 
femaleness with respect to earlier, and increased production 
of carpel-bearing flowers (Papadopoulou et al. 2005). The 
earlier production of carpel-bearing flowers was reflected in 
earlier fruit set in the field. These studies provide direct 
demonstration of the influence of elevated endogenous 
ethylene on sex determination of melon flowers, and may 
allow for future modifications to enable shorter growing 
seasons for melon fruit production. 

Given the combined roles of ethylene production and 
perception, and possible varying threshhold levels that may 
determine outcome with respect to stamen or carpel deve-
lopment, it may be hypothesized that there are critical 
stages and locations for ethylene perception within the 
developing primordia. This question was addressed by 
introduction of the etr1-1 gene into melon (Little et al. 
2007) under control of the floral-targeted promoters, APE-
TALA3 (AP3; Jack et al. 1994), which in Arabidopsis directs 
expression in petal and stamen primordia, and CRABS-
CLAW (CRC; Bowman and Smyth 1999), which in Arabi-
dopsis directs expression in carpel and nectary primordia. 
Interestingly, the observed results did not follow the pre-
diction that inhibition of perception in the carpel primordia 
would prevent carpel development. CRC::etr1-1 melons 
still produced carpel-bearing buds. In contrast, carpel-
bearing bud production was completely abolished in AP3:: 
etr1-1 plants, suggesting that the critical site for ethylene 
perception at the time of sex determination is the stamen (or 
petal) primordia. These results coincide with the observa-
tions in cucumber that the time of expansion and differenti-
ation of stamen primordium is critical for determination of 
sex identity, and raise the possibility of communication 
between developing floral primordial whorls. 

In addition to the interesting developmental questions 
posed by sex differentiation processes, sex expression is im-
portant for several aspects of melon production. Sex ex-
pression influences breeding methods, seed production pro-
cesses, fruit shape and quality, earliness and yield. Moneocy 
is desirable for ease of hybrid seed production, as female 
flowers eliminate the need for emasculation. Gynoecy, 
which is widely available for commercial cucumber produc-
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tion, but less so for melon, allows for earlier and more uni-
form fruit set (Kenigsbuch and Cohen 1990; Lower and 
Nienhuis 1990). Fruit shape has been shown to be under 
polygenic control of several genes that act during ovary 
development, as demonstrated by the co-segregation of 
QTL (quantitative trait loci) markers for both fruit shape 
and ovary shape (Périn et al. 2002b). Two major QTL asso-
ciated with phenotypic variation for fruit shape are linked to 
the flower genes a (monoecious) and p (pentamerous), 
which control the presence of stamens in carpel-bearing 
flowers and flower carpel number, respectively (Périn et al. 
2002b). Fruits produced from bisexual melon flowers are 
rounder than female flowers; while fruits from female 
flowers have smaller blossom abscission scars, thereby 
reducing risk of pathogen infection and loss to disease 
(Périn et al. 2002b; Noguera et al. 2005). 
 
Floral maturation and fruit set 
 
Subsequent to sex determination, successful reproductive 
development requires floral maturation, pollination and fruit 
set. Observation of developing floral buds shows that most 
male buds reach anthesis (90-100% in both greenhouse and 
field environments; Little et al. unpublished). In contrast, 
the majority of carpel-bearing buds abort prior to anthesis 
(80-90% of buds on the main stem of greenhouse grown 
plants; 70% in the field) (Mann and Robinson 1951; Papa-
dopoulou et al. 2005; Little et al. 2007). Interestingly, 
greenhouse and field trials of andromonoecious melon 
plants expressing an ACS transgene under the control of the 
constitutive promoter, CaMV35S, showed earlier and in-
creased numbers of carpel-bearing flowers that reached an-
thesis than did non-transgenic control plants (Papadopoulou 
et al. 2005). In the field, approximately twice as many bi-
sexual buds on the main stem of 35S::ACS plants (55%) 
reached anthesis as on non-transgenic plants (30%) (Papa-
dopoulou et al. 2005). The 35S::ACS plants also had earlier 
appearance of mature bisexual flowers and increased occur-
rence of mature bisexual flowers on closely spaced nodes 
along the main stem (Fig. 2; Little 2005). 

These observations suggest that in addition to the pro-
motion of pistil development at the time of sex determina-
tion, ethylene may have a previously unrecognized role in 
the sustained maturation of carpel-bearing buds. A possible 
role of ethylene in carpel development is not unprecedented. 
For example, in orchid, ethylene biosynthesis stimulated by 
pollination is critical for subsequent ovary maturation 
(Zhang and O’Neill 1993; Bui and O’Neill 1998), and 
down-regulation of a pistil-specific ACO gene in tobacco 
resulted in the arrest of ovule development that could be 
reversed with exogenous ethylene (de Martinis and Mariani 
1999). Subsequent work with transgenic melon engineered 
to express the Arabidopsis mutant ethylene receptor etr1-1, 
which confers insensitivity to ethylene, also showed support 
for this role (Little et al. 2007). Bisexual buds on transgenic 

melon plants expressing etr1-1 under the carpel-directed 
CRC promoter were four times more likely than buds from 
wild type and azygous control plants to abort at 4 mm or 
less (Little et al. 2007). A recent study of the effects of exo-
genous treatment of zucchini squash plants with ethylene 
inhibitors, also suggests involvement in floral maturation; 
blocked ethylene production or perception altered develop-
ment of pedicel, sepals, and carpels of pistillate flowers and 
arrested flower maturation (Paýan et al. 2006). 

Earlier and increased incidence of mature bisexual 
flowers on ACS-overexpressing melon was accompanied by 
earlier fruit set, increased fruit set on the main stem, and 
increased fruit set on closely spaced nodes (Papadopoulou 
et al. 2005; Fig. 2). Multiple ACS plants set four or more 
fruit on the main stem. This is a sharp contrast to non-trans-
genic plants; only 12% of the non-transgenic plants set two 
fruit within four nodes compared to 59% of the 35S::ACS 
plants. The determining factor appeared to be presence of 
mature carpel-bearing flowers, as the percent mature bi-
sexual flowers that set fruit was similar among genotypes. 
Consistent with earlier fruit set typically occurring on 
gynoecious genotypes (Lower and Neinhuis 1990), these re-
sults suggest that plant maturity is not the limiting factor in 
earlier fruit set. 

Successful fruit set typically involves a complex inter-
play among several hormones (Ozga and Reinecke 2003; 
Srivastava and Handa 2005). Among the key hormones are 
auxins, gibberellins, cytokinins and abscisic acid, although 
the relative contributions of individual hormones can vary 
among species. Exogenous treatment of melon ovaries at 
the time of anthesis with synthetic cytokinins and auxins 
promote fruit set (Hayata et al. 2000). Cytokinins (e.g., 
CPPU) are particularly effective and have long been used 
by breeders to facilitate crossing (Munger and Lane 1983; 
Hayata et al. 2000). Pollination or cytokinin treatment, in 
turn, lead to increased levels of endogenous IAA in the pla-
centa and mesocarp of carpel-bearing flowers, while unpol-
linated/untreated flowers show reduced levels of endoge-
nous IAA (Lingle and Dunlap 1991; Hayata et al. 2002). In 
contrast, both pollination and CPPU treatment caused re-
duction in endogenous ABA in the placenta and mesocarp 
of pistillate flowers, while unpollinated/untreated flowers 
showed a rapid increase in endogenous ABA (Hayata et al. 
2002). 

Despite the increase in fruit set on the main stem of 
ACS-overexpressing melons, the total fruit set per plant (on 
main stem and lateral branches), did not differ between 
35S::ACS and control plants (Papadopoulou et al. 2005), 
suggesting a redistribution of resources and possible re-
source limitation to total yield. Sex expression can reflect 
resource availability, such that a developing fruit results in a 
reduction in pistillate flower production, while lack of fruit 
results in increased pistillate flower production (Stephenson 
1981; Schapendon and Brouwer 1984; Krupnick and Weis 
1998; Krupnick et al. 1999; Avila-Sakar et al. 2001). A 
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Fig. 2 Node positions of 
mature carpel-bearing 
(bisexual) flowers and 
fruits for non-transgenic 
[wild type (WT) and 
azygous segregant (AZ)] 
and transgenic ACS 
overexpressing (ACS3 
and ACS4) melon plants 
in the field. Each hori-
zontal line represents the 
main stem of an indivi-
dual plant. Yellow circles= 
mature carpel-bearing 
flowers; red circles= 
fruits. 
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developing fruit in squash and gourd was shown to lead to 
reduced pistillate flower production and increased fruit 
abortions (Stephenson et al. 1988). 

There is evidence to suggest that ethylene plays an im-
portant role in this integration of competing resource de-
mands. Endogenous ethylene levels in Cucurbita texana 
were highest adjacent to tips of branches bearing fruit 
nearing maturity, and lowest when branches carried two or 
more young fruit, suggesting that the number of developing 
fruit and their stages of development regulate endogenous 
ethylene levels (Krupnick et al. 1999). If an analogous rela-
tionship between ethylene production and the presence of a 
developing fruit exists in C. melo, then increased produc-
tion of endogenous ethylene in the 35S::ACS transgenic 
lines may interfere with the typical signaling which would 
normally result in lower ethylene and decreased pistillate 
flowering on branches carrying fruit. 

Additional studies have examined the relationship 
between source-sink balance and reproductive development 
in melon. Fruit removal significantly increased total number 
of leaves, male and pistillate flowers, pollinated pistillate 
flowers, and subsequent fruit set compared to control plants, 
demonstrating lability of floral sex expression and re-al-
location of resources when a dominant sink (melon fruit) is 
removed (El-Keblawy and Lovett-Doust 1996; Valantin et 
al. 1999; Valatin-Morison et al. 2006). Although greater 
fruit load resulted in an increase in the fraction of assimi-
lates allocated to the fruit, plants with unrestricted fruit load 
had lower seed weight, and produced fruit with reduced 
sweetness and firmness (Valantin et al. 1999; Valatin-Mori-
son et al. 2006). These observations collectively demons-
trate the far reaching effects of competition for assimilates 
between reproductive and vegetative organs, and among 
reproductive organs. 

Recent research in melon also has begun to identify 
genes associated with fertilization and fruit set (Nagasawa 
et al. 2005). Since the synthetic cytokinin CPPU is effective 

in the induction of parthenocarpy in melon, the comparision 
of gene expression between unpollinated, pollinated, and 
CPPU treated flowers allowed the identification of 14 
cDNAs likely to be related to pericarp development, but not 
seed development (Nagasawa et al. 2005). With the excep-
tion of one cDNA, all showed similar expression patterns in 
pollinated and CPPU-treated fruit suggesting that mecha-
nisms of fruit set by parthenocarpy and pollination are very 
similar. The high levels of expression of 8A07 and 8D10 
(putative nucleiod DNA-binding-like protein and short 
chain alcohol dehydrogenase, respectively) concomitant 
with the timing of fertilization suggest a role in fruit set. 
Further gene expression analyses should provide more in-
formation about key changes associated with successful 
fruit set. 
 
FRUIT DEVELOPMENT 
 
The melon fruit was previously described as an indehiscent 
pepo or inferior berry (Whitaker and Davis 1962). The 
edible flesh, sucrose accumulating tissue of the fruit that is 
derived from the middle mesocarp (Barber 1909), was also 
described as the inner wall tissue (Sinnot 1939; Schaffer et 
al. 1996) or pericarp (Whitaker and Davis 1962). This is 
unlike the cucumber and the watermelon where the edible 
flesh comprises mainly the inner mesocarp or placental 
tissue (Schaffer et al. 1996; Robinson and Decker-Walters 
1997). The hard lignified rind of melon is derived from the 
exocarp and contains a network of suberized tissue, referred 
to as a “net” (Robinson and Decker-Walters 1997; Keren-
Keiserman et al. 2004). The development of a berry fruit 
can be divided into three phases where phase I relates to 
fruit set, phase II to cell division and phase III to cell expan-
sion, followed by a ripening phase (Gillaspy et al. 1993). In 
general, this classification also fits the development and 
ripening of the melon fruit, although major differences 
between melon and tomato fruit development have been 

Fig. 3 Changes of physiological and molecular processes during fruit development in climacteric (‘Noy Yizre’el’) and non-climacteric melons 
(‘Tendral Verde Tardif’). Changes in different traits or level of metabolites throughout melon fruit development are indicated by white diamonds. 
Changes in steady state levels of selected mRNAs are indicated by orange shapes. 
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described (e.g. flesh color development as described below). 
Fig. 3 depicts the major aspects of melon fruit development 
in a graphic presentation using a similar format to the toma-
to development figure of Gillaspy et al. (1993). 

Melon genotypes are highly diverse in terms of ripening 
behavior and several other fruit characteristics. Fruits differ 
in shape, size (affected by length of cell division period, 
Higashi et al. 1999; Kato-Emori et al. 2001), sutures, 
stripes, and color. There are wild and cultivated genotypes 
with fruits that accumulate various levels of soluble sugars, 
organic acids, starches, pigments and aroma volatiles. In 
addition, the fruits differ in oil content and composition of 
the seeds, ascorbate, secondary metabolites for bitterness 
and sweetness and additional quality components (Burger et 
al. 2006). 

In terms of ripening physiology, melon includes both 
climacteric and non-climacteric cultivars (Seymour and 
McGlasson 1993; Lelièvre et al. 1997, 2000; Périn et al. 
2002c). The ripening of the climacteric melons is characte-
rized by a rise in respiration associated with an autocatalytic 
ethylene burst. The induction of abscission is typical of 
climacteric behavior (Abeles et al. 1992; Seymour and 
McGlasson 1993; Lelièvre et al. 1997, 2000; Périn et al. 
2002c). Exogenous ethylene can prematurely induce abscis-
sion, ethylene production and ripening in climacteric me-
lons only (McMurchie et al. 1972; Lelièvre et al. 1997; Shi-
omi et al. 1999, Lelièvre et al. 2000; Périn et al. 2002c). 
Non-climacteric melons were suggested to be defective in 
their ethylene synthesis or response (Périn et al. 2002c; 
Giovannoni 2004). This is in agreement with our observa-
tions on ethylene production and expression patterns of 
ethylene related genes [(e.g. ACC oxidase (ACO) and 
Alcohol acyltransferase (AAT)] in a wide range of melon 
genotypes suggesting various levels of climacteric respon-
ses (Burger, Portnoy and Katzir, unpublished data). Fig. 3 
depicts a schematic presentation of traits and associated 
genes in climacteric (‘Noy Yizre’el’) versus “strong” non-
climacteric (‘Tendral Verde Tardif’) genotypes. The termi-
nation of the ripening phase is clear-cut in climacteric me-
lons, with a change of color and the development of the dis-
tinct abscission zone, and harder to define in non-climac-
teric melons. 

Ethylene plays a major role in fruit ripening as well as 
in flower development of melon. Several members of the 
two gene families coding for key enzymes involved in ethy-
lene synthesis, ACS and ACO, were cloned and characte-
rized. Three melon ACS genes and their expression profiles 
were described: CMe- ACS1, CMe- ACS2 and CMe- ACS3 
(Miki et al. 1995; Yamamoto et al. 1995; Ishiki et al. 2000). 
Balagué et al. (1993) cloned the first melon ACO-like gene, 
pMEL1 from a cDNA library using a tomato ethylene-for-
ming enzyme as a probe. The expression pattern of pMEL1 
indicated a clear association with fruit ripening and wound 
response. The gene was later designated Cm-ACO1, and 
proved to be the major ACO gene associated with melon 
ripening. Additional ACO genes, Cm-ACO2 and Cm-ACO3 
were suggested to be associated with ethylene response in 
etiolated hypocotyls and in flowers, respectively (Lasserre 
et al. 1996; Bouquin et al. 1997). Much of the currently 
available knowledge concerning the effects of ethylene on 
melon ripening was gained through studies of an anti-sense 
ACO 1 recombinant plant, in which the capacity for ethy-
lene synthesis was inhibited by 99% (Ayub et al. 1996). In 
the antisense fruits the ripening process was blocked both 
on and off the vine. It was noted, however, that the process 
also included ethylene independent pathways. Accumula-
tion of soluble sugars in developing fruits and carotenoid 
content of the flesh were ethylene-independent while fruit 
softening, chlorophyll degradation and activation of the ab-
scission zones were clearly ethylene-dependent (Ayub et al. 
1996; Hadfield et al. 2000; Flores et al. 2001b; Nishiyama 
et al. 2007). The antisense phenotype could be reversed by 
exogenous ethylene treatment (Ayub et al. 1996). These fin-
dings were in agreement with prior studies, in which sugar 
and carotenoid accumulation was found to rise earlier than 

ethylene production (Bianco and Pratt 1977; Lingle and 
Dunlap 1987; Aggelis et al. 1997b). It also should be noted 
that although most orange fleshed melons are climacteric, it 
is possible to breed for non-climacteric orange fleshed me-
lons (Aggelis et al. 1997b; Zheng and Wolff 2000). The 
change of flesh color, which is independent of ethylene syn-
thesis, differs from the general scheme in tomato in which 
the red color is associated with ethylene synthesis and per-
ception. The fact that sugar accumulation and the develop-
ment of flesh color are independent of ethylene burst may 
well explain the capacity to breed for divergent, non-cli-
macteric melon varieties. 

Signal transduction of ethylene has been thoroughly stu-
died in the model plants Arabidopsis and tomato. An impor-
tant feature of the ethylene signaling pathway is that it com-
prises both positive and negative regulators, some proteins 
thereby serving to induce the responses while others sup-
press them. By identifying and cloning mutants unable to 
mount a normal triple response in the presence of ethylene 
(such as ein2, etr1, ein3, ein4, ein5, ein6, etr2, etc.) as well 
as mutants that display a constitutive triple response (such 
as ctr1, ran1/ ctr2, eto1, eto2, and eto3), a basic signal 
transduction cascade has been reconstructed (Guo and 
Ecker 2004; Klee 2004; Chen et al. 2005). Major compo-
nents of this cascade that are associated with tomato ripen-
ing have been identified (Tieman et al. 2001; Alexander and 
Grierson 2002; Adams-Philips et al. 2004; Giovannoni 
2004). Recently, a number of key tomato ripening genes, 
such as non-ripening (nor), ripening inhibitor (rin), Never-
ripe (Nr), Colorless non-ripening (Cnr), and Green-ripe 
(Gr) were cloned based on studies of ripening mutants (Vre-
balov et al. 2002; Giovannoni 2004; Manning et al. 2006; 
Barry and Giovannoni 2006), enabling better understanding 
of the regulation of ethylene synthesis and perception in to-
mato fruit, and probably in additional fleshy fruits. Melon 
homologs of ethylene signal transduction genes, including 
Cm-ETR1, CmERS1 (Sato-Nara et al. 1999; Takahashi et al. 
2002; Ma et al. 2006) and Cmrin (Binzel et al. 2007) were 
cloned based on conserved sequences and characterized 
with respect to expression profiles during fruit development. 

A number of genes that are differentially expressed 
through ripening were cloned and several were found to 
code for key enzymes associated with fruit development 
and quality characteristics. The cDNA library used by Bala-
gué et al. (1993) to isolate the Cm-ACO1 gene was further 
used to isolate additional clones showing differential ex-
pression during ripening, e.g. Mel 5 (Karvouni et al. 1995), 
Mel 2 and Mel 7 (Aggelis et al. 1997a). Mel 5, a phytoene 
synthase (PSY) homolog, was found to be expressed mainly 
in fruit with the highest level of PSY at the point of change 
of color from green to orange (Karvouni et al. 1995). Mel 2 
was later found to encode alcohol acetyl transferase (AAT1), 
a key enzyme associated with melon aroma (Yahyaoui et al. 
2002), while Mel 7 exhibits sequence similarity to a major 
latex protein (Aggelis et al. 1997a) whose function in ripen-
ing is yet unknown. Using a differential screening approach, 
Hadfield et al. (2000) identified 16 unique cDNAs with en-
hanced expression during ripening, eight of which were pre-
viously characterized, including, Mel 1, Mel 2 and Mel 7 
mentioned above, and two genes associated with sulfur 
amino acid biosynthesis. Recently, a Melon EST Database 
(http://melon.bti.cornell.edu/) was developed for dissemina-
tion of approximately 4000 melon EST sequences obtained 
from various cDNA libraries of fruits, including SSH libra-
ries and non-subtracted, non-normalized libraries (Giovan-
noni and Katzir, unpublished data). Of the genes mentioned 
above, Mel 1 (ACC oxidase 1), Mel 2 (AAT1) and Mel 7 
(major latex protein) were found to be most abundant in all 
libraries of climacteric melons (Katzir and Portnoy, unpub-
lished data). A number of genes with sequence similarities 
to genes associated with ethylene synthesis and perception 
as well as MADs box with ripening-specific expression pro-
files were also identified through this database (Katzir, Port-
noy and Giovannoni, unpublished data). 

The major metabolic pathways associated with fruit ma-
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turation include cell wall, carbohydrate, color and aroma 
metabolism. While each of the above-mentioned pathways 
deserves a separate review, current knowledge on each is 
briefly provided below. 
 
Cell wall metabolism 
 
The process of cell wall disassembly in melon, and the 
genes and enzymes involved has been studied extensively 
(e.g., Hadfield et al. 1998; Rose et al. 1998; Nishiyama et 
al. 2007). Ethylene plays a major role in enhancing this 
process (Ayub et al. 1996; Guis et al. 1997; Hadfield et al. 
2000; Flores et al. 2001a) and consequently, the activities of 
these enzymes differ widely between climacteric and non-
climacteric varieties. Ethylene-suppressed lines of melon 
exhibited delayed and reduced fruit softening (Ayub et al. 
1996; Guis et al. 1997; Flores et al. 2001a; Nishiyama et al. 
2007). In addition, recent analyses by Nishiyama et al. 
(2007) of a diverse range of cell wall related genes, includ-
ing those for polygalacturonases, xyloglucan endotrans-
glucosylase/hydrolases, expansin, and �-galactosidases, 
identified specific genes within single families that could be 
categorized as ethylene-dependent, ethylene-independent, 
or partially ethylene-dependent. Their results support the 
hypothesis that while individual cell wall-modifying pro-
teins from each family contribute to cell wall disassembly 
accompanying fruit softening, other closely related family 
members are regulated in an ethylene-independent manner 
and apparently do not directly participate in fruit softening 
(Nishiyama et al. 2007). 
 
Sugar 
 
The major components of the soluble sugar fraction of the 
ripe melon fruit are sucrose, glucose and fructose. The in-
crease in sugar content during ripening is primarily a func-
tion of the accumulated sucrose, while glucose and fructose 
levels fluctuate much less, if at all (Rosa 1928; Pratt 1971; 
Hughes and Yamaguchi 1983; Lester and Dunlap 1985; 
Schaffer et al. 1987; McCollum et al. 1988; Hubbard et al. 
1989; Schaffer et al. 1996). The fruit undergoes a phase of 
developmental transition in which the early period of 
growth is characterized by the absence of sucrose and fol-
lowed by a period of sucrose accumulation, which conti-
nues until abscission or harvest. Because the melon fruit 
contains no starch reserves (Rosa 1928) there is no net in-
crease in sugar content after harvest. Therefore, the ac-
cumulation of sucrose is a most important variable in deter-
mining melon fruit quality. 

Variation in sucrose levels accounts for the genetic dif-
ferences in total sugar contents and for the natural variabi-
lity within a particular cultivar due to environmental differ-
ences (Stepansky et al. 1999; Burger et al. 2002, 2006). 
While a number of genes participate in the sucrose meta-
bolism and affect sucrose content, a single recessive gene 
was suggested to control the ability to accumulate sucrose 
in the sweet melons (Burger et al. 2002). 

Studies have demonstrated that the metabolic transition 
from the stage of fruit growth to that of sucrose accumula-
tion is characterized by a developmental loss of soluble acid 
invertase (AI) activity (Schaffer et al. 1987; McCollum et al. 
1988; Hubbard et al. 1989; Ranwala et al. 1991; Iwatsubo 
et al. 1992; Lester et al. 2001). A key role for sucrose phos-
phate synthase (SPS) activity in sucrose accumulating 
melon fruit was proposed by Hubbard et al. (1991) who had 
demonstrated that sucrose accumulation was characterized 
by a developmental rise in SPS activity, in addition to the 
loss of AI activity. Lester et al. (2001) confirmed the impor-
tance of the loss in AI activity and the rise in SPS activity in 
two sweet melon cultivars and emphasized particularly the 
necessity for SPS activity to be higher than that of AI. The 
activities of both sucrose synthase (SuSy, Giaquinta 1979; 
Schaffer et al. 1987; Moriguchi et al. 1990, 1992; Suzuki et 
al. 1996) and neutral, or alkaline invertase (NI, Ricardo and 
ap Rees 1970; Glasziou and Gayler 1972; Kato and Kubota 

1978) also have been implicated in sucrose accumulation. 
However, the role of these enzymes in sucrose accumula-
tion is not obvious, since SuSy is generally associated with 
sucrose cleavage rather than synthesis, and NI catalyzes the 
hydrolysis of sucrose. 

Although primary photosynthate production plays a role 
in determining the availability of assimilate supply, the 
accumulation of sucrose appears to be controlled by the 
metabolism of carbohydrates in the fruit sink itself 
(Hubbard et al. 1989; Schaffer et al. 1996, 2000; Lester et 
al. 2001). Sucrose and the galactosyl-sucrose oligosaccha-
rides, raffinose and stachyose, are translocated from the 
source to fruit sink in the Cucurbitaceae family, including 
C. melo (Mitchell et al. 1992; Chrost and Schmitz 1997). 
Yet, the absence of raffinose and stachyose in the fruit flesh 
points to the rapid hydrolysis and metabolism of these 
translocated sugars in the fruit, or adjacent to it (Hughes 
and Yamaguchi 1983; Hubbard et al. 1989; Pharr and Hub-
bard 1994; Chrost and Schmitz 1997). Key genes associated 
with sucrose and galactose metabolism have been recently 
cloned (Carmi et al. 2003; Dai et al. 2006; melon EST data-
base). 
 
Organic acids and pH 
 
The sweet melon varieties of the reticulates, inodorus and 
cantaloupensis groups are unique in that organic acid levels 
play little role in determining their quality, which is deter-
mined by sweetness alone (Yamaguchi et al. 1977). Sweet 
melons have a low content of organic acids, of which citrate 
is the major acid (Seymour and McGlasson 1993). Other C. 
melo groups have fruit with high acidity in the mature fruit 
(Kubicki 1962; Mallick and Mausi 1986; Stepansky et al. 
1999; Pitrat et al. 2000; Burger et al. 2003). These fruits are 
typically consumed when young, prior to the decrease of 
pH, similar to a cucumber. High acidity in melon fruit is 
controlled by a single dominant gene, So (Sour) (Kubicki 
1962; Danin-Poleg et al. 2002; Burger et al. 2003). 

In addition, the high-acid groups do not accumulate the 
high levels of sugar characteristic of the sweet melon 
groups. The combination of high sugar and high acid has 
been reported recently (Burger et al. 2003). Developmental 
studies show that the accumulation of acid and sucrose are 
temporally separated. Acid accumulation precedes sucrose 
accumulation, which only begins when acid accumulation is 
completed (Burger et al. 2003). 
 
Aroma 
 
The aroma of melons is the result of complex mixtures of 
volatile compounds. Aroma development in melons is 
strongly associated with climacteric ripening and represents 
a major characteristic in the overall quality of the fruit 
(Wang et al. 1996; Beaulieu and Grimm 2001; Jordan et al. 
2001; Shalit et al. 2001). In recent years melon volatiles 
have been extensively investigated (Shalit et al. 2001; Yah-
yaou et al. 2002; Aubert and Bourger 2004; Aubert and 
Pitrat 2006; Ibdah et al. 2006; Manriq'uez et al. 2006). In 
aromatic melon varieties, volatile esters, mainly acetate 
derivatives, are prominent, together with lower amounts of 
lactones, sulfur compounds, sesquiterpenes, norisoprenes, 
short-chain alcohols and aldehydes (Shalit et al. 2001; 
Yahyaoui et al. 2002; Aubert and Bourger 2004; Aubert and 
Pitrat 2006; Ibdah et al. 2006; Manriq'uez et al. 2006). Non-
climacteric varieties (e.g., ‘Rochet’) often have much lower 
levels of total volatiles, and especially lack the volatile 
esters (Shalit et al. 2001). In contrast, volatile aldehydes 
and alcohols are most abundant in the non-climacteric 
variety ‘Rochet’ (Shalit et al. 2001). The ACC-oxidase 
antisense melons exhibited a considerable reduction in total 
volatile production (Flores et al. 2002). In hybrids deve-
loped from the ACC-oxidase antisense melon, the total 
volatiles were 60-85% lower than in non-transformed hyb-
rids (Bauchot et al. 1998; Flores et al. 2002). In agreement 
with these studies, a considerable reduction in total volatiles 
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(49-87%) was observed in long shelf life cultivars of Cha-
rentais melon, compared with shorter shelf life Charentais 
melons (Aubert and Bourger 2004). 

Recently, biochemical and molecular characteristics of 
the enzymes involved in aroma production have been exten-
sively studied, mainly those of AATs (Shalit et al. 2001; 
Yahyaou et al. 2002; El-Sharkawy et al. 2005). In addition, 
alcohol dehydrogenase (ADH, Manriq'uez et al. 2006), 
carotenoid cleavage enzymes (Ibdah et al. 2006) and ses-
quiterpenes synthase genes were described (Benyamini et al. 
submitted). 
 
Color 
 
As described above, the development of flesh color is an 
ethylene-independent trait. In contrast, the change of rind 
color during fruit ripening is affected by ethylene synthesis. 
This change is a result of two processes: chlorophyll degra-
dation and pigment (carotenoids and others) exposure and/ 
or accumulation, where chlorophyll degradation is the ethy-
lene-dependent component (Ayub et al. 1996; Guis et al. 
1997; Flores et al. 2001a, 2001b). This is in agreement with 
change in rind colors of climacteric varieties that occur 
during fruit development, due to chlorophyll degradation, 
from dark green to yellow-orange (e.g. Galia or American 
muskmelon types) or from white-green to cream yellow (e.g. 
Charantais type). The non-climacteric varieties that begin 
dark green (e.g. green cassaba varieties such as ‘Tendral’ 
and ‘Piel de Sapo’) stay dark green throughout fruit deve-
lopment due to lack of chlorophyll degradation, while pale 
green fruits (e.g. Yellow Canari type) become yellow due to 
pigment accumulation. 
 
CONCLUDING REMARKS 
 
Successful flower and fruit development are the result of a 
highly orchestrated interplay of developmental, hormonal, 
genetic, and environmental cues. In melon, extreme diver-
sity in sex expression and fruit characteristics provide ad-
ditional layers of complexity to these processes. Recent stu-
dies have led to mapping, cloning, and identification of key 
genes associated with sex expression, floral development 
and fruit development; have produced gene expression ana-
lyses to identify enzymatic and regulatory changes associ-
ated with various stages of development; and have furthered 
our understanding of the role of ethylene production and 
perception in floral sex determination and development, and 
fruit set, maturation and ripening. 

Floral development in Cucumis, especially with regard 
to the differential development of stamens and carpels, is in 
many ways a story of ethylene. Ethylene biosynthetic and 
receptor homolog genes in developing cucumber flowers 
exhibit highly regulated location and timing of expression 
with respect to the development of floral sex organs (Kama-
chi et al. 1997; Kahana et al. 1999; Kamachi et al. 2000; 
Yamasaki et al. 2000, 2001, 2003a, 2003b). Differentiation 
of stamen primordia has been identified as a critical stage 
for sex determination in cucumber (Hao et al. 2003; Bai et 
al. 2004) and ethylene perception by melon stamen primor-
dia appears to be necessary to stimulate development of car-
pels (Little et al. 2007), suggesting ethylene-mediated cross 
talk between the developing primordia. In cucumber, the F 
locus conferring femaleness encodes a second copy of the 
key ethylene biosynthetic gene, ACS (CsACS1G), thereby 
providing a means to increase the endogenous level of ethy-
lene and promote carpel development (Trebitsh et al. 1997; 
Mibus and Tatlioglu 2004; Knopf and Trebitsch 2006). In 
melon, it has been suggested that sex expression genes may 
influence ethylene sensitivity (Byers et al. 1972b). Recent 
molecular mapping and cloning efforts have been directed 
toward the melon A and G sex expression genes (Périn et al. 
2002a; Silberstein et al. 2003; Noguera et al. 2005; Fer-
gamy et al. 2006). The molecular identity of these genes 
will be of great interest in further understanding the sex 
determination process. 

Ethylene also appears to be important for maturation of 
the carpel-bearing flowers to anthesis and to play a role in 
resource allocation to reproduction (Papadopolou et al. 
2006; Little et al. 2007). Increased number of mature 
flowers on ACS-overexpressing melons led to increased 
fruit set on closely spaced nodes (Papadopoulou et al. 2006). 
Typically, presence of a developing melon fruit will inhibit 
further flower and fruit production (El-Keblawy and Lovett-
Doust 1996; Valantin et al. 1999; Valatin-Morison et al. 
2006). In Cucurbita texana it has been observed that the 
presence of young developing fruits is associated with re-
duced endogenous ethylene levels (Krupnick et al. 1999). A 
two-step, ethylene-mediated regulation of carpel-bearing 
flower development raises the possibility of two stages of 
control of resource allocation: initiation of carpel-bearing 
flowers based on developmental stage of the plant; and 
maturation or termination of carpel-bearing flowers depen-
ding on current fruit set status. Recent studies also have 
begun to identify melon gene expression associated with 
fertilization and fruit set and to compare mechansims of 
fruit set associated with parthenocarpy vs. pollination 
(Nagasawa et al. 2005). 

Fruit development and especially fruit ripening are 
additional facets of development for which ethylene plays a 
key role. Climacteric ripening is characterized by a rise in 
respiration, associated with an autocatalytic ethylene burst. 
Major metabolic pathways in the fruit are associated with 
this ethylene burst, including cell wall disassembly, abscis-
sion zone formation, synthesis of aroma volatiles and chlo-
rophyll degradation which affects rind change of color. Re-
cent genomic studies have begun to identify key genes asso-
ciated with ripening processes and quality parameters (e.g. 
Balagué et al. 1993; Aggelis et al. 1997a, 1997b; Hadfield 
et al. 2000; El-Sharkawy et al. 2005; Ibdah et al. 2006; 
Manrìquez et al. 2006; Binzel et al. 2007) and transgenic 
studies have helped to differentiate between ethylene de-
pendent and independent processes (Ayub et al. 1996; Guis 
et al. 1997; Flores et al. 2001a, 2001b; Nishiyama et al. 
2007). The metabolic pathways that are ethylene-indepen-
dent include the accumulation of sucrose, which is the 
major soluble sugar of sweet melons and the accumulation 
of carotenoids which determines flesh color (Bianco and 
Pratt 1977; Lingle and Dunlap 1987; Aggelis et al. 1997b). 
Genes associated with these pathways have been cloned 
(Karvouni et al. 1995; Carmi et al. 2003; Dai et al. 2006; 
and melon EST database). However, little is known about 
the genes that control the ethylene burst and the potential 
mutations that result in non-climacteric physiology charac-
terizing specific melon groups. 

In summary, analysis of reproductive development in 
melon provides numerous questions of fundamental interest 
and economic importance. Recent studies have yielded new 
insights into key developmental processes and have raised 
new questions to be explored with regard to sex expression, 
floral development, fruit set and development, and climac-
teric and non-climacteric ripening processes. 
 
ACKNOWLEDGEMENTS 
 
We thank Drs. Randy Beaudry, Harry Paris and Ari Schaffer for 
helpful reviews of the manuscript. This work was supported in 
part by research grants US-3735-05C and IS-3877-06C from 
BARD, the United States - Israel Binational Agricultural Research 
and Development Fund. 
 
REFERENCES 
 
Abeles FB, Morgan PW, Saltveit ME (1992) Ethylene in Plant Biology (2nd 

Edn), Academic Press, New York, pp 182-186 
Adams-Phillips L, Barry C, Giovannoni J (2004) Signal transduction systems 

regulating fruit ripening. Trends in Plant Science 9, 331-338 
Aggelis A, John I, Karvouni Z, Grierson D (1997a) Characterization of two 

cDNA clones for mRNAs expressed during ripening of melon (Cucumis melo 
L.) fruits. Plant Molecular Biology 33, 313-322 

Aggelis A, John I, Grierson D (1997b) Analysis of physiological and molecu-
lar changes in melon (Cucumis melo L.) varieties with different rates of rip-

260



Reproductive development in melon. Grumet et al. 

 

ening. Journal of Experimental Botany 48, 769-778 
Alexander L, Grierson D (2002) Ethylene biosynthesis and action in tomato: a 

model for climacteric fruit ripening. Journal of Experimental Botany 53, 
2039-2055 

Ando S, Sato Y, Kamachi S, Dakai S (2001) Isolation of a MADS-box gene 
(ERA17) and correlation of its expression with the induction of formation of 
female flowers by ethylene in cucumber plants (Cucumis sativus L). Planta 
213, 943-952 

Atsmon D, Galun E (1960) A morphological study of staminate, pistillate, and 
hermaphrodite flowers in Cucumis sativus L. Phytomorphology 10, 110-115 

Aubert C, Bourger N (2004) Investigation of volatiles in Charentais canta-
loupe melons (Cucumis melo var. cantalupensis). Characterization of aroma 
constituents in some cultivars. Journal of Agricultural and Food Chemistry 
52, 4522-4528 

Aubert C, Pitrat M (2006) Volatile compounds in the skin and pulp of Queen 
Anne's pocket melon. Journal of Agricultural and Food Chemistry 54, 8177-
8182 

Avila-Sakar G, Krupnick GA, Stephenson AG (2001) Growth and resource 
allocation in Cucurbita pepo spp. texana: effects of fruit removal. Interna-
tional Journal of Plant Science 162, 1089-1095 

Ayub R, Guis M, Ben Amor M, Gillot L, Roustan JP, Latché A, Bouzayen 
M, Pech JC (1996) Expression of ACC oxidase antisense gene inhibits 
ripening of cantaloupe melon fruits. Nature Biotechnology 14, 862-866 

Bai SL, Peng YB, Cui JX, Gu HT, Xu LY, Li YQ, Xu ZH, Bai SN (2004) 
Developmental analyses reveal early arrest of the spore-bearing parts of 
reproductive organs in unisexual flowers of cucumber (Cucumis sativus L.). 
Planta 220, 230-240 

Balagué C, Watson CF, Turner AJ, Rouge P, Picton S, Pech JC, Grierson D 
(1993) Isolation of a ripening and wound-induced cDNA from Cucumis melo 
L., encoding a protein with homology to the ethylene-forming enzyme. Euro-
pean Journal of Biochemistry 212, 27-34 

Barber KG (1909) Comparative histology of fruits and seeds of certain species 
of Cucurbitaceae. Botanical Gazette 47, 263-310 

Barry CS, Giovannoni JJ (2006) Ripening in the tomato Green-ripe mutant is 
inhibited by ectopic expression of a protein that disrupts ethylene signaling. 
Proceedings of the National Academy of Sciences USA 103, 7923-7928 

Bauchot AD, Mottram DS, Dodson AT, John PJ (1998) Effect of aminocyclo-
propane-1-carboxylic acid oxidase antisense gene on the formation of volatile 
esters in cantaloupe Charentais melon (cv. Vedrandais). Journal of Agricultu-
ral and Food Chemistry 46, 4787-4792 

Beaulieu JC, Grimm CC (2001) Identification of volatile compounds in canta-
loupe at various developmental stages using solid phase microextraction. 
Journal of Agricultural and Food Chemistry 49, 1345-1352 

Bianco VV, Pratt HK (1977) Compositional changes in muskmelons during 
development and in response to ethylene treatment. Journal of the American 
Society for Horticultural Science 102, 127-133 

Binzel ML, Bageshwar S, Giovannoni JJ (2007) Functional characterization 
of a RIN-MADS gene from Cucumis melo. Plant and Animal Genome XV, p 
788 

Bouquin T, Lasserre E, Pradier J, Pech JC, Balagué C (1997) Wound and 
ethylene induction of the ACC oxidase melon gene CM AC01 occurs via two 
direct and independent transduction pathways. Plant Molecular Biology 35, 
1029-1035 

Bowman JL, Smyth DR (1999) CRABS CLAW, a gene that regulates carpel and 
nectary development in Arabidopsis, encodes a novel protein with zinc finger 
and helix-loop-helix domains. Development 126, 2387-2396 

Bui AQ, O’Neill SD (1998) Three 1-aminocyclopropane-1-carboxylate syn-
thase genes regulated by primary and secondary pollination signals in orchid 
flowers. Plant Physiology 116, 419-428 

Burger Y, Sa’ar U, Katzir N, Paris HS, Yeselson Y, Levin I, Schaffer AA 
(2002) A single recessive gene for sucrose accumulation in Cucumis melo 
fruit. Journal of the American Society for Horticultural Science 127, 938-943 

Burger Y, Sa’ar U, Distelfeld A, Katzir N, Yeselson Y, Shen S, Schaffer AA 
(2003) Development of sweet melon (Cucumis melo) genotypes combining 
high sucrose and organic acid content. Journal of the American Society for 
Horticultural Science 128, 537-540 

Burger Y, Sa’ar U, Paris HS, Lewinsohn E, Katzir N, Tadmor Y, Schaffer 
AA (2006) Genetic variability as a source of new valuable fruit quality traits 
in Cucumis melo. Israel Journal of Plant Science 54, 233-242 

Byers RE, Baker LR, Dilley DR, Sell HM (1972a) Chemical induction of per-
fect flowers on a gynoecious line of muskmelon, Cucumis melo L. HortSci-
ence 913, 321-331 

Byers RE, Baker LR, Sell HM, Herner RC, Dilley DR (1972b) Ethylene: a 
natural regulator of sex expression of Cucumis melo L. Proceedings of the 
National Academy of Sciences USA 69, 717-720 

Carmi N, Zhang G, Petreikov M, Gao Z, Eyal Y, Granot D, Schaffer AA 
(2003) Cloning and  functional expression of alkaline alpha-galactosidase 
from melon fruit: similarity to plant SIP proteins uncovers a novel family of 
plant glycosyl hydrolases. Plant Journal 33, 97-106 

Chen Y-F, Etheridge N, Schaller GE (2005) Ethylene signal transduction. An-
nals of Botany 95, 901-915 

Chrost B, Schmitz K (1997) Changes in soluble sugar and activity of �-galac-
tosidases and acid invertase during muskmelon (Cucumis melo L.) fruit deve-

lopment. Journal of Plant Physiology 151, 41-45 
Coen ES (1991) The role of homeotic genes in flower development and evo-

lution. Annual Review of Plant Physiology and Plant Molecular Biology 42, 
241-279 

Dai N, Petreikov M, Portnoy V, Katzir N, Pharr DM, Schaffer A (2006) Clo-
ning and expression analysis of a UDPgalactose/glucose pyrophosphorylase 
from melon fruit provides evidence for the major metabolic pathway of ga-
lactose metabolism in raffinose oligosaccharide metabolizing plants. Plant 
Physiology 142, 294-304 

Danin-Poleg Y, Tadmor Y, Tzuri G, Reis N, Hirschberg J, Katzir N (2002) 
Construction of a genetic map of melon with molecular markers, horticultural 
traits and ZYMV resistance. Euphytica 125, 373-384 

de Martinis D, Mariani C (1999) Silencing gene expression of the ethylene 
forming enzyme results in a reversible inhibition of ovule development in 
transgenic tobacco plants. Plant Cell 11, 1061-1071 

Den Nijs A, Visser D (1980) Induction of male flowering in gynoecious cucum-
bers (Cucumis sativus L.) by silver ions. Euphytica 29, 237-280 

El-Keblawy A, Lovett-Doust J (1996) Resource re-allocation following fruit 
removal in cucurbits: patterns in cantaloupe melons. New Phytologist 134, 
413-422 

El-Sharkawy I, Manriquez D, Flores FB, Regad FB, Bouzayen M, Latché A, 
Pech JC (2005) Functional characterization of a melon alcohol acyl-transfer-
ase gene family involved in the biosynthesis of ester volatiles. Identification 
of the crucial role of a threonine residue for enzyme activity. Plant Molecular 
Biology 59, 345-362 

Fergamy M, Troadec C, Rajab M, Boualem A, Dalmais M, Cabouche M, 
Bendahamane A, Besombes D, Giovinazzo N, Dogimont C, Pitrat M 
(2006) Fine genetical and physical mapping of the genes A and G controlling 
sex determination in melon. In: Holmes GJ (Ed) Cucurbitaceae 2006, Uni-
versal Press, Raleigh, NC, pp 89-94 

Flores F, Ben Amor M, Jones B, Pech JC, Bouzayen M, Latché A, Romo-
jaro F (2001a) The use of ethylene-suppressed lines to assess differential 
sensitivity to ethylene of the various ripening pathways in Cantaloupe melons. 
Physiologia Plantarum 113, 128-133 

Flores F, Martínez-Madrid MC, Sánchez-Hidalgo FJ, Romojaro F (2001b) 
Differential rind and pulp ripening of transgenic antisense ACC oxidase 
melon. Plant Physiology and Biochemistry 39, 37-43 

Flores F, Yahyaoui FE, de Billerbeck G, Romojaro F, Latché A, Bouzayen 
M, Pech JC, Ambid C (2002) Role of ethylene in the biosynthetic pathway 
of aliphatic ester aroma volatiles in Charentais Cantaloupe melons. Journal 
of Experimental Botany 53, 201-206 

Galun E (1959) Effect of gibberellic acid and naphthaleneacetic acid in sex ex-
pression and some morphological characters in the cucumber plant. Phyton 
13, 1-8 

Galun E, Yang Y, Lang A (1963) Morphogenesis of floral buds of cucumber 
cultured in vitro. Developmental Biology 6, 370-387 

Giaquinta RT (1979) Sucrose translocation and storage in the sugar beet. Plant 
Physiology 63, 828-832 

Gillaspy G, Ben-David H, Gruissem W (1993) Fruits: a developmental pers-
pective. The Plant Cell 5, 1439-1451 

Giovannoni JJ (2004) Genetic regulation of fruit development and ripening. 
The Plant Cell 16, S170-S180 

Glasziou KT, Gayler KR (1972) Storage of sugars in stalks of sugar cane. 
Botanical Review 38, 471-488 

Goffinet MC (1990) Comparative ontogeny of male and female flowers in Cu-
cumis sativus. In: Bates DM, Robinson RW, Jeffry C (Eds) Biology and Utili-
zation of the Cucurbitaceae, Cornell University Press, New York, pp 288-304 

Guis M, Botondi R, Ben Amor M, Ayub R, Bouzayen M, Pech JC, Latché A 
(1997) Ripening-associated biochemical traits of Cantaloupe Charentais me-
lons expressing an antisense ACC oxidase transgene. Journal of the Ameri-
can Society for Horticultural Science 122, 748-751 

Guo H, Ecker JR (2004) The ethylene signaling pathway: new insights. Cur-
rent Opinion in Plant Biology 7, 40-49 

Hadfield KA, Rose JCK, Yaver DS, Berka RM, Bennett AB (1998) Poly-
galacturonase gene expression in ripe melon fruit supports a role for poly-
galacturonase in ripening-associated pectin disassembly. Plant Physiology 
117, 363-373 

Hadfield KA, Dang T, Guis M, Pech JC, Bouzayen M, Bennett AB (2000) 
Characterization of ripening-regulated cDNAs and their expression in ethy-
lene-suppressed Charentais melon fruit. Plant Physiology 122, 977-983 

Hao Y, Wang D, Peng Y, Bai S, Xu L, Li Y, Xu Z, Bai S (2003) DNA damage 
in the early primordial anther is closely correlated with stamen arrest in the 
female flower of cucumber (Cucumis sativus L.). Planta 217, 888-895 

Hayata H, Li X, Osajima Y (2002) Pollination and CPPU treatment increase 
endogenous IAA and decrease endogenous ABA in muskmelons during early 
development. Journal of the American Society for Horticultural Science 127, 
908-911 

Hayata Y, Niimi Y, Inoue K, Kondo S (2000) CPPU and BA, with and without 
pollination, affect set, growth, and quality of muskmelon fruit. HortScience 
35, 868-870 

Higashi K, Hosoya K, Ezura H (1999) Histological analysis of fruit develop-
ment between two melon (Cucumis melo L. reticulatus) genotypes setting a 
different size of fruit. Journal of Experimental Botany 50, 1593-1597 

261



International Journal of Plant Developmental Biology 1(2), 253-264 ©2007 Global Science Books 

 

Hubbard NL, Huber SC, Pharr DM (1989) Sucrose phosphate synthase and 
acid invertase as determinants of sucrose accumulation in developing musk-
melon (C. melo L.) fruits. Plant Physiology 91, 1527-1534 

Hubbard NL, Pharr DM, Huber SC (1991) Sucrose phosphate synthase and 
other sucrose metabolizing enzymes in fruit of various species. Physiologia 
Plantarum 82, 191-196 

Hughes DL, Yamaguchi M (1983) Identification and distribution of some car-
bohydrates of the muskmelon plant. HortScience 18, 739-740 

Ibdah M, Azulay Y, Portnoy V, Wasserman B, Bar E, Meir A, Burger Y, 
Hirschberg J, Schaffer AA, Katzir N, Tadmor Y, Lewinsohn E (2006) 
Functional characterization of CmCCD1, a carotenoid cleavage dioxygenase 
from melon. Phytochemistry 67, 1579-1589 

Ishiki Y, Oda A, Yaegashi Y, Orihara Y, Arai T, Hirabayashi T, Nakagawa 
H, Sato T (2000) Cloning of an auxin-responsive 1-aminocyclopropane-1-
carboxylate synthase gene (CMe-ACS2) from melon and the expression of 
ACS genes in etiolated melon seedlings and melon fruits. Plant Science 159, 
173-181 

Iwatsubo I, Nakagawa H, Ogura N, Hirabayashi T, Sato T (1992) Acid in-
vertase of melon fruits: Immunochemical detection of acid invertases. Plant 
Cell Physiology 33, 321-325 

Jack T, Fox GL, Meyerwitz EM (1994) Arabidopsis homeotic gene APE-
TALA3 ectopic expression: transcriptional and posttranscriptional regulation 
determine floral organ identity. Cell 76, 703-716 

Jordan MJ, Shaw PE, Goodner KL (2001) Volatile components in aqueous 
essence and fresh fruit of Cucumis melo cv. Athena (muskmelon) by GC-MS 
and GC-O. Journal of Agricultural and Food Chemistry 49, 5929-5933 

Kahana A, Silberstein L, Kessler N, Goldstein RS, Perl-Treves R (1999) Ex-
pression of ACC oxidase genes differs among sex genotypes and sex phases 
in cucumber. Plant Molecular Biology 41, 517-528 

Kamachi S, Sekimoto H, Kondo N, Sakai S (1997) Cloning of a cDNA for a 
1-aminocyclopropane-1-carboxylate synthase that is expressed during deve-
lopment of female flowers at the apices of Cucumis sativus L. Plant Cell 
Physiology 38, 1197-1206 

Kamachi S, Mizusawa H, Matsuura S, Sakai S (2000) Expression of two 1-
aminocyclopropane-carboxylate synthase genes, CS-ACS1 and CS-ACS2, 
correlated with sex phenotypes in cucumber plants (Cucumis sativus L.). 
Plant Biotechnology 17, 69-74 

Karchi Z (1970) Effects of 2-chloroethanephosphonic acid on flower types and 
flowering sequences in muskmelon. Journal of the American Society for Hor-
ticultural Science 95, 575-578 

Karvouni Z, John I, Taylor JE, Watson CF, Turner AJ, Grierson D (1995) 
Isolation and characterization of a melon cDNA clone encoding phytoene 
synthase. Plant Molecular Biology 27, 1153-1162 

Kater MM, Franken J, Carney KJ, Clombo L, Angenent GC (2001) Sex 
determination in the monoecious species cucumber is confined to specific 
floral whorls. Plant Cell 13, 481-493 

Kato T, Kubota S (1978) Properties of invertase in sugar storage tissues of cit-
rus fruit and changes in their activities during maturation. Physiologia Plan-
tarum 42, 67-72 

Kato-Emori S, Higashi K, Hosoya K, Kobayashi T, Ezura H (2001) Cloning 
and characterization of the gene encoding 3-hydroxy-3- methylglutaryl coen-
zyme A reductase in melon (Cucumis melo L. reticulatus). Molecular Gene-
tics and Genomics 265, 135-142 

Katzir N, Portnoy V, Benyamini Y, Yariv Y, Tzuri G, Pompan-Lotan M, 
Larkov O, Bar E, Ibdah M, Azulay Y, Ravid U, Burger Y, Schaffer A, 
Tadmor Y, Lewinsohn E (2006) Functional genomics of genes involved in 
the formation of melon aroma. In: GJ Holmes (Ed) Proceedings Cucurbita-
ceae 2006, Universal Press, Raleigh NC, pp 31-38 

Kenigsbuch D, Cohen Y (1990) The inheritance of gynoecy in muskmelon. 
Genome 33, 317-320 

Keren-Keiserman A, Tanami Z, Shoseyov O, Ginzberg I (2004) Differing 
rind characteristics of developing fruits of smooth and netted melons (Cucu-
mis melo). Journal of Horticultural Science and Biotechnology 79, 107-113 

Klee H (2004) Ethylene signal transduction. Moving beyond Arabidopsis. Plant 
Physiology 135, 660-667 

Knopf RR, Trebitsh T (2006) The female specific Cs-ACS1G gene of cucum-
ber. A case of gene duplication and recombination between the non-sex speci-
fic 1-aminoacyclopropane-1-carboxylate synthase gene and a branched-chain 
amino acid transaminase gene. Plant Cell Physiology 47, 1217-1228 

Krupnick GA, Weis AE (1998) Floral herbivore effect on the sex expression of 
an andromonecious plant, Isomeris arborea (Capparaceae). Plant Ecology 
134, 151-162 

Krupnick GA, Brown KM, Stephenson AG (1999) The influence of fruit on 
the regulation of internal ethylene concentrations and sex expression in Cu-
curbita texana. International Journal of Plant Science 160, 321-330 

Kubicki B (1962) Inheritance of some characters in muskmelons (Cucumis 
melo L.). Genetica Polonica 3, 265-274 

Kubicki B (1969) Comparative studies on sex determination in cucumber (Cu-
cumis sativus L.) and muskmelon (Cucumis melo L.). Genetica Polonica 10, 
167-183 

Lasserre E, Bouquin T, Hernandez JA, Bull J, Pech JC, Balagué C (1996) 
Structure and expression of three genes encoding ACC oxidase homologs 
from melon (Cucumis melo L.). Molecular and General Genetics 251, 81-90 

Lelièvre J-M, Latché A, Jones B, Bouzayen M, Pech J-C (1997) Ethylene 
and fruit ripening. Physiologia Plantarum 101, 727-739 

Lelièvre J-M, Ben Amor M, Flores F, Gómez MC, Yahyaoui FE, Chatenet 
C, Perin C, Hernandez JA, Romojaro F, Latché A, Bouzayen M, Pitrat 
M, Dogimont C, Pech JC (2000) Ethylene-regulated genes and clarification 
of the role of ethylene in the regulation of ripening and quality in cantaloupe 
melon fruit. Acta Horticulturae 56, 499-506 

Lester GE, JR Dunlap (1985) Physiological changes during development and 
ripening of Perlita muskmelon fruits. Scientia Horticulturae 26, 323-331 

Lester GE, Arias LS, Gomez-Lim M (2001) Muskmelon fruit soluble acid in-
vertase and sucrose phosphate synthase activity and polypeptide profiles 
during growth and maturation. Journal of the American Society for Horticul-
tural Science 126, 33-36 

Lingle SE Dunlap JR (1987) Sucrose metabolism in netted muskmelon fruit 
during development. Plant Physiology 84, 386-389 

Lingle SE, Dunlap JR (1991) Sucrose metabolism and IAA and ethylene pro-
duction in muskmelon ovaries. Journal of Plant Growth Regulation 10, 167-
171 

Little HA (2005) Modification of sex expression in transgenic melon via al-
tered ethylene production and perception. PhD Dissertation, Michigan State 
University, East Lansing, MI, 165 pp 

Little HA, Papadopoulou K, Hammar SA, Grumet R (2007) The influence 
of ethylene perception on sex expression in transgenic melon as assessed by 
expression of the mutant ethylene receptor, AtETR1-1, under control of con-
stitutive and floral-targeted promoters. Sexual Plant Reproduction 20, 123-
126 

Lower RL, Nienhuis J (1990) Prospects for increasing yields of cucumbers via 
Cucumis sativus var. hardwickii germplasm. In: Bates DM, Robinson RW, 
Jeffrey C (Eds) Biology and Utilization of the Cucurbitaceae, Cornell Uni-
versity Press, Ithaca NY, pp 397-405 

Ma B, Cui M-L, Sun H-J, Takada K, Mori H, Kamada H, Ezura H (2006) 
Subcellular localization and membrane topology of the melon ethylene recep-
tor CmERS1. Plant Physiology 141, 587-597 

Makus DJ, Pharr DM, Lower RL (1975) Some morphogenic differences 
between monoecious and gynoecious cucumber seedlings as related to ethy-
lene production. Plant Physiology 55, 352-355 

Mallick MFR, Masui M (1986) Origin, distribution and taxonomy of melons. 
Scientia Horticulturae 28, 251-261 

Mann LK, Robinson J (1951) Fertilization, seed development, and fruit 
growth as related to fruit set in the cantaloupe (Cucumis melo L.). American 
Journal of Botany 37, 685-697 

Manning K, Tor M, Poole M, Hong Y, Thompson AJ, King G, Giovannoni 
JJ, Seymour GB (2006) A naturally occurring epigenetic mutation in a gene 
encoding an SBP-box transcription factor inhibits tomato fruit ripening. Na-
ture Genetics 38, 948-952 

Manrìquez D, El-Sharkawy I, Flores FB, El-Yahyaoui F, Regad F, Bouza-
yen M, Latche A, Pech J-C (2006) Two highly divergent alcohol dehydroge-
nases of melon exhibit fruit ripening-specific expression and distinct bioche-
mical characteristics. Plant Molecular Biology 61, 675-685 

McCollum TG, Huber DJ, Cantcliffe DJ (1988) Soluble sugar accumulation 
and activity of related enzymes during muskmelon fruit development. Jour-
nal of the American Society for Horticultural Science 113, 339-403 

McMurchie EJ, McGlasson WB, Eaks IL (1972) Treatment of fruit with pro-
pylene gives information about the biogenesis of ethylene. Nature 237, 235-
236 

Mibus H, Tatlioglu T (2004) Molecular characterization and isolation of the F/f 
gene for femaleness in cucumber (Cucumis sativus L.). Theoretical and Ap-
plied Genetics 109, 1669-1676 

Miki Y, Yamamoto M, Nakagawa H, Ogura O, Mori H, Imaseki H, Sato T 
(1995) Nucleotide sequence of a cDNA for 1-aminocyclopropane-1-carboxy-
late synthase from melon fruits. Plant Physiology 107, 297-298 

Mitchell DE, Gadus MV, Madore MA (1992) Patterns of assimilate produc-
tion and translocation in muskmelon (Cucumis melo L.). I. Diurnal patterns. 
Plant Physiology 99, 959-965 

Monforte AJ, Eduardo I, Arús P, Fernández-Trujillo JP, Obando J, Martí-
nez JA, Alarcón AL, van der Knapp E, Álvarez JM (2006) The melon ge-
nomic library of near isogenic lines: a tool for dissecting complex traits. In: 
Holmes GJ (Ed) Cucurbitaceae 2006, Universal Press, Raleigh NC, pp 146-
152 

Moriguchi T, Sanada T, Yamaki S (1990) Seasonal fluctuations of some en-
zymes relating to sucrose and sorbitol metabolism in peach fruit. Journal of 
the American Society for Horticultural Science 115, 278-281 

Moriguchi T, Abe K, Sanada T, Yamaki S (1992) Levels and role of sucrose 
synthase, sucrose-phosphate synthase and acid invertase in sucrose accumu-
lation in fruit of Asian pear. Journal of the American Society for Horticul-
tural Science 117, 274-278 

Munger HM, Lane DP (1983) An improved method for BA application for the 
promotion of fruit set in muskmelon. Cucurbit Genetics Cooperative 6, 51 

Nagasawa M, Mori H, Shiratake K, Yamaki S (2005) Isolation of cDNAs for 
genes expressed after/during fertilization and fruit set of melon (Cucumis 
melo L.). Journal of the Japanese Society for Horticultural Science 74, 23-30 

Nishiyama K, Guis M, Rose JKC, Kubo Y, Bennet KA, Wangjin K, Kato K, 
Ushijima K, Nakano R, Inaba A, Bouzayen M, Latché A, Pech J-C, Ben-

262



Reproductive development in melon. Grumet et al. 

 

net AB (2007) Ethylene regulation of fruit softening and cell wall disassem-
bly in Charentais melon. Journal of Experimental Botany 58, 1281-1290 

Noguera FJ, Capel J, Alvarez JI, Lozano R (2005) Development and map-
ping of a co-dominant SCAR marker linked to the andromonoecious gene of 
melon. Theoretical and Applied Genetics 110, 714-720 

Owens KW, Peterson CE, Tolla GE (1980) Production of hermaphrodite flow-
ers on gynoecious muskmelon by silver nitrate and aminoethoxyvinylglycine. 
HortScience 15, 654-655 

Ozga JA, Reinecke DM (2003) Hormonal interactions in fruit development. 
Journal of Plant Growth Regulation 22, 73-81 

Papadopoulou E, Grumet R (2002) Production of transgenic melon. In: Kha-
chatourins GG, McHughen A, Scorza R, Nip Y-K, Hui YH (Eds) Transgenic 
Plants and Crops, Marcel Dekker Inc. New York, NY, pp 371-381 

Papadopoulou E, Grumet R (2005) Brassinosteroid-induced femaleness in cu-
cumber and relationship to ethylene production. HortScience 40, 1763-1767 

Papadopoulou E, Little HA, Hammar SA, Grumet R (2005) Effect of modi-
fied endogenous ethylene production sex expression, bisexual flower deve-
lopment, and fruit set in melon (Cucumis melo L.). Sexual Plant Reproduc-
tion 18, 131-142 

Paýan MC, Peñaranda A, Rosales R, Garrido D, Gómez P, Jamilena M 
(2006) Ethylene mediates the induction of fruits with attached flower in zuc-
chini squash. In: Holmes GJ (Ed) Proceedings of Cucurbitacea 2006, pp 171-
179 

Périn C, Hagen LS, de Conto V, Katzir N, Danin-Poleg Y, Portnoy V, Bau-
dracco-Arnas S, Chadoeuf J, Doigimont C, Pitrat M (2002a) A reference 
map of Cucumis melo based on two recombinant inbred line populations. 
Theoretical and Applied Genetics 104, 1017-1034 

Périn C, Hagen LS, Giovinazzo N, Besombes D, Dogimont C, Pitrat M 
(2002b) Genetic control of fruit shape acts prior to anthesis in melon (Cucu-
mis melo L.). Molecular Genetics and Genomics 266, 933-941 

Périn C, Gomez JM, Hagen L, Dogimont C, Pech JC, Latché A, Pitrat M, 
Lelièvre JM (2002c) Molecular and genetic characterization of a non-cli-
macteric phenotype in melon reveals two loci conferring altered ethylene res-
ponse in fruit. Plant Physiology 129, 300–309 

Perl-Treves R (1999) Male to female conversion along the cucumber shoot: ap-
proaches to study sex genes and floral development in Cucumis sativus. In: 
Ainsworth CC (Ed) Sex Determination in Plants, BIOS Scientific, Oxford, pp 
189-215 

Pharr DM, Hubbard NL (1994) Melons: biochemical and physiological con-
trol of sugar accumulation. In: Arntzen CJ (Ed) Encyclopedia of Agricultural 
Science, Academic Press, New York, pp 1912-1934 

Pitrat M, Hanelt P, Hammer K (2000) Some comments on intraspecific clas-
sification on cultivars of melon. Acta Horticulturae 510, 29-36 

Poole CF, Grimball PC (1939) Inheritance of new sex forms in Cucumis melo. 
Journal of Heredity 30, 21-25 

Pratt HK (1971) Melons. In: Hulme AC (Ed) The Biochemistry of Fruit and 
Their Products (Vol 2), Academic Press, New York, pp 207-232 

Puigdomènech P, Arús P, García-Mas J, González M, Nuez F, Blanca J, 
Picó B, Roig C, Aranda M, González D (2006a) The Melogen project: EST 
sequencing, processing and analysis. In: Holmes GJ (Ed) Proceedings of 
Cucurbitaceae 2006, Universal Press, Raleigh NC, pp 186-192 

Puigdomènech P, Caño A, González V, Arus P, Deleu W, Garcia-Mas J, 
González M, Monforte A, Blanca J, Nuez F, Picó B, Roig C, Aranda M, 
González D, Robles A (2006b) The Melogen project: development of geno-
mic tools in melon. In: Holmes GJ (Ed) Proceedings of Cucurbitaceae 2006, 
Universal Press, Raleigh NC, pp 180-185 

Ranwala AP, Iwanami SS, Masuda H (1991) Acid and neutral invertases in 
the mesocarp of developing muskmelon (Cucumis melo L. cv. Prince) fruit. 
Plant Physiology 96, 881-886 

Ricardo CPP, ap Rees T (1970) Invertase activity during the development of 
carrot roots. Phytochemistry 9, 239-247 

Robinson RW, Decker-Walters DS (1997) Cucurbits. Crop Production Series 
in Horticulture, CAB International, New York, NY, 226 pp 

Robinson RW, Shannon S, La Guardia MD (1969) Regulation of sex expres-
sion in the cucumber. BioScience 19, 141-142 

Rosa JT. (1928) Inheritance of flower types in Cucumis melo and Citrullus. 
Hilgardia 3, 233-250 

Rose JKC, Hadfield KA, Labavitch JM, Bennett AB (1998) Temporal se-
quence of cell wall disassembly in rapidly ripening melon fruit. Plant Physio-
logy 117, 345-361 

Rudich J (1990) Biochemical aspects of hormonal regulation of sex expression 
in cucurbits. In: Bates DM, Robinson RW, Jeffry C (Eds) Biology and Utili-
zation of the Cucurbitaceae, Cornell University Press, New York, pp 288-304 

Rudich J, Baker LR, Scott JW, Sell HM (1976) Phenotypic stability and 
ethylene evolution in androecious cucumber. Journal of the American Society 
for Horticultural Science 181, 48-51 

Rudich J, Halevy AH, Kedar N (1969) Increase in femaleness of three cucur-
bits by treatment with ethrel, an ethylene-releasing compound. Planta 86, 69-
76 

Rudich J, Halevy AH, Kedar N (1972) Ethylene evolution from cucumber 
plants related to sex expression. Plant Physiology 49, 998-999 

Roy RP, Saran S (1990) Sex expression in the Cucurbitaceae. In: Bates DM, 
Robinson RW, Jeffry C (Eds) Biology and Utilization of the Cucurbitaceae, 

Cornell University Press, New York, pp 251-268 
Sato-Nara K, Yuhaski KI, Higashi K, Hosoya K, Kubota M, Ezura H 

(1999) Stage- and tissue- specific expression of ethylene receptor homolog 
genes during fruit development in muskmelon. Plant Physiology 120, 321-
330 

Schaffer AA, Aloni B, Fogelman E (1987) Sucrose metabolism and accumula-
tion in developing fruit of Cucumis. Phytochemistry 26, 1883-1887 

Schaffer AA, Pharr DM, Madore M (1996) Cucurbits. In: Zamski M, Schaffer 
AA (Eds) Photoassimilate Distribution in Plants and Crops: Source-Sink Re-
lationships, Marcel Dekker Inc, NY, pp 729-757 

Schaffer AA, Burger Y, Zhang G, Zhifang G, Granot D, Petreikov M, Yesel-
son Y, Shen S (2000) Biochemistry of sugar accumulation in melons as rela-
ted to the genetic improvement of fruit quality. Acta Horticulturae 510, 499-
506 

Schapendon AHCM, Brouwer P (1984) Fruit growth of cucumber in relation 
to assimilate supply and sink activity. Scientia Horticulturae 23, 21-33 

Seymour GB, McGlasson WB (1993) Melons. In: Seymour GB, Taylor GE, 
Tucker GA (Eds) Biochemistry of Fruit Ripening, Chapman and Hall, Lon-
don, pp 273-286 

Shalit M, Katzir N, Tadmor Y, Larkov O, Burger Y, Schalechet F, Lasto-
chkin E, Ravid U, Amar O, Edelstein M, Lewinsohn E (2001) Acetyl 
CoA: alcohol acetyl transferase activity and aroma formation in ripening me-
lon fruits. Journal of Agricultural and Food Chemistry 49, 794-799 

Shiomi S, Yamamoto M, Nakamura R, Inaba A (1999) Expression of ACC 
synthase and ACC oxidase genes in melons harvested at different stages of 
maturity. Journal of the Japanese Society for Horticultural Science 68, 10-17 

Silberstein L, Kovalski I, Brotman Y, Perin C, Dogimont C, Pitrat M, Klin-
ger J, Thompson G, Portnoy V, Katzir N, Perl-Treves R (2003) Linkage 
map of Cucumis melo including phenotypic traits and sequence-characterized 
genes. Genome 46, 761-773 

Sinnot EW (1939) A developmental analysis of the relation between cell size 
and fruit size in cucurbits. American Journal of Botany 26, 179-189 

Srivastava A, Handa AK (2005) Hormonal regulation of tomato fruit develop-
ment: a molecular perspective. Journal of Plant Growth Regulation 24, 67-82 

Stepansky A, Kovalski I, Schaffer AA, Perl-Treves R (1999) Interspecific 
classification of melons (Cucumis melo L.) in view of their phenotypic and 
molecular variation. Plant Systematics and Evolution 217, 313-332 

Stephenson AG (1981) Flower and fruit abortion: proximate causes and ulti-
mate functions. Annual Review of Ecology and Systematics 12, 253-79 

Stephenson AG, Devlin B, Horton JB (1988) The effects of seed number and 
prior fruit dominance on the pattern of fruit production in Curcurbita pepo 
(zucchini squash). Annals of Botany 62, 653-661 

Suzuki A, Kanayama Y, Yamaki S (1996) Occurrence of two sucrose synthase 
isozymes during maturation of Japanese pear fruit. Journal of the American 
Society for Horticultural Science 121, 943-947 

Takahashi H, Kobayashi T, Sato-Nara K, Tomita K, Ezura H (2002) Detec-
tion of ethylene receptor protein Cm-ERS1 during fruit development in me-
lon (Cucumis melo L.). Journal of Experimental Botany 53, 415-422 

Tieman DM, Ciardi JA, Taylor MG, Klee HJ (2001) Members of the tomato 
LeEIL (EIN3-like) gene family are functionally redundant and regulate ethy-
lene responses throughout plant development. Plant Journal 26, 47-58 

Tolla GE, Peterson CE (1979) Comparison of gibberellin A4/A7 and silver nit-
rate for induction of staminate flowers in a gynoecious cucumber line. Hort-
Science 14, 542-544 

Trebitsh T, Rudich J, Riov J (1987) Auxin, biosynthesis of ethylene and sex 
expression in cucumber (Cucumis sativus). Plant Growth Regulation 5, 105-
113 

Trebitsh T, Staub JE, O’Neill SD (1997) Identification of a 1-aminocyclopro-
pane-1-carboxylic acid synthase gene linked to the Female (F) locus that en-
hances female sex expression in cucumber. Plant Physiology 113, 987-995 

Valantin M, Gary C, Vaissière BE, Prossards JS (1999) Effect of fruit load 
on partitioning of dry matter and energy in cantaloupe (Cucumis melo L.). 
Annals of Botany 85, 173-181 

Valantin-Morison M, Vaissière BE, Gary C, Robin P (2006) Source-sink ba-
lance affects reproductive development and fruit quality in cantaloupe melon 
(Cucumis melo L.). Journal of Horticultural Science and Biotechnology 81, 
105-117 

Vrebalov J, Ruezinsky D, Padmanabhan V, White R, Medrano D, Drake R, 
Schuch W, Giovannoni J (2002) A MADS-box gene necessary for fruit 
ripening at the tomato ripening-inhibitor (rin) locus. Science 296, 343-346 

Wang Y, Wyllie SG, Leach DN (1996) Chemical changes during the develop-
ment and ripening of the fruit of Cucumis melo (cv. Makdimon). Journal of 
Agricultural and Food Chemistry 44, 210-216 

Whitaker TW, Davis GN (1962) Cucurbits: Botany, Cultivation, and Utiliza-
tion, Interscience publishers Inc, New York, 250 pp 

Yahyaoui F, Wongs-Aree C, Latche A, Hackett R, Grierson D, Pech JC 
(2002) Molecular and biochemical characteristics of a gene encoding an alco-
hol acyl-transferase involved in the generation of aroma volatile esters during 
melon ripening. European Journal of Biochemistry 269, 2359-2366 

Yamaguchi M, Hughes DL, Yabumoto K, Jennings WG (1977) Quality of 
cantaloupes: variability and attributes. Scientia Horticluturae 6, 59-70 

Yamamoto M, Miki T, Ishiki Y, Fujinami K, Yanagisawa Y, Nakagawa H, 
Ogura N, Hirabayashi T, Sato T (1995) The synthesis of ethylene in melon 

263



International Journal of Plant Developmental Biology 1(2), 253-264 ©2007 Global Science Books 

 

fruit during the early stage of ripening. Plant and Cell Physiology 36, 591-
596 

Yamasaki S, Fujii N, Takahashi H (2000) The ethylene-regulated expression 
of CS-ETR2 and CS-ERS genes in cucumber plants and their possible in-
volvement with sex expression in flowers. Plant and Cell Physiology 41, 
608-616 

Yamasaki S, Fujii N, Matsuura S, Mizusawa H, Takahashi H (2001) The M 
locus and ethylene-controlled sex determination in andromonoecious cucum-
ber plants. Plant and Cell Physiology 42, 608-619 

Yamasaki S, Fujii N, Takahashi H (2003a) Characterization of ethylene ef-
fects on sex determination in cucumber plants. Sexual Plant Reproduction 16, 
103-111 

Yamasaki S, Fujii N, Takahashi H (2003b) Photoperiodic regulation of CS-
ACS2, CS-ACS4 and CS-ERS gene expression contributes to the femaleness 

of cucumber flowers through diurnal ethylene production under short day 
conditions. Plant Cell and Environment 26, 537-546 

Yin T, Quinn JA (1992) A mechanistic model of a single hormone regulating 
both sexes in flowering plants. Bulletin of the Torrey Botanical Club 119, 
431-441 

Yin T, Quinn JA (1995) Tests of a mechanistic model of one hormone regu-
lating both sexes in Cucumis sativus (Cucurbitaceae). American Journal of 
Botany 82, 1537-1546 

Zhang XS, O’Neill SD (1993) Ovary and gametophyte development are co-
ordinately regulated by auxin and ethylene following pollination. Plant Cell 5, 
503-418 

Zheng XY, Wolff DW (2000) Ethylene production, shelf-life and evidence of 
RFLP polymorhisms linked to ethylene genes in melon (Cucumis melo L.). 
Theoretical and Applied Genetics 101, 613-624 

 
 

264


