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ABSTRACT
Cucurbitaceae, a family comprising over 900 species, exhibits remarkable sexual polymorphism, a trait that has been effectively harnessed in hybrid development. This review explores the evolutionary progression of sex forms in cucurbits, from primitive hermaphroditism to specialized forms such as monoecy, gynoecy, and andromonoecy. It emphasizes the pivotal role of genetic and environmental factors in regulating sex expression and how these factors are exploited through cultural practices, growth regulators, and nutrient management to manipulate floral biology. Particular attention is given to the utilization of gynoecious and male sterile lines, and the application of growth regulators such as gibberellins and silver compounds in inducing desired sex forms. The review also details various hybrid seed production techniques including hand emasculation, manual defloration, and use of genetic male sterility and highlights the significance of these methods in achieving hybrid vigor, disease resistance, and yield uniformity. By integrating classical breeding techniques with modern physiological and chemical approaches, this synthesis underscores the strategic value of sexual polymorphism in advancing cucurbit hybrid technology.
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1. INTRODUCTION
Cucurbitaceous vegetables are one of the most vast and diverse horticultural crops, with almost 900 species spread across 130 genera in the Cucurbitaceae family (Jeffrey, 1980). These vegetables are prized over the world for their versatility, since they can be eaten fresh in salads, cooked as veggies, processed into pickles, utilized as dessert ruits, or preserved as candied items. Aside from their commercial significance, cucurbits are notable for their amazing diversity in floral biology and sex expression, which has piqued the interest of evolutionary biologists and plant breeders. Flowers in the Cucurbitaceae exhibit a wide range of sexual forms, including staminate, pistillate, and hermaphroditic flowers, giving rise to several sex expression systems such as monoecious, gynoecious, andromonoecious, gynomonoecious, androecious, trimonoecious, gynodioecious, and dioecious. Evolutionarily, these varied sex types are thought to have evolved from a primitive hermaphroditic condition, progressing through monoecious forms and eventually leading to advanced gynoecious and dioecious systems. Sex expression in cucurbits is primarily determined by genetics, but environmental factors like as temperature, photoperiod, nutrition, and hormonal balance all have a substantial impact on its expression and stability. Sexual reproduction originated as a fundamental biological mechanism to maintain genetic variety, resulting in varied allelic combinations that allow natural selection of the fittest individuals under changing environmental conditions (Burt, 2000). There are two primary types of sexual organization: hermaphroditism, in which male and female reproductive organs coexist, and dioecy (gonochory), in which male and female activities are split onto separate individuals. While hermaphroditism is common in the plant kingdom, dioecy has developed independently in a small number of plant taxa, including several cucurbit species, indicating substantial selective advantages in certain ecological and evolutionary situations. The evolution of dioecy in plants is regarded as a progressive and successive process rather than a single event. Selective pressures favoring outcrossing and avoiding inbreeding depression have played an important role in driving this change (Bawa, 1980; Holsinger, 2000). Dioecy ensures total separation of male and female reproductive activities, which promotes cross-pollination and allows for optimal resource allocation between pollen generation and fruit growth (Bawa, 1980; Ainsworth, 2000). At the genetic level, dioecy is thought to result from independent mutations that cause male and female sterility within a hermaphroditic developmental framework, followed by the establishment of tight genetic linkage to prevent recombination and reversion to hermaphroditism.
1.1 Characterstic features of cucurbits

   Cucurbitaceous crops generally exhibit a vine growth habit, except for summer squash, and are predominantly annuals, with the exception of pointed gourd, ivy gourd, and chow-chow. These warm-season, frost-sensitive plants are highly cross-pollinated, relying on entomophilous pollinators. Flowering occurs during morning or evening hours depending on the crop. Most are propagated by seeds, except pointed gourd and ivy gourd, and their botanical fruit type is classified as Pepo. Fruits are typically multi-seeded, though chow-chow is an exception, and flowers are commonly yellow or white. Cucurbitacin, present in roots and fruits, are responsible for their bitter taste, while seeds are exendospermous, lacking endosperm.

1.2 Evolution of sex forms in Cucurbits

The primitive sex form in cucurbits was hermaphroditic. However, over time, evolutionary processes involving both macro- and micro-mutations resulted in the transformation of the hermaphroditic sex form into intermediate forms such as andromonoecious, trimonoecious, and gynomonoecious (Fig 1). Further advancements influenced by genetic evolution and environmental changes have likely led to modifications in sex forms like androecious, monoecious, and gynoecious, as noted by Robinson and Decker-Walters (1999). In cucurbits, sex expression is significantly influenced by both environmental conditions and genetic factors, allowing for effective manipulation. These factors have contributed to the emergence of diverse sex forms within this group. The study of this evolutionary progression of these sex forms was first analysed and documented by Whittaker in 1931.
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Fig 1. Evolution of sex forms in cucurbits

1.3 Sex forms in Cucurbits

Cucurbitaceous vegetable crops exhibit diverse sex forms based on flower arrangement and type, as summarized in Table 1.
Table.1 Different sex forms in cucurbits
	Sex Forms
	Cucurbits

	Monoecious (♀ and ♂)
	Cucumber, Musk Melon, Pumpkin, Summer Squash, Winter Squash, Water Melon, Sponge Gourd, Round Melon, Bottle Gourd, Bitter Gourd

	Gynoecious (♀)
	Cucumber, Bitter Gourd, Musk Melon, Watermelon, Ridge Gourd

	Androecious (♂)
	Pointed Gourd

	Dioecious (♀ and ♂ in separate plant)
	Pointed Gourd, Ivy Gourd,

	Andromonoecious (♂ and ⚥ in same plant)
	Muskmelon, Water Melon, Cucumber

	Gynomonoeciouss (♀ and ⚥ in same plant)
	Cucumber, Musk Melon, Ridge Gourd

	Trimonoecious (♂, ♀and ⚥in same plant)
	Bitter Gourd

	Hermaphrodite (⚥)
	Ridge Gourd (Satputia)




2. SEX MANIPULATION IN CUCURBITS

2.1 Influence of environmental effect on sex expression

Sex expression in cucurbits is primarily influenced by environmental factors, with female sex expression being encouraged by low temperature, short photoperiod, and high moisture level, which stimulate carbohydrate accumulation. In contrast, high temperature and extended photoperiod promote male flower production. Environmental factors also affect the synthesis of endogenous hormones such as ethylene, auxin, gibberellic acid, and the chemical composition, leading to variations in sex expression. The ratio of staminate to pistillate flowers significantly changes when monoecious plants are exposed to different environmental conditions (Achakzai & Kayani 2002). A strong correlation has been observed between ethylene release and the percentage of nodes producing female flowers, which is highest at day/night temperatures of 28°C (6 hours at 18°C followed by 6 hours at 12°C). While low temperatures and shorter nights do not directly regulate the enhancement of female flowers in monoecious cucurbits, these conditions facilitate glucose and sucrose accumulation in the shoot apex, mediated by the hexokinase-mediated sugar signalling pathway (Miao et al., 2011).The number of female flower-producing nodes increases more than sevenfold in monoecious cucumbers and threefold in andromonoecious cucumbers, owing to ethylene production under short-day conditions (8-hour photoperiod). Ethylene evolution peaks in the shoot apices of monoecious and andromonoecious cucumber plants at the four-leaf stage, with levels approximately 1.5 times higher under an 8-hour photoperiod compared to a 16-hour photoperiod (Yamasaki et al., 2003).

2.2 Influence of cultural practice on sex expression

Cultural practices, such as irrigation, nutrient management, and planting seasons, have a relatively minor role in sex manipulation but still influence plant development. Unfavourable conditions, such as water scarcity, can reduce flower production, while excessive nitrogen application promotes vegetative growth at the expense of the reproductive stage, delaying flowering. Mineral nutrients can impact sex expression by altering hormonal balance. For instance, planting during high rainfall seasons reduces flower production, whereas hot seasons lead to more male and fewer female flowers. Sub-optimal application of nitrogen, phosphorus, and potassium has been observed to suppress flower production and favour male flowers over female ones (Kraup et al., 2002). In monoecious cucurbits, modifying the sex ratio in favour of female flowers is particularly evident with high levels of nitrogen. Minerals like boron also affect sex expression in many cucurbits (Table 2), while potassium fertilizers, when applied to potassium-deficient soils, increase female flowers and improve fruit yield in squash (Abduljabbar and Ghurbat, 2010). Additionally, bio-fertilizer application has been found to significantly boost female flower induction and reduce male flowers in squash plants (Abd El-Fattah and Sorial, 2000). The application of 100 kg/ha of NPK 15:15:15 fertilizer has been linked to an increased male-to-female flower ratio in pumpkins (Agbaje et al., 2012).


Table.2 Effect of boron on sex expression in different crops
	Crop
	Dosage 
	Effect
	References

	Muskmelon
	6 ppm
	Increased ratio of hermaphrodite: staminate flowers
	Randhawa and Singh, 1974

	

Cucumber cv. Poona Khira
	3-4 ppm
	Increased pistillate flowers.
	Verma and Choudhary, 1980

	
	2-4 ppm
	Decreased number of days to first female flower, early node to first female flower, lower male: female flower ratio.
	Singh and Choudhary, 1988

	Cucumber
	4 ppm
	Reduces the number of days to first male and female flower production, number of nodes to first female flower appearance and increases total number of female flowers.
	Singh and Chaudhury, 1988

	


Watermelon cv. Sugar baby
	3 ppm
	Increased the total number of female flowers per vine and decreased ratio of male: female flowers
	Ali et al., 1985

	
	2-4 ppm
	Decreased number of days to first female flower production and number of nodes to first female flower appearance, more number of female flowers.
	Singh and Chaudhury, 1988

	
Bitter gourd
	4 ppm
	Increased female flowers per plant
	Verma et al., 1984

	
	4 ppm
	Decreased number of days to first maleflower production, reduced male: female flower ratio.  
	Gedam et al., 1998



2.3 Role of growth regulators on sex expression
 
Growth regulators significantly influence sex expression and flowering in cucurbits. They can suppress male flowers or enhance the number of female flowers without harming the environment or human health. Applying growth regulators at the critical stage when two- or four-leaf stage can modify the sex ratio and sequence. In cucumber plants, the male-to-female flower ratio is governed by plant hormones: ethylene and auxin encourage female flower development, while gibberellins stimulate male flowers. The first reported instance of altering sex expression in plants through external chemicals involved using auxin to shift cucumber sex expression toward femaleness. On the other hand, gibberellic acid application promoted male flowers in monoecious cultivars at nodes typically producing female flowers.
Gynoecious lines, used for genetic selfing in cucumber populations, are generated by inducing staminate flowers with chemicals. For instance, the cucumber variety 'Bingo' exhibited only 5% gynoecious sex, whereas Seminis-1, Seminis-3, Micro-c, and Long Green predominantly displayed gynoecious sex and achieved stability through repeated selfing. Eventually, completely gynoecious populations were obtained in the S3 generation, resulting in SE1-G and SE3-G lines. The gynoecious plants of these lines were maintained through selfing, with bulk seeds from each S3 line used to sustain gynoecious lines.
3. DEVELOPMENT OF HYBRIDS IN CUCURBITS
Hybrids are the offspring resulting from a cross between two distantly related parents, playing a crucial role in vegetable production, particularly in cucurbits. Despite their heterozygous genetic makeup, hybrids exhibit uniformity in traits associated with yield and adaptability. However, due to segregation and recombination during self-pollination, hybrid seeds must be produced annually, requiring farmers to purchase new seeds for consistent crop success. Cucurbits demonstrate notable heterosis for early maturity and yield. Dominant disease-resistance genes in cucurbits enable the development of F1 hybrids resistant to specific diseases through crosses involving a single resistant parent. Hybrid varieties are especially significant for cucumbers, squash, muskmelons, and watermelons, with heterosis also observed in other genera such as Benincasa, Lagenaria, Luffa, Momordica, and Trichosanthes. While inbred lines with minimal vigor reduction have been created for several cucurbits, some lines experience decreased yield and vitality, though inbreeding depression is not a major issue for hybrid seed production. Reciprocal crosses often yield similar results, but using the parent with higher seed production or larger seeds as the female parent may be beneficial. Hybrid vigor was first observed in tomato in 1907 in the USA, while the first commercial hybrid variety, released for farmers' production, was cucumber in Japan in 1935. In 1942, Munger emphasized the potential use of first-generation hybrids in muskmelons. India's first vegetable hybrid, Pusa Meghdoot (Bottle Gourd), was developed in 1971 by Chaudhary and Singh at IARI, New Delhi.
3.1 Advantages of Hybrid Development in Cucurbits
Cucurbits stand out among vegetable crops due to their distinct sex mechanism and expression, which can be effectively manipulated for F1 hybrid production. Additionally, the relatively high number of seeds per fruit (or per successful pollination) in most cucurbits is a valuable factor in hybrid seed production. Hybrid technology is particularly suitable for cucumbers grown under protected conditions, such as glasshouses in Western Europe and the USA, or plastic houses in Japan.
3.2 Hybrid Seed Production
Sex mechanism and expression play a key role in hybrid seed production in cucurbits, whether through hand pollination or insect pollination. Gynoecy, however, is uncommon in crops like watermelon, pumpkin, and gourds. Gynoecious lines have been developed for muskmelon—for example, WI 998 in the USA (Peterson et al., 1983) and in India (More et al., 1988). Despite these advancements, commercial hybrid seed production in cantaloupe (netted melon) continues to rely on hand pollination, involving andromonoecious parents.
3.3 Steps in hybrid seed production 
1. Creating inbred parental lines: Parental lines are developed through repeated self-pollination to achieve inbreeding depression and establish desired traits. The seeds of these lines are produced either in isolated conditions or through manual pollination.
2. Evaluating combining ability: The parental lines are assessed for their general combining ability (GCA) and specific combining ability (SCA) using methods like line × tester or diallel crosses.
3. Producing F1 hybrid seeds: Once the combining ability is confirmed, F1 hybrid seeds are produced.
4. METHODS FOR HYBRID SEED PRODUCTION 
Hybrid seed production involves selecting the best combiner inbred lines, ensuring isolation, encouraging pollination by keeping bee hives, and employing specific methods to enhance seed quality and yield. The methods include:
· Hand emasculation and pollination in species with andromonoecious or hermaphrodite flowers.
· Manual removal of male flowers before they bloom (anthesis) from female plants in monoecious species.
· Using gynoecious lines as female parents, paired with pollination by the desired male parent.
· Employing genetic male sterility where a single recessive gene ensures male sterility, such as in cucumber, muskmelon, watermelon, and squash.
· Inducing gynoecious forms from monoecious lines using ethephon treatment.
4.1 Hand emasculation and pollination
For hand pollination, flowers intended for pollination should be closed before anthesis to prevent insect interference. Pollination is best completed in the morning for optimal fruit set. After pollination, flowers must be protected from insects by either bagging, covering with gelation capsule. The process is labour-intensive and costly, especially when dealing with bisexual flowers. Using monoecious plants with separate male and female flowers is recommended to simplify hybrid seed production.
4.2 Manual defloration of flowers
Curtis (1939) suggested a method for hybrid squash seed production similar to the approach used for hybrid corn. Male parent plants are grown in rows next to two or more rows of female parent plants, allowing natural crossing. Instead of detasseling the female parent (as done in corn), Curtis recommended removing male flower buds from the maternal squash plant to prevent self-pollination or sib-mating. Bees transfer pollen from male to female squash plants, replacing wind pollination. Once fruit sets, male parent plants are removed to avoid mixing their seeds with hybrid seeds from the female plant. This technique, called defloration (manual removal of male flowers from naturally pollinated female plants), was predominantly used for squash and commercially applied for summer squash seed production. Over time, it was largely replaced by the use of the growth regulator ethephon. Defloration for hybrid cucumber seed production proved significantly less expensive, costing about half as much as hand pollination.
4.3 Use of gynoecious female parents
Gynoecious cucumber plants, which produce only female flowers, rely on a dominant gene (F) along with modifiers to express this unique sex trait. These plants enable efficient hybrid seed production by growing alongside pollen-producing male plants in the same field, with bees facilitating pollination. Since gynoecious plants are incapable of self-pollination or sib-mating, all their seeds are hybrid. The number of rows of the gynoecious parent to those of the pollinator in hybrid cucumber seed production fields may vary but a 3:1 ratio is generally observed.
4.4 Use of male sterile line as female parent
Male sterility, controlled by single recessive genes, is observed in crops like cucumber, melon, squash, and watermelon (Robinson et al., 1976). Since no cytoplasmic factor interacts with male sterility genes in cucurbits, these lines are maintained by crossing heterozygous plants with homozygous ones, using the latter as the female parent. In watermelon, the GMS gene for male sterility is linked to glabrous foliage, enabling early identification of male sterile plants at the seedling stage. The use of male sterility in hybrid seed production is limited due to challenges such as labor-intensive rouging of segregating lines, the risk of selfing if male fertile plants are not removed promptly, and reduced seed yield since only 50% of plants contribute seeds. Additionally, many male sterile mutants can only be identified at the flowering stage, increasing the likelihood of non-hybrid seed production if male fertile plants are not removed in time. Some male sterile genes also negatively impact seed production, as seen in cucumbers. Zhang et al. (1994) deemed the use of pollen sterile cucumber mutants impractical for F1 hybrid seed production.
4.5 Epigenic conversion
The commercial production of gynoecious hybrid cucumber seed was made possible only when it was discovered that gynoecious inbreds could self-reproduce if a growth regulator is applied to induce male flower formation. Peterson and Anhder (1960) discovered that gibberellic acid would promote male flower formation on gynoecious cucumber lines. Pike and Peterson (1969) found that a mixture of gibberellins 4 and 7 were more effective than GA3 for maintaining gynoecious lines. Different gynoecious inbreds may vary in response to GA application (Shifriss and George, 1964). Due to some problems faced due to GA3 application like internode elongation, floral deformation and bronzing of the fruits, many seeds men now use a silver compound rather than gibberellin to maintain gynoecious lines. Silver ions inhibit ethylene action and therefore promote male sex expression of gynoecious cucumbers. Silver thiosulfate is now used by many seeds companies to increase seed of gynoecious cucumber lines. It effectively induces male flowering of gynoecious plants for an extended period, is less phytotoxic than silver nitrate, and does not cause the excessive stem elongation or mal- formed male flowers that is characteristic of gibberellin application. Among the available methods of hybrid seed production, hand emasculation and pollination is followed commercially because upon successful pollination and fertilization, many seeds are produced in majority of cucurbits.
Conclusion
The rich sexual polymorphism exhibited by cucurbits presents a unique opportunity for enhancing hybrid breeding strategies in this important vegetable group. This review highlights the evolutionary, physiological, and agronomic dimensions of sex expression and its manipulation through environmental cues, cultural practices, nutrient management, and plant growth regulators. Among the most impactful tools are gynoecious lines, male sterile mutants, and epigenic conversions, which allow for efficient hybrid seed production and maintenance of desirable traits such as yield, uniformity, and disease resistance. The use of hybrid technology in cucurbits not only accelerates genetic gain but also supports sustainable agriculture through improved productivity and crop resilience. Continued research into the molecular and hormonal regulation of sex expression, along with the refinement of hybrid seed production techniques, will further unlock the potential of cucurbits in modern horticulture.
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