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Preface

Cucurbitaceous crops play a crucial role in agriculture, nutrition, and public health
worldwide. Cultivated in diverse climates and cultures, they represent crops that are
both of long-standing tradition and modern relevance. Although widely grown and
consumed, their improvement through breeding and production strategies is far from
straightforward, as it is influenced by their evolutionary diversity, distinctive mor-
phological traits, and complex physiological and molecular processes. At first glance,
cucurbits appear as everyday vegetables on our tables. However, a closer look reveals
remarkable diversity in their genetic makeup, bioactive compounds, and adaptive
abilities, which resist simple explanation. Each species responds uniquely to ecological
conditions, cultivation practices, and storage or processing methods. For this reason, a
thorough understanding of their biology and utilization requires knowledge that spans
breeding science, biotechnology, crop production, and postharvest management.

In recent years, research into cucurbits has expanded considerably. Breeding and
genetic studies have created new opportunities for biofortification and resilience under
climate stress. Equally, advances in in vitro culture, such as micropropagation, organo-
genesis, and somatic embryogenesis, have accelerated plant regeneration studies. At
the same time, investigations into phytochemical profiles and bioactive properties have
highlighted the value of cucurbits not only as sources of food but also as contributors
to traditional and modern medicine.

This book was prepared to bring together the latest knowledge on cucurbit crops. The
chapters explore breeding and evolutionary perspectives, cultural practices, posthar-
vest applications, biotechnological tools, and the role of indigenous cucurbits in food
and nutrition security. By presenting these aspects collectively, the book provides a
comprehensive view of the scientific progress and practical significance of this plant
family.

Ertan Yildirim, Melek Ekinci, Murat Aydin and Esma Yigider
Faculty of Agriculture,

Atatiirk University,

Erzurum, Tiirkiye






Chapter 1

Introductory Chapter: The
Scientific and Agricultural
Importance of Cucurbitaceae

Ertan Yildirim

1. Introduction

The Cucurbitaceae family is among the most economically, nutritionally, and
scientifically important plant families globally because it accounts for a large share of
agriculture. Cucurbits, including cucumber, melon, watermelon, squash, pumpkin,
and bottle gourd, are among the most widely cultivated vegetable and fruit crops in
the world, with around 118 genera and almost 1000 species [1]. Their high water,
vitamins, antioxidants, and dietary fiber content make these crops one of the staple
parts of the human diet in many places. Besides their nutritional importance, cucurbit
crops play an important role in the global agricultural economy with fresh eating,
food processing, seed production, and international trade.

These crops are second to none. They are deeply embedded in the food systems
of pan-continental co-existing societies, providing not just human nutrition but also
economic support for rural populations, agro-industrial corridors, and international
trade routes. They are grown in temperate, subtropical, and tropical climates and
exhibit remarkable adaptation to diverse agro-ecological zones. Its wide genetic
variability has allowed it to adapt to numerous environmental conditions, from dry
and semi-dry zones to humid production systems and greenhouses. Furthermore,
the increasing global demand for fresh vegetables, functional foods, and value-
added horticultural products has added strategic significance to cucurbit crops in
sustainable agriculture [2]. Cucurbits cover millions of hectares of cultivated land
worldwide. The ones with the greatest production volume among them are water-
melon, cucumber, melon, pumpkin, and squash. These crops are grown in open-field
agriculture, non-heated cultivation systems, and heated production in greenhouses.
Aside from their economic importance, cucurbits have become valuable plant model
systems. Cucurbit species are commonly used as experimental models in studies
addressing sex determination, vascular biology, fruit development, and plant stress
physiology. The reproductive biology of many cucurbits has an especially promiscu-
ous history in plant experiments, providing distinguishing information about the
regulation of plant developmental processes and hormone function at various levels,
situated between species and organelles on or around a paradigm herbaceous vine.

Cucurbits are not only economically relevant but they also present remarkable
biological interest. They have distinctive morphological traits, including indetermi-
nate growth, climbing or creeping growth habits, tendrils (twining stem modifica-
tions), monoecious or dioecious flowering patterns, and specialized fruit types called
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pepos. Being a model species for floral development and plant hormone regulation,
their reproductive biology, sex expression mechanisms, and pollination systems have
been extensively studied. Additionally, multiple cucurbit species have been utilized
as experimental systems in studies related to physiology, genetics, and molecular
biology [3].

Recent decades witnessed the advent of rapidly advancing plant sciences, which
have dramatically reshaped cucurbit research. New frontiers have been opened in
crop improvement by developments in molecular genetics, genomics, biotechnology,
and precision agriculture. Next-generation solutions in genome sequencing projects,
high-throughput phenotyping to identify traits in the field more rapidly, and molecu-
lar marker technologies and gene-editing tools, including CRISPR/Cas systems, are
reinventing breeding strategies [4]. This leads to new cultivars with applications
including higher yield, better nutritional value, and greater resistance against biotic
and abiotic stress. Meanwhile, challenges to cucurbit production are increasing.
Climate change, defined by increasing temperatures, irregular precipitation regimes,
salinity, and extreme weather events, presents severe threats to yield stability and
crop quality. Emerging diseases and pests, increasing adaptability, and pathogen
races indicate a need for innovative integrated sustainable management. Challenges,
including post-harvest losses, inefficiencies throughout the supply chain, and qual-
ity degradation in storage and transport processes, compound production systems.
Meeting these complex challenges requires a holistic, interdisciplinary view.

Cucurbits are explored for ecology within plant-environment interactions, pol-
lination biology, seed dispersal mechanisms, and ecological adaptations. We assess
the effects of climate change as it progresses globally on cucurbit production systems,
highlighting demand for resilient genotypes and climate-smart [5]. Physiological
characteristics of the cucurbit plant distinguish it from other vegetable crops. They
show rapid vegetative growth and fruit development, which depend on photosynthe-
sis in source leaves and on the transport of assimilates. One of the most prominent
features of cucurbits is their large vascular system to facilitate the rapid transport of
photosynthetic products from source leaves to developing fruits and vice versa. This
effective carbohydrate partitioning is critical in developing substantial fruits such as
watermelon and pumpkin.

Cucurbit plants exhibit intricate hormonal regulation of growth and reproduc-
tive development. Phytohormones ethylene, gibberellins, and auxins are important
regulators of floral sex expression, fruit set, and fruit enlargement. Hormonal
pathways are additionally modulated by environmental factors, such as temperature,
photoperiod, and nutrient availability, to regulate these processes. Countless acces-
sions of Cucurbitaceae, a genetic resource that needs to be unearthed and used in crop
improvement, speed farming. Wild species are often a source of genes for resistance
to diseases, pests, and environmental stresses in cultivated cucurbits. Plant breeding
programs have produced many improved cultivars that exhibit higher yield, fruit
quality, disease resistance, and adaptability to the environment. Traditional breed-
ing methods have also been supplemented with modern molecular tools, including
marker-assisted selection, genomic mapping, and transcriptomic analysis.

Expandability of cucurbit crops is also being developed by biotechnological
methods, including gene editing and functional genomics [6]. These resources
help researchers understand complex traits and develop cultivars that can maintain
productivity in a changing environment. Cucurbit crops are among the world’s most
popular and beneficial vegetables, but face many production challenges. These are
pests and disease susceptibility, environmental stress sensitivity, and climate change
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impacts on crop productivity. Many regions are affiliated with increasing tempera-
ture, erratic rainfall distribution, or soil salinization, all of which put cucurbit culture
under jeopardy. There is no single way to tackle these challenges, and integrated
approaches of plant breeding, better cultivation techniques, and cutting-edge molec-
ular approaches will be required.

2. Future perspectives and research directions in cucurbit science

Cucurbitaceae will continue to be critical for the region’s economy and agricultural
ecological conditions, providing more nutrients and significant benefits. However,
they face growing pressures from environmental degradation, shifting consumer
trends, and a demand for sustainable farming methods that warrant innovative new
research strategies. The contribution of future advances in cucurbit science will
depend heavily on the merging of modern technologies with traditional horticultural
knowledge to improve productivity, adaptation potential, and fruit quality. Among
them, one of the most promising areas is the application of genomic and molecular-
based tools in cucurbit breeding programs. As whole-genome sequences are becom-
ing available for major cucurbit species, new opportunities arise to identify genes
underlying crucial agronomic traits related to yield, disease resistance, and stress
tolerance, as well as fruit quality. Genomic selection, marker-assisted selections, and
gene-editing technologies (e.g., CRISPR/Cas systems) will further accelerate the
development of improved cultivars. These strategies will give breeders the opportu-
nity to specifically target favorable traits while significantly streamlining the process
of cultivar development.

3. Conclusion

The Cucurbitaceae family is among the most important groups of crops provid-
ing food security, nutrition, and agricultural economy across the globe. In addition
to their significance as food crops, cucurbits are important model systems for plant
physiology, reproductive biology, and stress responses. Going forward, there must
be continuous study of cucurbit biology, genetics, and cultivation practices to meet
progress on future agricultural challenges. The combination of traditional knowl-
edge with modern science techniques will enhance the development of high-quality
cucurbits as well as sustainable agricultural systems that are a necessity to ensure that
vegetable crop production is appealing for an ever-increasing global population.

Al tools disclosure

The author acknowledges the use of Grammarly for language editing.
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Chapter 2

Chayote: An Important
Cucurbitaceous Vegetable Crop

Krishna Kaushik, Kedar Mahadev Gheware, Mukesh Kumay,
Mohd. Wamiq, Manish Kumar, Kushal Chaturvedi,
Devanshu Shukla and Saurabh Tiwari

Abstract

Sechium edule (chayote) is a nutrient-dense cucurbit with notable agronomic,
nutritional, and medicinal importance. Native to Mesoamerica and cultivated across
tropical and subtropical regions, it is recognized for its vigorous growth, morphologi-
cal diversity, and high-value phytochemicals. This chapter provides an integrated
overview of chayote’s taxonomy, botany, pollination biology, and global distribu-
tion, emphasizing its cultural and historical significance. The species offers health
benefits through its edible parts—fruit, seed, stem, and root—due to its rich content
of dietary fiber, vitamins, flavonoids, phenolics, and saponins. Pharmacologically, S.
edule exhibits antioxidant, antihypertensive, antidiabetic, and anticancer properties.
Despite its potential, it remains underutilized due to breeding limitations, the absence
of standardized cultivars, and insufficient germplasm conservation. The chapter
discusses recent advances in breeding, molecular markers, and iz vitro techniques for
genetic improvement and conservation. Cultivation practices, pest and disease chal-
lenges, and postharvest management are reviewed, alongside key constraints such
as biotic stress, limited genetic resource use, and market barriers. Strategic recom-
mendations include integrated conservation, enhanced genetic research, and market
diversification to support its role in sustainable agriculture.

Keywords: chayote, nutritional value, medicinal properties, genetic improvement,
sustainability cultivation

1. Introduction

Chayote is known as a vegetable pear or Swartz in many parts of the world. It
belongs to the Cucurbitaceae family. Chayote is cultivated worldwide [1] due to its
high nutritional [2, 3] and bio-functional value [4]. Brazil is the largest producer
of chayote, followed by Costa Rica, the Dominican Republic, and Mexico [5].
Chayote is commercially cultivated in India in Tamil Nadu, Karnataka, West Bengal,
Uttarakhand, Himachal Pradesh, and the North Eastern Hill Regions [6]. According
to Refs. [7-10], in different regions of the world, chayote is known by different names
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such as Chayote in Mexico, Christophere, mirliton, vegetable pear, mirliton choko in
Australia and New Zealand [11], Starpreciante, Citrayota, Citrayote in Ecuador and
Colombia, Chuchu in Brazil, Machucha, Caiota, Piniela in Portugal, Chow-Chow

in India, Cho-Cho in Jamaica, Sayote in the Philippines, Guseril in Guatemala and
El-Salvador, and Colbaza Pear or Iskus or Pear squash in Nepal.

It is spotted as an herbaceous perennial climbing characteristic plant [12, 13] with
vine-like structure, having tendrils for climbing, with pale green to white in color,
mild in flavor, crunchy in texture, with single-seeded fruits that have tuberous roots
[12, 14]. It can be used in the cosmetic, food, and pharmaceutical industries due to
its richness in phenolic compounds, polysaccharides, cucurbitacins, proteins, and
vitamins [15]. Several studies say that the chayote is usually consumed as a fruit, and
the peel or leaves are rarely consumed [5, 9, 10, 12, 16-18].

2. Botanical classification and morphology
2.1 Taxonomy
2.1.1 History of taxonomy

The plant of chayote was first documented by P. Browne in 1756 in “Civil and
Natural History of Jamaica”. Initially placed in various genera before settling into its
current classification within the genus Sechium. The species name “edule” reflects
its edible nature. In 1763, Jacquin and Adanson independently classified the plant,
with Jacquin placing it in Sicyos and Adanson in Chocho. In 1788, Jacquin moved the
plant to his newly created genus Chayota. After 12 years in 1800, Swartz formally
placed it in the genus Sechium, using the name S. edule (Jacq.) Swartz, which is still
used today (Table 1). Taxonomically, chayote has 10 species of which eight are wild
S. chinantlense, S. compositum, S. hintonii, S talamancense, S. panamense, S. pittieri,

S. venosum, and S. vilosum from Mexico to Panama, and only two are commercially
cultivated S. tabaco, only cultivated in Costa Rica, and S. edule, widely cultivated
throughout the America and other regions [19, 20].

A wide variation in the S. edule chromosome number has been documented in the
literature. Some studies agree that the haploid and diploid numbers of this species are
n = 12 and 2n = 24, respectively [21, 22], while others report accounts of n = 13 and
2n =26 [23], 2n = 28 [24], or 2n = 22 [25].

Kingdom Plantae (Plants) [11]
Phylum Magnoliophyta (Flowering plants)
Class Magnoliopsida (Dicotyledons)
Order Violales (a diverse order of flowering plants)
Family Cucurbitaceae (Gourd family)
Genus Sechium
Species Sechium edule Jacq Sw.
Table 1.

Taxonomic classification.
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2.2 Botanical description

Chayote (Sechium edule) is a fast-growing, perennial, and monoecious climbing
vine of the Cucurbitaceae family. It originates from a thickened primary root sys-
tem that produces adventitious tuberous roots. The angular, grooved, and glabrous
stems often emerge in multiples from a single root in cultivated forms. Basal stem
regions are lignified, whereas the apical areas develop numerous slender, herbaceous
branches. Leaves are ovate-cordate to suborbicular, glabrous, and borne on grooved
petioles (8-15 cm). Leaf blades (10-30 cm) exhibit 3-5 shallow lobes with cordate
bases and pointed apices. Tendrils, typically 3-5 branched, provide structural
support.

Chayote is monoecious with unisexual flowers. Male (staminate) flowers form in
erect, pedunculate racemes (10-30 cm), particularly in wild types. These have short
puberulent pedicels and a glabrous receptacle. Flowers possess five reflexed sepals
(4 x 1 mm) and five triangular petals (6-7 x 2-3 mm), green to greenish-white. The
androecium consists of five fused stamens forming a central column with free apices
bearing oblong anthers; anther configuration includes bithecous and monothecous
forms. Female (pistillate) flowers are solitary and located in the same axils as male
racemes.

Fruits are borne singly or in pairs and vary widely in shape, size, and color. They
are fleshy or fibrous with prominent ridges, furrows, or lenticels. The mesocarp
ranges from pale green to whitish, with taste varying from bitter (wild types) to
mild or sweet (cultivars). Each fruit contains a single large, ovoid, and smooth seed.
Cultivated types often exhibit vivipary, while wild types typically germinate only
after fruit detachment.

2.3 Pollination ecology of chayote

Pollination in Sechium edule is predominantly entomophilous, involving a diverse
array of insect species. Studies indicate no significant variation in fruit set between
plants subjected to open pollination and those subjected to self- or cross-pollination,
suggesting a broad compatibility and efficient pollination mechanism [26, 27].
Furthermore, fruit development does not appear to be influenced by the quantity
or frequency of pollen deposition on the stigma. However, experimental cultivation
under greenhouse conditions devoid of pollinating insects has demonstrated that in
the absence of biotic pollinators, fruit development is impaired, resulting in prema-
ture abscission of immature fruits [28]. These findings confirm the essential role of
insect-mediated pollination in successful fruit development and reproductive success
in chayote.

The dependency of chayote on insect pollinators may partly explain its extensive
distribution and adaptability; however, this reliance presents a major constraint
for the conservation of genetically pure lines. This poses challenges not only for
commercial cultivation and traditional agricultural systems but also for germplasm
conservation efforts in gene banks. The effectiveness and diversity of pollinators are
influenced by several ecogeographical and anthropogenic factors, including altitude,
latitude, and pesticide usage [24, 26, 28]. Notably, species of the genus Trigona, which
are recognized as highly effective pollinators of chayote, are predominantly found in
medium- to high-altitude regions that are generally free from pesticide applications.
In contrast, Apis mellifera, another key pollinator, is more commonly associated with
lowland commercial plantations where chemical inputs are frequently employed.
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Additional secondary pollinators include wasps from the genera Polybia, Synoeca,
and Parachartergus, as well as smaller Trigona species. These variations in pollinator
communities highlight the intricate interactions between environmental conditions
and pollination biology in chayote cultivation.

2.4 Origin and distribution

There is currently no direct archaeological evidence to determine the antiquity
of Sechium edule (chayote) cultivation. The lack of physical remains such as pol-
len grains, macrofossils, or desiccated fruit structures in archaeological contexts is
likely due to the fruit’s fleshy nature and the presence of a single soft-seeded testa,
which is poorly suited to long-term preservation. Consequently, the reconstruction
of the domestication history and geographical origin of S. edule has relied heavily on
ethnohistorical records, artistic representations, linguistic data, and analyses of the
ecogeographic distribution of genetic diversity among wild and cultivated taxa.

Ethnohistorical records indicate that S. edule was cultivated in pre-Columbian times,
particularly in Mesoamerica. One of the earliest descriptions is attributed to Francisco
Herndndez during his visit to Mexico between 1550 and 1560 [29]. However, the introduc-
tion of the species to the southern regions of the Americas appears to have occurred only
after the Spanish conquest [26, 30]. Linguistic evidence further supports a Mesoamerican
origin, as the common names for chayote across Latin America—particularly the term
“chayote,” derived from the Nahuatl—remain consistent, with only minor regional modi-
fications. These names are also retained in other global regions where the crop has since
been introduced. Additionally, pre-Columbian pottery from Mexico and Central America
provides artistic representations of the fruit, offering visual confirmation of its cultural
and agricultural relevance in antiquity [30].

The most compelling evidence for the origin of S. edule lies in its ecogeographic
distribution. Numerous botanical explorations and taxonomic surveys [31-36] have
consistently reported that the highest diversity of cultivated forms is concentrated in
southern Mexico, Guatemala, and Costa Rica, primarily at altitudinal ranges between
500 and 1500 meters above sea level. These findings align with patterns observed for
crop centers of origin, where maximum genetic variation typically coincides with
domestication zones.

The distribution of wild relatives of chayote further corroborates this hypothesis.
Morphologically similar wild taxa of Sechium occur within the same altitudinal
and geographical parameters as cultivated types, particularly in southern Mexico.
Notably, the so-called “wild types” of S. edule, previously misidentified as feral forms,
have been documented in the states of Veracruz, Puebla, Hidalgo, and Oaxaca [26, 36,
37]. These populations are predominantly located in humid environments—such as
ravines, riverbanks, and waterfalls—within montane rainforest ecosystems, as well
as in the lower transitional zones of evergreen or semievergreen seasonal forests, at
elevations ranging from 500 to 1700 m above sea level.

In addition, a newly described endemic species from northern Oaxaca—initially
considered a wild form of S. edule—was later distinguished taxonomically as a sepa-
rate species [38], highlighting the complexity and richness of wild Sechium diversity
in the region.

Reports of wild populations of S. edule from Java, Réunion [39, 40], and parts of
Venezuela [41] remain unverified due to the lack of herbarium specimens or genetic
studies. It is plausible that these populations may represent feral escapes from cultivation,
rather than genuinely wild progenitors, as suggested by expert communications [42].
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3. Use and properties of chayote (Sechium edule)

Sechium edule is a versatile cucurbitaceous crop valued for its nutritional,
medicinal, agricultural, and industrial applications. Chayote has gained promi-
nence for its edible parts, low caloric value, and wide adaptability to various
agroclimatic conditions. Chayote is basically used for human consumption all
over the world. Commonly, chayote is used as a vegetable and also used in stews or
desserts. Fruit, stems, tender leaves, and tuberous parts of the adventitious roots
are also eaten.

3.1 Nutritional and culinary uses
3.1.1 Fruit composition

Chayote fruit exhibits high moisture content (89.0-93.4%), contributing to its
crisp texture and low energy density (26.0-31.0 kcal/100 g). It contains moderate
carbohydrates (3.5-7.7%), primarily as soluble sugars (3.3%) and minimal starch
(0.2%). Protein (0.9-1.1%) and fat (0.1-0.3%) contents are low, while dietary fiber
ranges from 0.4-1.0%. Ash content (0.4-0.6%) reflects mineral presence, including
calcium (12-19 mg), phosphorus (4-30 mg), and iron (0.2-0.6 mg). The fruit pro-
vides modest levels of B-vitamins—thiamine (0.03 mg), riboflavin (0.04 mg), niacin
(0.4-0.5 mg)—and a moderate ascorbic acid content (11-20 mg). Vitamin A content
is approximately 5 mg.

3.1.2 Seed composition

Often underutilized, the seed is nutritionally dense, with high carbohydrate con-
tent (~60%), including starch (1.9%) and soluble sugars (4.2%). It has a significantly
higher protein content (5.5%) than the fruit, indicating potential for use as a plant-
based protein source. Detailed data on fats, fiber, and micronutrients are limited, but
available evidence supports their value as a functional food ingredient.

3.1.3 Young stem composition

Young stems contain higher protein (4.0%) and fiber (1.2%) than the fruit,
along with moderate carbohydrates (4.7%), primarily as starch (0.7%) and mini-
mal sugars (0.3%). Energy content is 60 kcal/100 g. Mineral concentrations are
substantial: calcium (58 mg), phosphorus (108 mg), and iron (2.5 mg). Vitamin
A is notably high (615 mg), along with thiamine (0.08 mg), riboflavin (0.18mg),
niacin (1.1 mg), and ascorbic acid (16 mg), indicating strong nutritional and
nutraceutical potential.

3.1.4 Root composition

Tuberous roots serve as the primary energy reserve, with the highest caloric
content (79 kcal/100 g), driven by high starch (13.6%) and total carbohydrate (17.8%)
levels. Protein (2.0%) and fat (0.2%) contents are moderate. Fiber (0.4%) and ash
(1.0%) contents are low. Roots contain phosphorus (34 mg), calcium (7 mg), and iron
(0.8 mg), and provide niacin (0.9 mg) and ascorbic acid (19 mg), supporting roles in
energy metabolism and antioxidant function.
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3.2 Medicinal properties
3.2.1 Pharmacological properties

The pharmacological activities of Sechium edule are primarily linked to its bioac-
tive constituents, including both nutritional elements and nonnutritive nutraceuticals
with strong antioxidant potential [43-45]. Flavonoids contribute to cardiovascular
health by mitigating atherosclerosis and modulating lipid metabolism [46, 47].
Antihypertensive effects of hydroalcoholic extracts from roots, pulp, and peel are
attributed to cinnamic acid methyl ester, coumaric acid, and vitexin [12].

Flavonoids and phenolic-rich polysaccharides also support glycemic control, as
evidenced by improved glucose tolerance and reduced oxidative stress following
chayote juice administration [48, 49]. Shoot extracts enhance AMPK activation and
inhibit hepatic lipogenesis [50]. Polysaccharides, such as arabinans, homogalactu-
ronans, arabinogalactans, and xylans, display immunomodulatory and antioxidant
properties [51-53]. Crude pectins from fruit also exhibit cytoprotective effects [54].

Chayote demonstrates antiulcer activity by reducing gastric acidity and increasing
pH [55]. Saponins from fruit and aerial parts exert antiproliferative effects against
MK-1, HeLa, and B16F10 cells, while the seed-derived protein sechiumin possesses
ribosome-inactivating and potential anticancer activity [56]. Extracts have been
shown to induce apoptosis in acute myeloid leukemia cells [57] and exhibit anti-
bacterial activity against E. coli, K. pneumoniae, P. mivabilis, and E. cloacae [58, 59].
However, the molecular mechanisms underlying these effects require further
elucidation.

3.2.2 Antioxidant properties of Sechium edule

Sechium edule possesses notable antioxidant activity due to its rich phytochemical
profile, including flavonoids, phenolic acids, and cucurbitacins. These compounds
exert anti-inflammatory and antioxidative effects by enhancing the activity of endog-
enous enzymes such as superoxide dismutase (SOD) and glutathione peroxidase
(GPx), which mitigate reactive oxygen species (ROS) accumulation.

Excess ROS can induce oxidative damage to DNA, lipids, and proteins, con-
tributing to the development of chronic diseases such as metabolic syndrome. This
condition is characterized by hyperglycemia, abdominal obesity, and hypertension,
increasing the risk of cardiovascular disease and type 2 diabetes. Thus, regular
consumption of antioxidant-rich foods like S. edule may support cellular defense
mechanisms and reduce metabolic dysfunction.

3.2.3 Polyphenolic compounds

Polyphenols serve dual functions in plants, contributing to defense mecha-
nisms against pathogens and herbivores, while offering various health benefits
in humans, including antiallergic, anti-inflammatory, antiviral, anticancer,
and antidiabetic effects [60-62]. Siciliano et al. [63] reported the highest
total phenolic content in Sechium edule leaves (0.35 g/100 g DW), followed by
roots (0.31 g/100 g DW) and stems (0.19 g/100 g DW). Notable compounds
included flavonoids such as apigenin derivatives and diosmetin glycosides,
with roots showing elevated levels of vicenin-2 (0.147 g/100 g DW) and vitexin
(0.151 g/100 g DW), while leaves were rich in luteolin and apigenin glycosides.
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Additional phenolics, including trans-cinnamic and phenylacetic acids, along
with a-linolenic acid, were identified by Ragasa et al. [64]. Chao et al. [65] further
showed that green chayote leaves had significantly higher total phenolic content
(0.262 g GAE/100 g DW) than yellow varieties (0.063 g GAE/100 g DW).

3.2.4 Vitamins, cavotenoids, and polysaccharides

Sechium edule is a rich source of essential vitamins and polysaccharides. The fruit is
particularly high in folate (vitamin B9), important for neural tube defect prevention
and pregnancy health, although its content significantly declines with cooking (from
93 to 18 pg/100 g DW). Vitamins A and E are most concentrated in the stems (615 IU
and 90 mg/100 g DW, respectively), while the peel contains the highest levels of
vitamin C (51.6 mg/100 g DW), followed by the fruit and leaves [66-68].

Carotenoids, including p-carotene and lutein, are present in various plant parts.
The fruit peel contains 1.7 mg/100 g DW of total carotenoids and 0.36 mg/100 g
DW of B-carotene [69]. Leaves are especially rich in lutein (7.4 mg/100 g FW) and
p-carotene (4.4 mg/100 g FW) [70].

Chayote polysaccharides serve both structural and metabolic roles. Starch content
ranges from 0.2-1.56 g/100 g DW in fruits and peaks in roots (13.6-72.8 g/100 g
DW). Non-starch polysaccharides are abundant in peel (45.2 g/100 g DW), stems
(21.7 g/100 g DW), and roots (16 g/100 g DW) [54]. Soluble fractions are mainly
composed of arabinose, galactose, glucose, galacturonic acid, and mannose, while
insoluble polysaccharides are dominated by galactose, with contributions from
arabinose, xylose, and glucuronic acid.

3.2.5 Role in gastrointestinal and cardiovascular health

Sechium edule is a valuable source of dietary fiber, contributing to gastrointestinal
and cardiovascular health. Its insoluble fiber increases fecal bulk and promotes bowel
regularity, reducing the risk of constipation, hemorrhoids, and diverticulosis.

The soluble fiber fraction undergoes fermentation by gut microbiota, producing
short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate. SCFAs
support colonic epithelial health, reinforce mucosal integrity, and modulate inflam-
matory and immune responses. Systemically, SCFAs improve lipid metabolism and
glycemic control, thereby lowering cardiovascular risk. Through these mechanisms,
chayote enhances both gut microbiota function and host metabolic health.

4. Breeding and biotechnology of chayote

Sechium edule exhibits diverse fruit traits, including variations in shape, size,
surface texture, color, and yield, highlighting its potential as a genetic resource [71].
However, limited availability of experimental materials and insufficient conservation
efforts have impeded research and breeding progress. Challenges such as endocarpic
and precocious seed germination, susceptibility to pests and diseases, and the need
to preserve fruit quality complicate cultivar improvement. To address these issues,
Newstrom [26] proposed the development of two breeding lines: one with unflavored
fruits for industrial use and another with palatable fruits for culinary purposes. Aung
etal. [28] recommended selection based on root traits (e.g., length and starch con-
tent) to identify disease-resistant genotypes suited to specific growth conditions.
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4.1 Genetic improvement and hybridization in Sechium edule

Commercial chayote production is constrained by disease susceptibility and
limited fruit quality, yet private breeding efforts remain minimal due to the
plant’s viviparous nature. Targeted breeding programs are needed to develop
both unflavored cultivars for industrial processing and palatable ones for fresh
consumption [26]. The cytogenetics of S. edule reveals a chromosome count of
2n = 28, with variations (e.g., 2n = 24) attributed to meroaneuploidy and chromo-
somal translocations.

Among the key cultivated botanical varieties, virens levis (smooth green chayote)
dominates international markets, while others, such as nigrum spinosum and nigrum
xalapensis, are regionally cultivated. Excessive clonal propagation in Costa Rica has
resulted in genetic erosion, highlighting the need for renewed collection and evalua-
tion of diverse landraces across Mexico and Central America [33].

A formal breeding initiative began in 1989 in Costa Rica’s Valle de Ujarras, focus-
ing on traits such as fruit quality, pest and disease resistance, plant architecture, and
yield components [72]. The program involved selecting 250 “mother plants,” from
which 34 were propagated asexually and characterized. Clonal lines such as EY13,
SA15, and UJ28 demonstrated yields between 56.4 and 202.5 t/ha. Synthetic variet-
ies—VS17, VS28, and VS29—exhibited good adaptability and fruit quality. Based on
this success, germplasm from Costa Rica is now being introduced into other Central
American countries, such as Honduras, Nicaragua, and Panama.

Inter- and intraspecific hybridization has been proposed but remains largely
unexplored. Crosses between cultivated S. edule and wild relatives (S. compositum,

S. chinantlense) show that gene flow among wild, semi-domesticated, and cultivated
forms is ongoing, contributing to phenotypic diversity [72]. The cultivar ‘Perla Negra’,
derived from S. edule var. nigrum minor and S. edule var. amarus sylvestris, demon-
strated significant antiproliferative properties linked to bioactive compounds such as
cucurbitacins and flavonoids [73].

Taxonomically, cultivated types are grouped under S. edule ssp. edule, while wild
types fall under S. edule ssp. sylvestris, based on chromosomal and morphological
criteria [74]. However, this classification lacks clarity due to potential intraspecific
hybrids and spontaneous crosses, underscoring the need for deeper genomic and
taxonomic resolution [75].

4.2 Molecular genetic markers

Molecular markers are essential tools for identifying genetic variation and
associating traits with genomic loci [76-78]. Advances in marker technologies
and sequencing have significantly enhanced crop improvement efforts [79-81].
These markers are broadly categorized into classical—morphological, cytologi-
cal, biochemical—and DNA-based types, including RFLP, AFLP, SSRs, and SNPs
[82, 83]. In Sechium edule, molecular markers have facilitated studies on genetic
diversity and germplasm classification. For example, 42 Costa Rican accessions
were characterized using isozyme markers [84], while 12 Indian accessions were
grouped based on nine morphological traits and 20 RAPD markers [85]. Jain et al.
[86] employed DAMD markers to assess variation across 36 Indian accessions,
while Verma et al. [87] analyzed 74 landraces using RAPD and ISSR markers.
These molecular tools provide a valuable foundation for trait mapping, genetic
linkage analysis, and breeding strategies in S. edule.
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4.3 Tissue culture

Plant tissue culture is a pivotal technique for clonal propagation and genetic
improvement, enabling the regeneration of plants under sterile, controlled con-
ditions [88]. In Sechium edule, successful regeneration has been achieved using
explants such as nodal segments, leaves, petioles, shoots, and hypocotyls [89, 90].
Micropropagation protocols have employed Murashige and Skoog (MS) media
supplemented with plant growth regulators, including 6-benzylaminopurine (BA),
indole-3-acetic acid (IAA), gibberellic acid (GA;), and indole-3-butyric acid (IBA),
for callus induction, shoot regeneration, and rooting [91, 92].

Tissue culture has been instrumental in producing sterile seedlings to bypass seed
propagation and reduce cultivation costs. It also provides a platform for genetic trans-
formation via Agrobacterium tumefaciens or particle bombardment. Despite protocol
development, transgenic S. edule lines remain largely unexplored.

5. Area and production of chayote

Sechium edule (chayote) is a Mesoamerican native crop historically cultivated
by the Aztecs and Mayans [32]. The Spanish introduced it to Costa Rica, from
where it spread throughout the Americas. Today, major producers include Mexico,
Guatemala, Costa Rica (the top global exporter), the Dominican Republic,

Brazil, and Peru. In the United States, chayote is grown in warmer states such
as California, Florida, and Louisiana, although the majority of the supply is
imported from Central America [93].

Globally, chayote is cultivated in parts of Asia and Europe, including India, Nepal,
China, Taiwan, Papua New Guinea, Southeast Asia, Italy, and former Yugoslavia
[28, 94, 95]. In India, it is mainly grown in Tamil Nadu (Nilgiris and Madurai), West
Bengal, Himachal Pradesh, and the North Eastern Hill (NEH) region. Mizoram is the
leading Indian producer, with 845 ha under cultivation, yielding 10,985 tons. Notably,
high genetic diversity is observed in Mizoram, Meghalaya, and Sikkim, despite the
crop’s origin in Mexico [96].

Chayote is a high-volume but low-value crop across Central and South America
and Southeast Asia. It is widely traded internationally, particularly to the U.S. and
Europe [95]. In tropical Africa, it holds minor regional importance (e.g., Sierra Leone,
Ghana, Malawi), though reliable production data are lacking. Brazil ranks chayote as
its fifth most important commercial vegetable, with 170,000 tons produced in 1978;
Mexico produced 12,000 tons in the same year. Costa Rica, despite lower output,
is the leading exporter, shipping 4600 tons in 1982 valued at USD 1.5 million. In
Indonesia’s highlands, chayote is the most widely grown vegetable.

6. Variety development of chayote

The phenotypic diversity of Sechium edule (chayote) is considerable, with regional
varieties differing in fruit morphology, epidermal characteristics, and organoleptic
properties. The most widely cultivated form produces smooth, pale green, pear-
shaped fruits. In Guatemala and Honduras, the ‘Perulero’ cultivar is characterized
by a creamy outer skin, white flesh, and a softer, juicier consistency compared to
the standard green type [97]. In the Central region of Veracruz (Mexico), local
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classifications group chayote into three types: white, green, and spiny, with the
former two generally exhibiting smooth skin.

In the United States, predominant cultivars include ‘Florida Green’ and ‘Monticello
White, typically characterized by smooth, non-spiny surfaces. Imported cultivars
often exhibit rougher textures with grooves or trichomes [98]. Market diversity in
North America reflects extensive hybridization and phenotypic selection, complicat-
ing taxonomic classification. A practical categorization by growers includes traits such
as epidermal color (pale green, dark green, whitish), presence or absence of spines,
surface texture (smooth vs. rough), and fruit shape (pear-shaped, globular, elon-
gated) [93]. In India, no officially released cultivars exist, though imported strains
such as ‘Florida Green’ and ‘Monticello White’ are occasionally grown. The ICAR
Research Complex for the North Eastern Hill (NEH) Region, Umiam, Meghalaya,
collected approximately 60 genotypes of Sechium edule from various states within the
NEH region. These genotypes were evaluated for yield potential and quality traits.
Certain accessions demonstrated high productivity, with some genotypes yielding up
to 40 kg of fruit per plant [99]. Indian chayote exhibits a wide range of morphological
traits, including variability in spine density (absent to dense), fruit shape (globular,
elongated, flattened), and surface texture (smooth or rough) (Table2) [97, 98].

In Ghana, a cultivar known as ‘Ivory White’ is cultivated, while the industrial
sector typically prefers bland-flavored types, and consumers favor cultivars with
enhanced taste and texture [99]. Wild chayote populations, endemic to moist

Strain Fruitsize Fruitshape Furrow depth Spinedensityand  Skintexture Additional notes
location
BPIChl  Big Elongated Intermediate  Dense, entire fruit ~ Rough —
BPICh2 Medium  Globular, Intermediate Sparse, apex, and Rough —
slightly flat bottom
BPICh3 Medium  Globular, Shallow Sparse, apex, and Smooth —
slightly flat bottom
BPICh4  Big Elongated to Shallow None to sparse, Smooth —
long-elongated bottom
BPICh5 Medium  Elongated Shallow Sparse, apex, and Rough —
bottom
BPICh6 Medium  Globular, Shallow Dense, entire fruit ~ Rough —
slightly flat
BPICh7 Medium  Elongated Shallow None Smooth —
BPICh8 Medium  Globular to Intermediate ~ Sparse, apex, and Rough —
elongated bottom
BPICh9  Small Elongated Intermediate  Sparse, entire fruit ~ Rough —
BPICh10 Small Elongated Intermediate None to sparse, Smooth —
apex, and bottom
BPIChll Medium  Globular Shallow Dense and firm, Rough (dark  Recent
entire fruit green) introduction

from Australia

Source: [97, 98].

Table 2.
Some chayote strains are.
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environments of Mesoamerica (e.g., riverbanks, ravines), are morphologically similar
to cultivated forms but display greater vegetative vigor, larger organs (leaves, flowers,
and fruits), and more bitter, often spiny, dark green fruits [99].

7. Cultivation
7.1 Climate and soil

Sechium edule (chayote) is well adapted to tropical and subtropical climates and
can be cultivated at elevations ranging from sea level up to 1800 meters above sea
level (m asl) [100, 101]. For export-quality production, optimal growth has been
reported at elevations between 1000 and 1200 m asl [102]. The crop performs best
under daytime temperatures of 18-27°C (64 to 80°F) and nighttime temperatures
above 15°C [101, 103]. Although chayote can tolerate a temperature range of 12-40°C,
it is highly sensitive to frost and cannot survive, develop unripe fruit at temperatures
below 12°C. Temperatures exceeding 28°C may lead to excessive vegetative growth
and increased abscission of flowers and immature fruits, ultimately reducing yield.
Chayote thrives in both full sun and partial shade, with a critical photoperiod of
approximately 12 hours required to induce flowering [101, 103]. Optimal relative
humidity for growth ranges between 80% and 85% [100]. Annual rainfall between
1500 mm and 2000 mm is considered ideal, although the plant can tolerate levels
between 600 mm and 2500 mm [101]. However, chayote is intolerant of waterlogging,
and proper drainage is essential. In regions with heavy rainfall, cultivation on raised
beds or mounds is recommended to prevent root zone saturation [103].

Sechium edule (chayote) performs optimally in fertile, well-drained soils [101,
103]. Although the species can tolerate a soil pH range of 4.3 to 8.0, optimal growth
occurs between pH 5.5 and 7.0 [101]. Cultivation in calcareous soils with high con-
centrations of calcium (Ca**) and magnesium (Mg2+), such as those found in parts of
Mexico, has been associated with reduced fruit yield and quality [104].

7.2 Propagation and planting

Chayote (Sechium edule) is primarily propagated via its large, recalcitrant seed
enclosed within the fruit, which typically initiates germination upon reaching
physiological maturity. To preserve viability, fruits can be stored at ~10°C for up to
6-8 weeks, delaying sprouting. Standard propagation involves direct planting of
whole fruits, though commercial systems may employ rooted cuttings or selected
seeds.

Cultivation is commonly performed on raised beds equipped with trellis or pandal
systems to support vine growth, facilitate harvesting, and enhance postharvest
handling. In sloped or hilly terrains, planting is synchronized with monsoon onset.
Planting pits are amended with 10-15 kg of farmyard manure (FYM), and fruits are
placed at a 45° angle with the stem-end slightly exposed to prevent rot. Deep planting
increases susceptibility to decay. Commercial cultivation often includes chemical
fertilizers, foliar nutrients, herbicides, and nematicides to improve yield and plant
health.

Chayote (Sechium edule) is typically planted at a spacing of 3 x 2 meters in planting
pits measuring 0.5 x 0.5 x 0.5 meters. Adequate irrigation is critical, especially during
the dry season, due to the plant’s shallow root system and high water requirements [105].
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Sprinkler irrigation may offer dual effects: while it can reduce infestations of the red
spider mite (Tetranychus urticae Koch), it may also interfere with pollinator activity and
promote flower abscission [103, 105].

7.3 Manure and fertilizers

Chow-chow exhibits positive growth responses to proper manure and fertilizer
application. Fertilizer requirements vary depending on soil type, climatic conditions,
and cultivation practices. During land preparation, well-decomposed farmyard
manure (FYM) should be incorporated at a rate of 15-20 tons per hectare. A recom-
mended dose of 120:80:80 kg/ha of N: P,Os: K,0 is applied, with the full amounts of
phosphorus and potassium incorporated prior to planting. Nitrogen is applied in split
doses: half at the onset of vining and the remaining half prior to flowering.

7.4 Harvesting and yield

* Harvesting- Chayote (Sechium edule) fruits are typically selected based on
morphological characteristics such as shape, color, external appearance, and the
absence of physical damage or pest infestation [104]. Fruits are physiologically
mature and ready for harvest approximately 35 days after pollination, at which
point they typically weigh between 0.5 and 1.0 pounds and measure from 4 to 6
inches in diameter [106]. Harvesting is generally conducted in the early morning
hours to take advantage of higher fruit turgidity and cooler ambient tempera-
tures, which help maintain postharvest quality [104].

Harvesting is performed manually and is scheduled based on plant productivity.
In commercial production systems, where plant material is more uniform, harvests
are systematically planned, typically occurring from 2 to 4 times per week during
the fruiting period. Harvests are usually divided, with one day dedicated to selecting
export-quality fruit and the remaining days allocated for the domestic market.

* Yield- Chayote (Sechium edule) is a semi-perennial crop, with productive life
cycles lasting from 2 to 3 years following establishment. Initial significant yields
are typically observed beginning in the second year after planting. A single,
well-maintained plant is capable of producing over 300 fruits annually, with
individual fruit weights ranging from 200 to 450 grams.

Average fruit yields in commercial plantations range from 22 to 35 tons per hectare
per year, though under optimal agronomic management, yields may reach approxi-
mately 40-50 tons per hectare (400-500 quintals/ha) [95]. In Northeast India,
particularly in Meghalaya, slightly larger fruits are commonly observed, and yields of
80-100 quintals per acre have been recorded under favorable conditions.

7.5 Postharvest management

Postharvest handling of Sechium edule involves field-level sorting and packing
into wooden crates for transport to packing facilities, where fruits undergo secondary
grading. Based on market-specific standards (e.g., export vs. local), fruits are packed
into cardboard boxes or plastic bags treated with antitranspirants and fungicides,
then shipped in refrigerated containers to preserve quality [102, 107].
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To prevent mechanical injuries, such as cuts and bruises that promote decay, care-
ful handling is essential. Fruits are often individually wrapped in perforated poly-
ethylene or waxed paper and stored at 7-13°C with 80-90% relative humidity [103,
104]. Storage below 7°C may cause chilling injury, while temperatures above 25°C can
induce premature sprouting.

For commercial storage, pre-cooling via cold rooms or forced-air systems is
standard. Packaging typically involves fiberboard boxes with internal dividers and
individual film-wrapped fruits in a single layer to prevent compression damage.

For household storage, fruits should be kept in paper bags within the refrigerator’s
vegetable compartment. Under optimal conditions, shelf life extends to 2-3 weeks,
though mature fruits may sprout earlier and should be consumed sooner.

7.6 Plant protection
7.6.1 Pests and their management

Among the most damaging pests of Sechium edule is the red spider mite
(Tetranychus urticae Koch), particularly prevalent during dry seasons.
Infestation leads to foliar chlorosis and scab formation on fruits. Other acarid
mites, including Paraponychus corderoi and Eutetranychus banksi, also cause
significant damage [104].

Lepidopteran pests such as Diaphania hyalinata and D. nitidalis perforate imma-
ture fruits, increasing vulnerability to secondary fungal and bacterial infections. Sap-
sucking Hemiptera—including Aphis spp. and Bemisia tabaci—impair photosynthetic
efficiency and reduce fruit quality through surface blemishes. Coleopterans, such
as Phyllophaga spp. and Diabrotica spp., damage both seedlings and fruits, adversely
affecting plant vigor and yield [103, 107].

7.6.2 Diseases and their management

Plant-parasitic nematodes, notably Heterodera radicicola and Meloidogyne incog-
nita, pose serious threats to root health by disrupting nutrient uptake, resulting in
stunted growth and reduced vigor [103]. Fungal pathogens are the primary cause of
chayote diseases. Ascochyta phaseolorum and Fusarium oxysporum can reduce commer-
cial yields by 35-40% [104, 105], particularly during the rainy season when disease
pressure is highest. Infections may occur at any plant growth stage. Excessive nitrogen
fertilization has been associated with heightened susceptibility to Mycovellosiela
cucurbiticola and A. phaseolorum [103].

Cultural control measures, such as manual removal of infected plant tissue, while
effective in limiting pathogen spread, are labor-intensive. Crop rotation is recom-
mended as an additional integrated pest management strategy to minimize pest and
disease pressure.

8. Limitations, research gaps, and future prospects of Sechium edule

8.1 Biotic constraints

* Pest and disease incidence: S. edule faces persistent pest and pathogen pressures
across growth stages, including postharvest.
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* Lack of rvesistant cultivars: Breeding programs have not sufficiently exploited
resistance traits from wild relatives or traditional landraces.

o Absence of biocontrol strategies: Integrated pest management lacks the use of
biological control agents.

8.2 Genetic resource gaps

* Underutilized genetic diversity: Wild species and landraces remain largely
untapped for breeding and trait improvement.

* Limited germplasm access: Conservation efforts are hampered by insufficient
germplasm collections and poor maintenance.

* Taxonomic ambiguity: Phylogenetic relationships within Sechium require clarifi-
cation through systematic taxonomy.

8.3 Socioeconomic and market constraints

* Low market penetration: Outside traditional regions, S. edule remains poorly
recognized despite its multifaceted uses.

o Commercial uniformity bias: Market preferences for standardized fruit limit the
use of morphologically diverse landraces.

* Economic inequality: Disparities between commercial and traditional growers
undermine the in situ conservation of genetic diversity.

8.4 Conservation challenges

* Dependence on traditional systems: Conservation is largely sustained by traditional
agriculture, which is threatened by modernization.

* Habitat degradation: Wild populations face an increasing risk due to deforestation
and habitat loss, necessitating urgent conservation action.

8.5 Current initiatives

* Conservation projects: Ongoing efforts in Costa Rica and Nepal focus on both wild
and cultivated forms, engaging multiple stakeholders.

* Regional cooperation needed: Cross-border collaboration, especially in
Mesoamerica, is essential for germplasm exchange and coordinated
conservation.

8.6 Research and utilization potential

* Value-added applications: Industrial use of fruit pulp and extraction of bioactive
compounds (e.g., saponins) can enhance crop utility.

* Medicinal and nutritional value: Further research is needed on the phytochemical
and nutraceutical properties.
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* Market diversification: Promoting local varieties and by-products may create
novel economic opportunities.

8.7 Strategic recommendations

 Expand genetic research: Systematic studies on wild and cultivated relationships
are needed to support breeding and conservation.

o Strengthen conservation efforts: Prioritize in situ and ex situ strategies, particularly
in biodiversity-rich regions like southern Mexico and Guatemala.

* Policy and funding support: Long-term success depends on political commitment and
international collaboration, following models used for crops like cassava and rice.
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Abstract

In Kenya, members of the Cucurbitaceae family such as tropical pumpkin
(Cucurbita moschata), horned melon (Cucumis metuliferus), and bottle gourd
(Lagenaria siceraria) play important roles in rural agriculture, nutrition, and tra-
ditional livelihoods. This study evaluated 15 accessions of cucurbit crops—tropical
pumpkin, horned melon, and bottle gourd—collected from diverse regions across
Kenya. The primary objective was to identify high-performing accessions suitable for
breeding, regional adaptation, and commercialization while also examining market
dynamics. Field trials were conducted using a randomized complete block design,
and key crop traits were analyzed. Varied statistical tools were applied to evaluate
trait variability and relationships among accessions. The results revealed significant
differences (p < 0.05) across accessions, with Tharaka-HML-03, Embu-PMK-01, and
Meru-BLG-05 standing out in vine length and fruit production. Principle compo-
nent analysis (PCA) identified fruit weight and vine length as major contributors to
phenotypic variation, while clustering indicated distinct diversity patterns, especially
within tropical pumpkin. Market surveys highlighted that tropical pumpkin was the
most accessible and affordable crop, whereas horned melon, though scarce, fetched
premium prices due to its novelty and health appeal. Bottle gourd was moderately
available and most affordable in regions like Meru. Consumer preferences focused
on taste, tenderness, and shelf life, while traders valued visual traits and uniformity.
The study concludes that integrating agronomic data with market insights pro-
vides a solid foundation for breeding programs and commercialization strategies.
Recommendations include multilocation trials, enhanced postharvest handling,
consumer-focused breeding, and targeted farmer training to promote cucurbit
production and value chain development across Kenya.

Keywords: accessions, commercialization, cucurbit, dendrogram, morphological
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1. Introduction
1.1 Background information

Cucurbit crops are an integral part of global agriculture, particularly in tropical
and subtropical regions where they are cultivated for their nutritional and economic
importance. In Kenya, the major cucurbits include pumpkin (Cucurbita maxima),
butternut (Cucurbita moschata), watermelon (Citrullus lanatus), cacumber (Cucumis
sativus), and courgette (Cucurbita pepo), which are grown widely for domestic use
and export [1, 2]. These crops are rich sources of vitamins, minerals, and dietary
fiber [3]. Recent research has highlighted the potential of semi-bush (SB) pumpkin
genotypes in intercropping systems, particularly with short-season legumes like
beans (Phaseolus vulgaris) and cowpeas (Vigna unguiculata) [4]. This approach not
only improves land-use efficiency but also offers higher overall productivity without
compromising the yield of the main pumpkin crop [4, 5].

Horned melon (Cucumis metuliferus), commonly known as thorn melon, is a
lesser-known cucurbit native to Africa but now gaining international attention due to
its adaptability and nutritional profile [5, 6]. The fruit contains high levels of phyto-
chemicals, vitamins, and antioxidants and is also valued for its high water content,
making it ideal for arid and semiarid environments [7, 8]. Though edible raw, it can
also be processed into juices, yoghurts, and even ice creams [9, 10]. Its decorative
appeal further enhances its marketability. Despite these advantages, horned melon
remains underutilized due to limited awareness, low consumer acceptance, and insuf-
ficient research on its agronomic traits and genetic diversity in Kenya [6, 11].

Cucumber (Cucumis sativus), one of the oldest cultivated crops, originated in
ancient Egypt and is now a daily staple in many regions, particularly Africa and Asia
[12]. It is a rich source of moisture, minerals, and bioactive phytochemicals that sup-
port food quality and human health [5, 13]. Along with related species such as horned
melon and gherkin (Cucumis anguria), cucumber has shown promising adaptability
beyond its traditional growing zones [13]. With increasing interest in functional foods
and natural health products, cucurbits are now being explored for their potential as
nutraceuticals and sources of bioactive compounds from both edible and non-edible
parts [7, 13]. This trend supports a circular economy by allowing for the valorization
of food waste and increasing the sustainability of food systems [10, 13]. Strategic
research, value chain development, and crop improvement efforts are essential to
unlock the full potential of these crops.

1.2 Production of tropical pumpkin, horned melon, and bottle gourd in Kenya
1.2.1 Plant taxonomy
1.2.1.1 Tropical pumpkin (Cucurbita moschata Duchesne)

Tropical pumpkin, botanically known as Cucurbita moschata, belongs to the family
Cucurbitaceae, which consists of herbaceous vines native to tropical and subtropical
regions. This species is one of the five domesticated Cucurbita species, which include
C. pepo, C. maxima, C. argyrosperma, and C. ficifolia [2]. C. moschata is characterized
by its trailing vines, large leaves with coarse hairs, and yellow, unisexual flowers.

The fruit is variable in size, shape, and color, often possessing thick rinds and sweet,
orange flesh rich in beta-carotene [1]. It is especially suited to hot, humid climates
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and shows better tolerance to high temperatures and disease pressure compared
to C. maxima and C. pepo [1]. In Africa, it is a staple crop and is valued for both its
nutritional content and long storage potential (Figure1).

1.2.1.2 Horned melon (Cucumis metuliferus E. Mey. ex Naudin)

Horned melon is a member of the genus Cucumis, within the family
Cucurbitaceae. It is indigenous to sub-Saharan Africa and has adapted well to various
agroecological zones, including semiarid regions [11]. Horned melon is a monoecious
or dioecious annual climber that produces distinctive orange-skinned fruits with
horn-like spines and green, jelly-like pulp filled with edible seeds [14]. This species is
noted for its high drought tolerance and its ability to grow in marginal soils with low
fertility [6]. Beyond its traditional consumption in rural Africa, it has attracted global
attention for its ornamental value and high levels of bioactive compounds such as
phenolics, flavonoids, and antioxidants [7]. Its underutilization has spurred calls for
conservation and genetic improvement to fully exploit its potential (Figure 2).

1.2.1.3 Bottle gourd (Lagenaria siceraria (Molina) Standl.)

Bottle gourd is an ancient domesticated crop that belongs to a different genus
within the Cucurbitaceae family. Known for its diverse fruit morphology, ranging
from bottle-shaped, round, to elongated shape, it is used for both food and utility
purposes such as utensils and musical instruments when dried [3]. It grows as a fast-
growing, trailing, or climbing vine with white, funnel-shaped flowers and large fruits

Figure 1.
Tropical pumpkin (Cucurbita moschata) plant and inflorescence.

Figure 2.
Horned melon (Cucumis metuliferus) plant and fruit.
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that can weigh several kilograms. While the tender fruits are consumed as vegetables,
mature fruits are dried and used as containers or crafts. The crop is highly adaptive,
with tolerance to drought and poor soils, making it well-suited for cultivation in arid
and semiarid regions [15]. Due to its cultural, nutritional and economic importance,
it is considered a multipurpose species with potential for crop improvement (Figure 3
and Table1).

1.2.2 Production of tropical pumpkin, horned melon, and bottle gourd

The cultivation of tropical pumpkin (Cucurbita moschata), horned melon
(Cucumis metuliferus), and bottle gourd (Lagenaria siceraria) is gaining increasing
attention across Africa, especially in Kenya, due to their nutritional value and eco-
nomic potential. These crops play an important role in supporting food security and
rural incomes. Tropical pumpkin, in particular, holds a prominent place in Kenyan
agriculture, with an estimated annual production of 300,000 tons, meeting both
household consumption and market demands (Food and Agriculture Organization)
[16, 17]. Its widespread availability has contributed significantly to nutrition and
market systems within the country.

Horned melon remains a relatively new and underutilized crop in Kenya, though
interest in its cultivation is growing, particularly in the Rift Valley region. While pro-
duction data is still limited, the fruit’s increasing popularity, driven by awareness of

Figure 3.

Bottle gourd (Lagenaria siceraria) inflorvescence and fruits.

Taxonomic Tropical pumpkin Horned melon (Cucumis Bottle gourd (Lagenaria

rank (Cucurbita moschata) metuliferus) siceraria)

Kingdom Plantae Plantae Plantae

Phylum Magnoliophyta Magnoliophyta Magnoliophyta

(division) (Angiosperms) (Angiosperms) (Angiosperms)

Class Magnoliopsida (Eudicots) Magnoliopsida (Eudicots) Magnoliopsida (Eudicots)

Order Cucurbitales Cucurbitales Cucurbitales

Family Cucurbitaceae Cucurbitaceae Cucurbitaceae

Genus Cucurbita Cucumis Lagenaria

Species Cucurbita moschata Cucumis metuliferus Lagenaria siceraria
Table 1.

Taxonomy of selected cucurbits.
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its health benefits, presents a promising opportunity for agribusiness development. In
contrast, bottle gourd is a well-established crop in Kenya, appreciated for its culinary
uses and medicinal value. Its estimated production stands at 250,000 tons annually
[16, 17], positioning Kenya as a notable producer in Africa, though behind global
leaders like India. The continued cultivation and market development of these three
crops are vital for strengthening Kenya’s agricultural sector. Investments in produc-
tion practices, market infrastructure, and public education could further enhance the
sustainability and economic impact of these crops.

1.2.3 Climate and ecological requivements

The ecological and climatic requirements for the successful cultivation of tropi-
cal pumpkin (Cucurbita moschata), horned melon (Cucumis metuliferus), and bottle
gourd (Lagenaria sicevaria) are similar in that all three crops thrive in tropical and
subtropical regions. Tropical pumpkin performs best in warm climates with optimal
temperatures ranging between 20°C and 30°C. Growth is inhibited below 10°C,
while excessive heat above 35°C can lead to flower drop and fruit deformities. The
crop requires fertile, well-drained sandy loam or loamy soils with a pH of 6.0 to 7.0,
enriched with organic matter such as compost or well-rotted manure to boost soil fer-
tility and support vigorous growth. Regular moisture is essential, particularly during
germination and fruit development, with an estimated requirement of 25 to 35 mm
of water weekly. Drip irrigation is often recommended to supply consistent moisture
while avoiding waterlogging and root rot [16, 17].

Horned melon shares similar thermal preferences, ideally between 20°C and 30°C, but
it demonstrates better tolerance to dry and mildly cool environments, making it suitable
for semiarid regions. It requires fertile, well-drained soils with high organic content and
apH of 6.0 to 6.8. Though relatively drought-resistant, horned melon responds well to
regular irrigation during flowering and fruit setting, provided overwatering is avoided
to prevent root diseases. Its vining nature benefits from trellising, which improves air cir-
culation and helps reduce fungal infections [18]. Bottle gourd, on the other hand, prefers
slightly higher temperatures ranging from 25°C to 35°C and grows well in loamy or sandy
loam soils that are nutrient-rich and well-drained, with a pH of 6.0 to 7.0. It is moderately
sensitive to drought, especially during flowering and fruiting stages, and requires approx-
imately 20 to 30 mm of water per week. Drip irrigation is also suitable for maintaining
optimal moisture levels without causing water stress or waterlogging [15, 19].

1.2.4 Crop agronomy

The agronomic practices for tropical pumpkin (Cucurbita moschata), horned
melon (Cucumis metuliferus), and bottle gourd (Lagenaria siceraria) cover essential
elements such as cultivation techniques, growth stages, pest control, and harvest-
ing methods. Tropical pumpkin is usually planted during the warm growing season
in well-prepared soils rich in organic matter, with recommended spacing of about
1 meter between plants to allow proper aeration and sunlight penetration. Horned
melon is either directly sown after the last frost or started in seed trays, requiring 30
to 60 cm spacing between plants and well-drained fertile soils similar to those favored
by cucumbers [18]. Bottle gourd is grown during warm seasons, with seeds sown
either directly in the field or in nursery beds, spaced 1 to 2 meters apart depending on
variety and management system [15]. All three crops require adequate sunlight and
nutrient-rich soils for healthy development.
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The crops follow similar developmental stages: seedling, vegetative growth,
flowering, fruiting, and ripening. Tropical pumpkin reaches maturity within 80 to
100 days after planting, while horned melon matures in about 70 to 90 days and bottle
gourd in 60 to 90 days [19, 20]. Pollination, mostly aided by bees and other insects, is
critical for fruit formation. Pest management relies on integrated pest management
(IPM) practices, including crop rotation, resistant varieties, regular field scouting,
and the use of organic pesticides. Tropical pumpkin and bottle gourd are commonly
affected by aphids, whiteflies, and fruit flies, while horned melon faces threats from
aphids and spider mites. Organic mulching and intercropping are often used to
suppress weeds and discourage pest buildup. Harvesting is done once fruits reach
physiological maturity—indicated by changes in color and firmness—with careful
handling using sharp tools to prevent bruising and preserve quality [18, 19].

Purpose: The purpose of this study was to identify high-performing accessions
suitable for breeding, regional adaptation, and commercialization while also examin-
ing local consumption trends and market dynamics.

2. Materials and methods
2.1 Description of the study site

The study was conducted at the University of Nairobi Upper Kabete Field Station
in Kabete Sub-county, Nairobi County, Kenya, approximately 11 km northwest of
Nairobi city center at an altitude of 1940 meters above sea level [21]. The site is char-
acterized by a bimodal rainfall pattern, with annual precipitation ranging from 900 to
1200 mm, long rains occurring from March to May, and short rains between October
and December [22]. The mean annual temperature is around 18.7°C, with average
maximum and minimum temperatures of 24.5°C and 12.8°C respectively. Potential
evaporation averages 1500 mm annually, while actual evapotranspiration is approxi-
mately 1000 mm, depending on the season and crop cover. The soils at Upper Kabete
are primarily deep, well-drained humic nitisols with a friable clay texture and good
fertility, derived from volcanic parent material, making them suitable for diverse
crop cultivation [16, 17]. This site serves as a key center for agricultural research and
training and offers favorable conditions for cultivating underutilized cucurbits such
as tropical pumpkin (Cucurbita moschata), horned melon (Cucumis metuliferus), and
bottle gourd (Lagenaria siceraria), supporting their evaluation for growth perfor-
mance and agronomic traits under managed field conditions.

2.2 Plant material and seed preparation

Fifteen accessions of underutilized cucurbit crops—tropical pumpkin (Cucurbita
moschata), horned melon (Cucumis metuliferus), and bottle gourd (Lagenaria sicer-
aria)—were selected for this study based on agroecological diversity, availability, and
genetic improvement potential. These accessions were sourced from farmers’ fields,
wild populations, and research institutions across Kenya. For tropical pumpkin,
five accessions included local landraces from Western, Eastern, and Central Kenya
(KE-PMK-001 to KE-PMK-015), smallholder farms in Embu (Embu-PMK-01),

Meru (Meru-PMK-03), KALRO stations (KALRO-PMK-A), and the University of
Nairobi (UoN-PMK-05). Horned melon accessions comprised KE-HML-001 and
KE-HML-002 (from Kitui and Embu), Kiboko-HML-02 (KALRO), Tharaka-HML-03

36



Harnessing Indigenous Cucurbits for Food and Nutrition Security in Kenya: Focus on Tropical...
DOI: http://dx.doi.org/10.5772/intechopen.1012404

(dryland-adapted from Tharaka-Nithi), and Kakuma-HML-01 (a wild type from
Turkana). Bottle gourd accessions included KE-BLG-001 and KE-BLG-002 (from
Nyanza and Western Kenya), Kisii-BLG-01 (large-fruited), Makueni-BLG-02 (early
maturing), and Meru-BLG-05 (used in traditional cooking). Mature fruits were
harvested at full ripeness, and seeds were extracted using sterile tools, fermented in
clean containers for 3 days to remove mucilage and enhance germination [10], then
washed, sun-dried, and winnowed [6]. The seeds were stored under cool, dry condi-
tions until planting, providing a genetically diverse base for evaluating morphologi-
cal, agronomic, and yield-related traits.

2.3 Experimental design, layout, and market survey

The study aimed to evaluate the genetic diversity, agronomic performance, and
market potential of tropical pumpkin (Cucurbita moschata), horned melon (Cucumis
metuliferus), and bottle gourd (Lagenaria siceraria) in selected regions of Kenya, using
a combination of field experimentation and market surveys to provide comprehensive
insights into both production and commercialization. The field component was con-
ducted at the University of Nairobi Research Farm using a randomized complete block
design with three replications. Fifteen accessions—five per species—were selected
based on agroecological diversity and availability, including KE-PMK-001 to UON-
PMK-05 for tropical pumpkin, KE-HML-001 to Kakuma-HML-01 for horned melon,
and KE-BLG-001 to Meru-BLG-05 for bottle gourd. Each accession was planted in
3 x 3 meters plots, with 1-meter alleys to prevent interference, and seeds were spaced
at 1 x 1 meter, later thinned to one seedling per hill. Before planting, 30 tons per
hectare of well-decomposed farmyard manure and 200 kg per hectare of Triple Super
Phosphate were applied. Embu-PMK-01 was planted as a border crop to minimize
edge effects. All recommended agronomic practices were applied uniformly, and
trials ran across two cropping seasons—October 2023 to January 2024, and March
to July 2024—to assess performance under different conditions. The market survey
was carried out in Nairobi, Meru, Kisumu, and Kakamega using structured question-
naires and direct interviews with traders and consumers in major markets, including
Wakulima, Makutano, Kibuye, and Kakamega Town markets. The survey explored
crop availability, supply trends, pricing, consumer preferences, and awareness levels,
particularly for horned melon, which remains less familiar in many parts of Kenya.

2.4 Data collection

This study combined field evaluation and a market survey to assess the genetic
diversity, agronomic performance, and market potential of tropical pumpkin
(Cucurbita moschata), horned melon (Cucumis metuliferus), and bottle gourd
(Lagenaria siceraria) in Kenya. Fifteen accessions—five per crop—were evaluated at
the University of Nairobi Research Farm using a randomized complete block design
with three replications. Morphological and agronomic traits were assessed using
amodified descriptor list adapted from the International Plant Genetic Resources
Institute (IPGRI), with data collected on qualitative traits such as leaf shape, vine
growth habit, and fruit and seed characteristics, as well as quantitative traits includ-
ing vine length, number of fruits per plant, fruit weight, seed size, and days to flow-
ering and maturity. Observations were made from four tagged plants per plot, and
precision instruments such as digital calipers and electronic balances were used for
accurate measurement. Complementing the field study, a market survey was carried
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out in Nairobi, Meru, Kisumu, and Kakamega through structured questionnaires and
interviews with traders, vendors, and consumers in local markets. The survey aimed
to identify preferred fruit traits, sourcing patterns, pricing trends, and consumer
awareness, with special attention to horned melon, which remains underutilized and
less familiar among Kenyan consumers.

2.5 Data analysis

The study combined both field experiments and market surveys to assess the
genetic diversity, agronomic performance, and market potential of tropical pumpkin,
horned melon, and bottle gourd. Data were collected over two growing seasons and
analyzed using two-way Analysis of Variance (ANOVA) to detect significant differ-
ences among the 15 accessions, seasonal variations, and their interactions at a 5%
significance level. Where significant differences were found, means were separated
using the Student’s Newman-Keuls test. Pearson correlation analysis was also con-
ducted to explore the relationships among key traits such as vine length, fruit num-
ber, and fruit weight.

Both qualitative and quantitative trait data were organized into a matrix for cluster
analysis. Genetic dissimilarity among accessions was computed using Euclidean
distance, and a dendrogram was generated through the Unweighted Pair Group
Method with Arithmetic Mean (UPGMA). Principal Component Analysis (PCA) was
also performed to identify the traits that contributed most to the variation among
accessions. On the market side, data from four major towns—Nairobi, Meru, Kisumu,
and Kakamega—were summarized using descriptive statistics. This included frequen-
cies and percentages to illustrate crop availability, sourcing patterns, price variations,
and consumer preferences. Regional comparisons highlighted the most valued traits
across different markets. These findings were then integrated with field performance
data to provide insights that could guide future breeding programs and support the
promotion of improved cucurbit varieties.

3. Results
3.1 Assessment of qualitative and quantitative traits

The results revealed significant differences (p < 0.05) among the 15 accessions of
tropical pumpkin, horned melon, and bottle gourd across all evaluated quantitative
and agronomic traits. Main vine length ranged from 240.83 cm in Makueni-BLG-02
to 273.58 cm in Tharaka-HML-03, with Tharaka-HML-03, Embu-PMK-01, and
Meru-BLG-05 exhibiting the longest vines, while Makueni-BLG-02 and Kiboko-
HML-02 had the shortest. Branch number varied significantly, with Kisii-BLG-01
recording the highest (16.25), followed by Tharaka-HML-03 (16.00) and the lowest
values observed in Kakuma-HML-01 (13.58) and KE-PMK-003 (13.92). Fruit number
per plant also differed notably, with Tharaka-HML-03 producing the most (15.60),
followed by Kisii-BLG-01 (14.00) and Meru-PMK-03 (14.12), while Kiboko-HML-02
(8.80) and Makueni-BLG-02 (9.56) recorded the fewest. Average fruit weight ranged
from 198.67 g in KE-BLG-001 to 315.67 g in Meru-PMK-03, with Meru-PMK-03
and UoN-PMK-05 yielding the heaviest pumpkin fruits, and Kiboko-HML-02
and Makueni-BLG-02 having the lightest horned melon and bottle gourd fruits,
respectively. Seed size also varied, from 3.30 mm in Makueni-BLG-02 to 4.18 mm
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in Tharaka-HML-03, with Tharaka-HML-03 and UoN-PMK-05 having the largest
seeds. Rind thickness ranged between 3.16 mm in Makueni-BLG-02 and 4.33 mm in
Tharaka-HML-03, with the thickest rinds observed in Tharaka-HML-03 and Meru-
PMK-03, and the thinnest in Makueni-BLG-02 and Kiboko-HML-02. These findings
confirm considerable genetic variability among the accessions, which is useful for
selection and crop improvement (Table 2).

The cluster dendrograms illustrate the morphological relationships among
accessions of three cucurbit crops—tropical pumpkin, horned melon, and bottle
gourd—based on their trait similarities. In the tropical pumpkin group, accessions
such as EF/MM1-01, AIW/AIHC-03, and Poohei-03 formed a tight cluster, suggesting
high morphological similarity, while ThromMel-03 appeared more distinct. Similarly,
in the Horned Melon group, EF/MM1-01 and KuroConMel-01 were closely linked,

Crop and Main vine Branch Fruit Fruit Seed size Rind

accession length (cm) number number weight (g) (mm) thickness
(mm)

Tropical

pumpkin

Embu-PMK-01 270.33abc 15.83abed 12.87cde 298.00abc 3.90cde 3.84de

Meru-PMK-03 262.17abed 14.50cde 14.12abc 315.67ab 4.05abc 4.18ab

KE-PMK-001 255.42def 15.08bcd 10.73efg 284.50bcd 3.66f 3.72ef

KE-PMK-003 248.00fgh 13.92ef 9.85fg 275.33cd 3.58f 3.40h

UoN-PMK-05 266.25abed 15.17bed 11.21def 301.67abc 4.12ab 4.05bc

Horned melon

KE-HML-001 259.67cde 14.66de 13.34bcd 208.33f 3.78def 3.88cd
Tharaka- 273.58ab 16.00ab 15.60a 224.00ef 4.18a 4.33a
HML-03

Kiboko-HML-02 245.92h 15.33bc 8.80g 219.67ef 3.50f 3.29i
Kakuma- 251.17efg 13.58f 10.95efg 232.33de 3.85cde 3.54gh
HML-01

KEPHIS- 258.42cde 14.25ef 12.56cde 228.00ef 391cde 3.86cd
HML-05

Bottle gourd

KE-BLG-001 24775tgh 15.42bc 11.88def 198.67f 3.61f 3.40h
Kisii-BLG-01 258.00cde 16.25a 14.00abed 210.50f 3.97bcd 3.82de
Makueni- 240.83h 14.17ef 9.56fg 202.00f 3.30g 3.16j
BLG-02

Meru-BLG-05 264.42abcd 14.83cde 12.10def 215.00f 4.00abc 3.90cd
UoN-BLG-06 261.25abed 15.58abc 13.44abc 218.00ef 3.85cde 3.71ef
P-value 0.031 0.015 0.002 0.007 <0.0001 <0.0001
SE 8.57 0.84 117 11.93 0.06 0.11

Means followed by the same letter in a column are not significantly different at p < 0.05 using Student’s Newman-Keuls
(SNK) test. SE = standard ervor.

Table 2.
Variation in quantitative and agronomic traits among cucurbit accessions.
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indicating similar traits, whereas ThomMel-03 stood out as the most divergent. For
bottle gourd, IAMFo-03 and MAI-001 exhibited close similarity, with EF/BO02-01
and BottleBiG-01 showing moderate to lower similarity. The vertical distances, which
represent dissimilarity values, indicate that shorter linkages reflect closer morpho-
logical relationships (Figure 4).

3.2 Assessment of agronomic traits

Significant variation (p < 0.0001) was observed across all agronomic traits among the
accessions of tropical pumpkin, horned melon, and bottle gourd. In tropical pumpkin,
germination ranged from 89.33% (KE-PMK-003) to 96.67% (Embu-PMK-01), with
emergence occurring between 8.83 and 9.67 days. Embu-PMK-01 flowered and matured
earliest, while KE-PMK-003 was latest. Horned melon accessions showed germination
between 90.17% (Kakuma-HML-01) and 97.83% (KE-HML-001), with emergence,
flowering, and maturity also showing significant variation—Kakuma-HML-01 being
earliest and Kiboko-HML-02 latest. For bottle gourd, germination ranged from 91.33% to
96.00%, with UoN-BLG-06 emerging, flowering, and maturing earliest, while Makueni-
BLG-02 was the latest. These findings highlight substantial genetic diversity in early
growth and reproductive timing among the accessions (Table 3).

3.3 Principal component analysis (PCA)

The scree plot illustrates the distribution of eigenvalues and cumulative variability
for tropical pumpkin, horned melon, and bottle gourd accessions. In all three crops, the
first few principal components account for most of the variability, with a steep decline
in eigenvalues observed from component 1 to 5. Tropical pumpkin and bottle gourd
recorded higher initial eigenvalues compared to horned melon. The cumulative variability
approached saturation near component 10 in all crops, with over 90% of total variation
explained by the first 7 to 10 components. This indicates that a few principal components
capture the majority of variation among accessions for each crop (Figure5).

3.4 Contribution of variables to observed variation in three cucurbit crops

The results in Table 3 show that across all three cucurbit crops—tropical pump-
kin, horned melon, and bottle gourd—the first principal component (F1) accounted

Cluster Dendrograms of Morphelogical Trasts for three Cucurbit Crops
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Figure 4.
Cluster dendrogram depicting morphological traits for three cucurbit crops.
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Crop Accessions Percent Days to Days Days to Days to
germination emergence tomale female maturity
flowering flowering
Tropical Embu-PMK-01 96.67a 9.00bc 62.50cd 64.00cd 109.33cd
pumpkin
Meru-PMK-03 93.00ab 9.50ab 64.17bc 66.67bc 112.00bc
KE-PMK-001 91.50ab 9.67a 65.33ab 67.83ab 114.17ab
KE-PMK-003 89.33b 9.17bc 66.83a 69.00a 116.50a
UoN-PMK-05 92.67ab 8.83c 63.00cd 65.33cd 110.83c
Pvalue <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
SE 3.984 0.187 0.877 0.854 1.143
Horned KE-HML-001 97.83a 9.33ab 64.67ab 66.00ab 111.00b
melon
Tharaka- 95.33ab 9.17ab 63.50bc 64.67bc 109.50bc
HML-03
Kiboko- 92.50bc 9.50a 65.83a 67.50a 113.67a
HML-02
Kakuma- 90.17c 9.00b 62.00c 63.00c 10733c
HML-01
KEPHIS- 94.67ab 8.83b 63.33bc 65.00bc 110.00bc
HML-05
Pvalue <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
SE 3472 0.198 0.821 0.744 1.216
Bottle KE-BLG-001 96.00a 8.83b 62.83bc 64.33bc 109.67c
gourd
Kisii-BLG-01 94.17ab 9.17ab 64.50ab 66.17ab 112.00b
Makueni- 91.33bc 9.33a 65.67a 67.83a 114.83a
BLG-02
Meru-BLG-05 92.67bc 9.00ab 63.17bc 64.83bc 110.50bc
UoN-BLG-06 93.83ab 8.67b 61.67c 63.17c 108.33c
Pvalue <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
SE 3.812 0.176 0.789 0.799 1.184

Means followed by the same letter within a column ave not significantly different based on SNK test at p < 0.05.
SE = standavd error.

Table 3.
Variation in agronomic traits of selected cucurbit accessions.

for the highest proportion of total variability, with eigenvalues exceeding 410 and
individual variation ranging from 70.63% to 71.21%. The primary contributors to F1
were fruit weight and main vine length, indicating their strong influence on overall
agro-morphological variation. The second component (F2) contributed an additional
15.38% to 15.70% of variability and was mainly associated with days to maturity

and flowering traits. The third component (F3) was captured between 10.48% and
10.72% of the total variation, primarily influenced by days to male and female flower-
ing and days to maturity. Collectively, the three components explained over 96% of
the total variability in each crop, demonstrating a high level of explained variation by
the selected agro-morphological traits (Table 4).
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Scree plot of Eigen values for tropical pumpkin, horned melon, and bottle gourd in Kenya.
Agro- F1(P) F1(M) Fi1(G) F2(P) F2 (M) F2(G) F3(P) F3(M) F3(G)
morphological
variables
Main vine length 0.310 0.298 0.315 94.21 95.50 95.85 3.220 3.010 3.150
Branch number 0.003 0.005 0.006 0.120 0.115 0.110 0.125 0.120 0.105
Rind color 0.000 0.000 0.000 0.055 0.048 0.050 0.270 0.265 0.260
Fruit shape 0.018 0.016 0.014 0.040 0.045 0.038 0.260 0.255 0.250
Seed shape 0.002 0.003 0.001 0.105 0.115 0.110 0.006 0.007 0.004
Fruit number 0.009 0.007 0.010 0.042 0.048 0.050 0.102 0.101 0.095
Days to seed 0.017 0.021 0.018 0.011 0.013 0.009 0.088 0.085 0.087
emergence
Days to male 0.048 0.040 0.043 0.180 0.170 0.160 21.90 22.10 22.00
flowering
Days to female 0.005 0.007 0.004 0.190 0.185 0.195 1760 17.80 17.700
flowering
Days to maturity 0.022 0.025 0.018 3.010 2.800 2.700 54.70 55.30 54.90
Fruit weight 98.95 99.10 99.20 0.290 0.320 0.300 0.014 0.016 0.012
Seed size 0.004 0.006 0.003 0.008 0.012 0.009 0.017 0.014 0.016
Rind thickness 0.000 0.001 0.000 0.080 0.070 0.078 0.030 0.029 0.027
Eigenvalue 412.8 410.3 41412 89.45 91.20 90.65 62.30 61.75 60.98
Variability (%) 70.97 70.63 71.21 15.38 15.70 15.59 10.72 10.63 10.48
Cumulative % 70.97 70.63 71.21 86.35 86.33 86.79 97.07 96.97 9727

Legend: F1-F3: First three principal components (variability factors), P: tropical pumpkin, M: horned melon, and G:

bottle gourd.

Table 4.

Contribution of variables to observed variation in three cucurbit crops.
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3.5 Market survey

The study revealed significant differences in market source, availability, and
pricing of tropical pumpkin, horned melon, and bottle gourd across Nairobi, Meru,
Kisumu, and Kakamega. Tropical pumpkin was the most widely available, sourced
locally in all markets, with availability ranging from 80% in Kisumu to 90% in
Nairobi, and moderately priced between KSh 80 and 200 per kilogram. Bottle gourd
had moderate availability (60-70%) depending on the region, with the lowest price
range of KSh 40-90, particularly affordable in Meru. Horned melon, though high-
est in price (KSh 150-200), was the least available, with presence below 60% in
all regions and mostly supplied through specialized urban sources. These market
differences reflect variations in supply chains, production intensity, and consumer
demand, with statistical tests confirming that the crops differed significantly in avail-
ability and pricing (Table 5, Figure 6).

The results on consumer preferences and trader priorities reveal distinct patterns
for each cucurbit crop. Consumers preferred tropical pumpkin mainly for its taste and
shelf life, while traders valued its long shelf life. For horned melon, unique flavor and
health benefits were the most important traits to consumers, while traders focused on
its attractive color. Bottle gourd was favored by consumers for its tender flesh and ease
of cooking, with traders prioritizing uniform shape and size (Table 6).

Across the four markets, tropical pumpkin was the most available crop,
while horned melon consistently had the highest price. Consumer preferences
varied slightly by region—taste and health benefits were emphasized in Nairobi,

Crop Market Retail price (KSh/kg) Availability (%)
Tropical pumpkin Nairobi 150-200° 90*
Tropical pumpkin Meru 80-120° 85"
Tropical pumpkin Kisumu 100-150° 80"
Tropical pumpkin Kakamega 90-130° 85"
Significance a>b>c a>b>c
Horned melon Nairobi 150-200" 50°¢
Horned melon Meru 100-140° 45°
Horned melon Kisumu 130-160° 550
Horned melon Kakamega 140-170° 60"
Significance a>bsc a>b>c
Bottle gourd Nairobi 60-90* 65
Bottle gourd Meru 40-60? 70
Bottle gourd Kisumu 50-80° 60"
Bottle gourd Kakamega 55-85¢ 68
Significance a>b>c>d a>b>c

Superscript letters (* " © ¢) indicate significance groupings based on ANOVA and post hoc tests; values sharing the
same letter ave not significantly different (p < 0.05). Significance rows summarize relative groupings among entries per
crop.

Table 5.
Retail prices, availability, and significance indicators for cucurbit crops.
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Figure 6.
Availability and average price of the three cucurbits.
Crop Consumer preferred traits Trader valued trait
Tropical pumpkin Taste (78%), shelf life (62%) Long shelf life (68%)
Horned melon Unique flavor (65%), health benefits (59%) Attractive color (72%)
Bottle gourd Tender flesh (71%), ease of cooking (58%) Uniform shape and size (61%)
Table 6.
Consumer preferences and traits valued by traders across all markets.
Market Most available Highest priced Consumer Trader challenge
crop crop priority
Nairobi Tropical pumpkin Horned melon Taste and health Supply consistency
Meru Tropical pumpkin Horned melon Taste and shelf life Market glut
Kisumu Tropical pumpkin Horned melon Nutrition and price Storage loss
Kakamega Tropical pumpkin Horned melon Tenderness Price fluctuation

Table 7.
Comparative summary of market differences.

taste and shelf life in Meru, nutrition and price in Kisumu, and tenderness in
Kakamega. Traders faced different challenges in each market, including supply
consistency in Nairobi, market glut in Meru, storage losses in Kisumu, and price
fluctuation in Kakamega. These findings highlight how consumer demand and
trader experiences influence the marketing and promotion of cucurbit crops
across different regions (Table 7).

4. Discussion

The evaluation of 15 accessions across tropical pumpkin, horned melon, and bottle
gourd revealed significant morphological and agronomic diversity, particularly in
traits such as vine length, branch number, fruit yield, fruit weight, seed size, and rind
thickness (p < 0.05). Notable performers included Tharaka-HML-03, Embu-PMK-01,
and Meru-BLG-05 for vine length, while Kisii-BLG-01 and Tharaka-HML-03 excelled
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in branching and fruit production. Heavier fruits were observed in Meru-PMK-03 and
UoN-PMK-05, both pumpkin accessions, while horned melon and bottle gourd tended
to have lighter fruits, supporting earlier findings by [23, 24] on cucurbit variability.
Seed size and rind thickness also varied significantly, with Tharaka-HML-03 emerging
as a strong candidate for breeding due to its consistent performance, echoing insights
from [25]. Dendrogram analysis confirmed these patterns, with tropical pumpkin
accessions showing both tight and distinct clusters, horned melon displaying moderate
diversity, and bottle gourd forming compact groupings—patterns aligned with findings
from [26, 27] on agro-morphological clustering in local cucurbits. This morphological
variation is significant for breeding programs, as it enables the selection of elite traits
suited to specific agroecological zones and market demands. The wide variability
observed in traits like fruit weight and maturity duration confirms the adaptability and
genetic richness within Kenya’s cucurbit germplasm, as previously documented by [28]
in participatory varietal selection studies across western Kenya.

The study revealed significant genetic and phenotypic diversity among the 15
cucurbit accessions, as reflected in key agronomic and morphological traits. Tropical
pumpkin accessions exhibited notable differences in percent germination, flower-
ing time, and maturity, with KE-PMK-003 maturing latest and Embu-PMK-01
maturing earliest, indicating differential adaptability—a finding consistent with
[13], who highlighted maturity variability in Kenyan pumpkin landraces. Horned
melon accessions also showed distinct variation, particularly in flowering and
germination; Kakuma-HML-01 and Kiboko-HML-02 differed markedly in maturity,
while KE-HML-001 recorded superior germination, echoing the adaptive diversity
reported by [23] across Kenya’s agroecological zones. Among bottle gourd accessions,
KE-BLG-001 exhibited the highest germination rates, whereas UoN-BLG-06 was
earliest to flower and mature—traits of agronomic value in regions facing weather
variability or pest pressure. These findings align with observations by reference [27],
who documented maturity variation in local bottle gourd germplasm, supporting the
crop’s suitability for selective breeding and region-specific cultivation.

Principal component analysis (PCA) served as a powerful tool for distinguish-
ing trait contributions to variation among cucurbit accessions, a method widely
employed in similar studies. The dominance of fruit weight and vine length in the
first principal component mirrors the findings of [24], who reported fruit size as a key
factor in cucurbit diversity. Likewise, flowering and maturity traits, which shaped the
second and third components, have been consistently identified in previous analyses
as central to adaptation and varietal selection [26, 29]. The application of PCA in this
context aligns with approaches used by reference [28], who emphasized the method’s
value in isolating high-performing lines for breeding. Comparable multivariate
studies, such as those by reference studies [23, 25], also underscored the impor-
tance of integrating morphological and temporal traits to guide selection decisions.
Collectively, these studies support the relevance of PCA in identifying elite accessions
and structuring breeding programs aimed at enhancing local cucurbit germplasm.

Market surveys across Kenyan regions have increasingly highlighted the complex
interplay between crop availability, pricing, and consumer preferences, findings
that are consistent with a growing body of literature on indigenous vegetables and
underutilized crops. The observed regional variation in availability—particularly
the dominance of tropical pumpkin and limited access to horned melon—reflects
patterns documented by [30], who reported that market supply is closely tied to
proximity of production zones and cultivation intensity. Similarly, disparities in
pricing, with horned melon fetching premium rates due to its scarcity and perceived
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health value, align with findings by reference [31], who noted that consumer aware-
ness and product novelty significantly shape pricing trends in fresh produce markets.
Furthermore, the differentiated consumer and trader preferences across the three
cucurbit crops reinforce trends observed by reference [12], where sensory traits (e.g.,
taste and texture) and visual appeal (e.g., color and uniformity) were central to
product acceptance in urban markets. Collectively, these studies affirm that market
potential and crop adoption strategies must consider both agronomic factors and end-
user perceptions, particularly when promoting lesser-known crops like horned melon
or positioning bottle gourd for cost-sensitive markets.

Comparative assessments of market challenges across regions have been widely
acknowledged in agricultural market studies, reinforcing the view that crop market-
ing success is deeply influenced by localized dynamics. The supply inconsistency in
urban areas like Nairobi and post-harvest losses in Kisumu concurs with the finding
[30, 32], who emphasized that logistical constraints and infrastructural inadequacies
often hinder smallholder access to stable markets. Similarly, the market glut reported
in Meru is reflective of challenges reported in Ref. [31], where uncoordinated pro-
duction and limited value chain integration led to periodic oversupply and waste.
Concerns over price fluctuation in places like Kakamega have also been previously
attributed to weak aggregation systems and fluctuating consumer demand, as noted
in Refs. [21, 31] on staple and horticultural crops. These parallels affirm the need
for region-specific interventions, including investment in storage infrastructure,
structured marketing channels, and participatory breeding that incorporates both
agronomic and market traits. Aligning crop improvement with market realities, as
documented in Refs. [32, 33], enhances not only varietal adoption but also the overall
sustainability and profitability of cucurbit cultivation in Kenya.

5. Conclusion

The study comprehensively evaluated 15 accessions of tropical pumpkin, horned
melon, and bottle gourd across different Kenyan regions, revealing significant
agro-morphological and market-based variability with strong potential for crop
improvement and market integration. Field results showed notable diversity in traits
such as vine length, fruit number, weight, and seed characteristics, with accessions
like Tharaka-HML-03, Embu-PMK-01, and Meru-BLG-05 standing out for produc-
tivity and growth vigor. Variability in germination, flowering, and maturity across
accessions—such as early emergence in Embu-PMK-01 and UoN-BLG-06, and high
germination in KE-HML-001—highlighted adaptability to distinct agro-ecological
zones [21, 25]. Principal component analysis indicated that a few traits, especially
fruit weight and vine length, accounted for over 70% of phenotypic variability,
simplifying selection targets for breeding [24, 28]. The market survey showed tropi-
cal pumpkin as the most available crop, largely locally sourced, while horned melon,
though least available, fetched the highest prices due to its niche demand; bottle
gourd was moderately available and most affordable, particularly in Meru. These
patterns reflect previous findings that link availability and proximity to pricing and
demand [30, 31]. Consumer preferences favored taste, tenderness, and shelf life,
while traders prioritized visual traits and uniformity, with regional differences in
priorities and challenges such as supply inconsistency and storage losses [32]. These
findings align agronomic diversity with market demand, offering a practical frame-
work for varietal selection and commercialization. The integration of field data with
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market insights provides a strong basis for developing resilient, high-yielding, and
consumer-accepted cucurbit varieties suited to Kenya’s diverse production systems.

6. Recommendations

Based on the identified gaps and areas for improvement, we make several recom-
mendations to enhance cucurbit production and utilization in Kenya. These include
conducting multilocation trials to validate the performance of promising accessions
across diverse agroecological zones and strengthening postharvest research to reduce
storage losses and improve the shelf life of perishable crops like horned melon and
bottle gourd. Further, enhancing market linkage studies is crucial to address supply
chain challenges and price instability, especially for underutilized crops. Consumer-
oriented breeding should also be prioritized to incorporate preferred traits such as
flavor, health benefits, tenderness, and ease of cooking of the new varieties. Lastly,
there is a need to promote farmer training on improved production practices, seed
selection, and value addition to increase yields and income for smallholder growers.
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Appendix
Cucurbit market survey questionnaire

Section A: Respondent information

Question Response

Name (optional)

Gender [1Male [] Female

Age group [118-25[126-35[136-45[]46+

Market location [ Nairobi [] Meru [] Kisumu [] Kakamega
Type of respondent [ Trader [] Consumer

Number of years in trading cucurbits years
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Section B: Availability of cucurbit crops

B1. Which of the following crops do you sell or buy regularly? (Tick all that apply)
[ Tropical pumpkin
] Horned melon

[ Bottle gourd

B2. How often are these crops available in your market?

Crop Always Sometimes Rarely Never available
available available available

Tropical O O O O

pumpkin

Horned melon O O O O

Bottle gourd O O O O

Section C: Source of cucurbit crops

C1. Where do you source the following crops? (Tick all that apply)

Crop Local farmers Peri-urban farms Urban markets Importers
Tropical pumpkin O O O O
Horned melon O O O O
Bottle gourd O O O O

Section D: Pricing information

D1. What is the average price range for each crop in your market?

Crop Lowest price (KSh/kg) Highest price (KSh/kg)

Tropical pumpkin

Horned melon

Bottle gourd

Section E: Consumer preferences

E1. Which traits do your customers prefer most when purchasing cucurbits?
(Tick top 2 per crop)

Trait Tropical pumpkin Horned melon Bottle gourd
Taste O O O
Shelf life O O O
Unique flavor O O O
Ease of cooking O O O
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Trait Tropical pumpkin Horned melon Bottle gourd
Health benefits O Od O
Attractive color O O O
Tender flesh O O O
Uniform shape/size O O O

Section F: Trader challenges and recommendations
F1. What are the main challenges you face when trading cucurbits?

[ Price fluctuations

[ Market glut

[ Inconsistent supply

[ Postharvest losses

] Low consumer demand

(] Poor storage infrastructure
[ Transport challenges

[] Others:

F2. Suggest improvements that would help you trade cucurbits more effectively:
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Chapter 4

In Vitro Applications in Cucumber
(Cucumis sativus L.)

Sumeyra Ucar, Esma Yigider, Esva Yaprak, Ayse Gul Kasapoglu,
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Abstract

Cucumber (Cucumis sativus L.), a vital horticultural crop in the Cucurbitaceae
family, has been widely studied for its physiological, developmental, and genetic
traits. In vitro culture techniques have played a critical role in facilitating genetic
improvement, trait selection, and propagation of elite lines. This review comprehen-
sively discusses the major i vitro techniques applied in cucumber research, including
callus induction, shoot organogenesis, somatic embryogenesis, haploid production,
and protoplast culture. Among various explants used, cotyledons, hypocotyls, and
shoot apices are the most responsive for regeneration. Optimization of culture
media especially the use of cytokinins (BAP, kinetin) and auxins (NAA, IAA) has
significantly enhanced regeneration rates. In recent years, genetic transformation
using Agrobacterium tumefaciens has gained prominence, particularly when coupled
with in vitro regeneration systems. Furthermore, CRISPR/Cas9 genome editing has
revolutionized cucumber biotechnology by enabling precise modifications for disease
resistance, abiotic stress tolerance, and metabolic enhancements. Applications target-
ing genes such as MLO, eIF4E, and CsSGR have demonstrated remarkable potential
in generating resistant and stress-tolerant cultivars. Hairy root systems have emerged
as rapid platforms for functional gene analysis, especially for root-related traits. This
chapter highlights the advancements and challenges in utilizing tissue culture and
genome-editing techniques for improving cucumbers. Continuous innovations in
explant selection, transformation efficiency, and regeneration protocols are essential
to fully harness the crop’s genetic potential.

Keywords: explant, micropropagation, organogenesis, plant regeneration,
somatic embryogenesis

1. Introduction

Cucumber (Cucumis sativus L.) (2n = 2x = 14), which is a member of the diverse
Cucurbitaceae family, is a widely cultivated vegetable crop with significant economic
value worldwide [1]. It yields nutritious fruits rich in proteins, minerals, soluble
carbohydrates, and vitamins. The fruit’s polysaccharides and flavonoids are essential
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for antioxidant functions, cancer prevention, and managing liver inflammation [2].
A range of biotic and abiotic stresses often impact cucumber production. Significant
challenges include insect pests and diseases, as well as nutrient deficiencies and
adverse weather conditions, such as drought or extreme temperatures. These

stresses can significantly reduce cucumber yields and even deteriorate fruit quality
[3]. Cucumber cultivation suffers significant losses due to these challenges—some
research suggests that combined biotic and abiotic stresses can lead to yield reduc-
tions of up to 80-97% in severe situations [3]. Traditional breeding approaches, such
as crossbreeding (hybridization between distinct cucumber lines) and mutation
breeding (inducing heritable changes through physical or chemical mutagens), have
served as essential tools in cucumber (Cucumis sativus L.) improvement programs.
Over recent decades, these conventional methods have significantly contributed to
the development of new cultivars characterized by enhanced yield, fruit quality, and
market adaptability. Traditional genetic breeding has laid the groundwork for many
of the high-yielding, superior-quality cucumber varieties cultivated globally today
[4]. However, despite these achievements, the advancement of traditional breeding
remains inherently slow, often requiring multiple generations to stabilize desirable
agronomic traits. A major limitation in cucumber breeding is its inherently narrow
genetic base. Due to historical domestication bottlenecks, the species exhibits limited
genetic diversity and a low level of natural variation within its germplasm [5]. This
restricted genetic pool poses challenges in achieving sustained genetic gains and
limits the breeder’s ability to incorporate novel traits. Consequently, breeding pro-
grams may encounter a plateau in improvement unless innovative strategies—such
as the integration of wild relatives, molecular tools, or tissue culture techniques—are
employed to broaden genetic variation or overcome inherent limitations in the
cucumber gene pool [6].

Plant tissue culture has emerged as a powerful adjunct to cucumber breeding,
helping to address the above constraints in several ways. First, micropropagation
techniques enable rapid clonal multiplication of desired cucumber genotypes,
producing large numbers of identical plants in a short time frame and space, irrespec-
tive of season [7]. This is particularly valuable for propagating elite F; hybrids or
genetically superior lines that cannot be easily maintained by seed due to segregation.
Studies have shown that cucumber plants regenerated in vitro can retain genetic
fidelity to the mother plant. For instance, regenerants derived via somatic embryo-
genesis have shown no significant molecular differences from the original F; hybrid,
confirming the maintenance of genetic stability through the tissue culture process [8].
Such clonal propagation ensures that breeders can rapidly produce uniform planting
material (disease-free and true-to-type), thereby overcoming the slow generation
turnover of conventional breeding.

Tissue culture forms the basis for modern biotechnological techniques. An effec-
tive in vitro regeneration system is essential for genetic transformation in cucumber—
introducing new genes, such as those for virus resistance or stress tolerance, through
Agrobacterium-mediated transfer, depends on the ability to regenerate whole plants
from transformed cells [9]. In practice, cucumber’s genotype dependence in regenera-
tion posed a challenge, but optimized tissue culture protocols (utilizing responsive
cultivars like Poinsett 76 or 9930) have allowed researchers to produce transgenic
cucumber plants routinely. This capability enables precise genetic enhancements that
surpass the limitations of a limited gene pool, allowing the introduction of new traits
or gene edits that crossing alone cannot achieve [10].
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In vitro selection techniques, combined with tissue culture, can help develop
stress-tolerant lines by exposing cell cultures or regenerating plantlets to selective
agents such as high salinity or pathogens [11]. This process enables breeders to iden-
tify and rescue rare genetic variants with improved tolerance. Moreover, screening for
desirable traits in vitro is much faster and requires less space than traditional field-
based methods, accelerating the development of traits like disease or salt resistance
[12]. Additionally, somaclonal variation observed during cucumber tissue culture,
once seen as a mere drawback, is now intentionally utilized under controlled selection
pressure to produce novel variation for crop improvement [10, 12, 13].

Haploid and doubled haploid (DH) plant production has emerged as a powerful
tool in modern cucumber breeding programs, particularly in overcoming the limita-
tions of traditional selection methods. Through tissue culture-based approaches
such as anther culture (androgenesis) and irradiated pollen-induced gynogenesis,
breeders can rapidly obtain completely homozygous lines within a single generation,
significantly accelerating breeding cycles [14, 15]. Additionally, protoplast culture in
Cucumis sativus represents a versatile in vitro technique that enables cell wall removal
and subsequent regeneration into whole plants. Protoplast systems have been used
for haploid and mixoploid isolation, as well as PEG-mediated somatic hybridization
involving cucumber and related Cucumis species, enabling novel genetic combina-
tions not achievable through sexual crossing [16].

Due to the limitations of traditional breeding and recent advances in biotechnol-
ogy, in vitro tissue culture techniques have become essential in modern cucumber
improvement. Main regeneration methods—somatic embryogenesis, organogenesis,
and haploid plant production—allow for genetic fidelity, efficient shoot regeneration,
and quick achievement of homozygosity, respectively [8, 9, 14]. Micropropagation
supports large-scale multiplication of elite, disease-free lines [7, 17], while protoplast
culture shows promise for genetic manipulation and somatic hybridization [18].

This chapter aims to offer a comprehensive overview of the key in vitro tissue culture
techniques used to improve cucumber.

2. In vitro systems
2.1 Somatic embryogenesis

Somatic embryogenesis (SE) is a pivotal regeneration pathway in cucumber,
enabling efficient clonal propagation, facilitating genetic transformation, and
contributing to the development of stress-tolerant cultivars (Figure 1). The success
of SE is strongly influenced by factors such as genotype, explant type, and iz vitro
culture conditions. Genotypic effects play a crucial role as limiting factors. Hamza,
Diab [19] found that the Egyptian cultivar Beit Alpha could produce up to 60% of
embryogenic callus from cotyledon-leaf explants, whereas the cultivar Prince only
reached about 40%, emphasizing the importance of genotype in regeneration success.
Similar differences in SE potential among various cultivars have been consistently
documented in the existing literature [20, 21]. Cotyledons are the most frequently
used and responsive explants for SE induction, providing high embryogenic potential
when cultured on media enriched with Ref. [8, 22]. Hypocotyls and leaf segments
also demonstrate potential, though they typically need more precise hormone bal-
ances to induce embryogenic callus [23, 24]. Additionally, shoot tips, mature seeds,
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Figure 1.

In vitro regeneration pathways in cucumber (Cucumis sativus L.) through somatic embryogenesis, organogenesis,
and protoplast culture, followed by acclimatization, somaclonal variation analysis, and applications. Created
with BioRender.com.

and cotyledon-node regions have been studied, showing varied responses influenced
mainly by the cucumber cultivar and the explant’s developmental stage [25, 26].
Plant growth regulators (PGRs) are crucial for controlling somatic embryo
initiation, development, and maturation. 2,4-Dichlorophenoxyacetic acid (2,4-D)
remains the most common auxin used for SE induction in cucumber. Studies show
that 2-5 mg/L of 2,4-D significantly encourages callus formation and early embryo
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development, especially in cotyledon and leaf explants [24, 27]. Naphthaleneacetic
acid (NAA) is also used, often in combination with cytokinins such as benzylamino-
purine (BAP) or kinetin (KIN), to enhance callus proliferation and facilitate the tran-
sition to somatic embryos [20, 26]. The latter stages of embryo maturation and shoot
conversion typically require a hormonal shift toward cytokinin dominance. The use of
abscisic acid (ABA) has also been shown to promote maturation and desiccation-like
responses, enhancing the quality of somatic embryos [28]. Additionally, carbohydrate
sources with high sucrose levels (up to 12%) not only supply energy but also create
osmotic stress that mimics zygotic conditions, further stimulating embryogenesis [22,
29]. Additionally, bioreactors like RITA® have facilitated scaled-up SE systems in elite
hybrids [30].

At the molecular level, several genes (e.g., CsSCR, CsXTH1, CsXTH3) and pro-
teins have been identified as being upregulated during somatic embryo induction
[21, 31]. Additionally, studies using inter-simple sequence repeats (ISSR) markers,
RT-qPCR, and hormone profiling have clarified the transcriptional and hormonal
pathways active during dedifferentiation and redifferentiation [28, 31, 32]. CsSCR
(SCARECROW) is a GRAS-family transcription factor strongly upregulated in
globular- and heart-stage somatic embryos and in rooting tissues. Wisniewska and
Grabowska [31] showed elevated CsSCR transcript levels, confirmed via in situ
hybridization and expression assays, implicating its role in radial tissue organization
during embryo formation. Malinowski and Filipecki [33] conducted a comprehensive
study on two xyloglucan endotransglucosylase/hydrolase (XTH) genes, Cs-XTH1
and Cs-XTH3, in Cucumis sativus. These enzymes remodel cell walls by cutting and
rejoining xyloglucan chains, a critical process during embryo formation. Moreover,
both genes showed elevated transcript levels in somatic embryos compared to
pre-embryogenic tissue. Northern blot and iz situ hybridization revealed Cs XTH1
localized in presumptive cotyledon primordia, while Cs XTH3 was also active during
embryonic development.

2.2 Organogenesis

Organogenesis is a fundamental iz vitro regeneration strategy in cucumber,
employed widely for clonal propagation and genetic transformation (Figure 1).
The efficiency of organogenesis is influenced by several interacting factors,
including the type of explant, culture medium, PGRs, genotype, and environ-
mental conditions [4]. Genotypic variation plays a critical role in the success of
organogenesis in cucumber. Different cultivars exhibit significant differences in
their regenerative responses under identical in vitro conditions. Some genotypes
exhibit high shoot regeneration frequencies from specific explants, such as coty-
ledons or shoot tips, while others respond poorly, even with optimized media and
PGR. This variation is likely due to underlying genetic control of hormonal sen-
sitivity, developmental plasticity, and expression of key regulatory genes. Wang
and Zhou [34] identified candidate genes (e.g., CsGATA1) and quantified trait
loci (QTLs) associated with regeneration ability, underscoring the importance of
genotype selection and molecular screening in developing efficient organogenic
protocols for cucumber improvement. Nie and Shan [35] demonstrated that floral
organogenesis is regulated via the CsDFB1-CsPHB module, which influences local
auxin distribution. Slomnicka and Cieplak [21] identified QTLs such as sr6.1A and
sr6.1B for shoot regeneration from leaf explants and highlighted CsWOX9 and
CsARF6 as candidate genes for organogenic control.
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Among explants, cotyledonary nodes and cotyledons are the most responsive.
Selvaraj and Vasudevan [36] achieved up to 86% of shoot regeneration from coty-
ledon explants using MS medium with BAP, NAA, zeatin, and glutamine. Liu [37]
demonstrated that cotyledon nodes yielded a higher adventitious bud induction rate
compared to true leaves, radicles, and hypocotyls. Zheng [38] reported that chang-
ing the explant source from stem nodes to cotyledons improved the bud induction
rate from 63.5% to 78.3%. Similarly, Venkatachalam and Jinu [7] demonstrated over
50 shoots per explant using 1.5 mg/L BAP + 4.5 mg/L silver nitrate in cotyledonary
nodes, confirming their high morphogenic capacity. Hypocotyls and shoot tips are
also used. Sangeetha and Venkatachalam [39] reported direct shoot formation and
in vitro flowering from shoot tips on BAP-enriched medium. Although explants such
as hypocotyls and leaves can also support regeneration, they generally exhibit lower
efficiency than cotyledon-derived tissues [4]. Furthermore, the explant’s physiologi-
cal age is crucial in determining its regenerative ability. Young seedlings, typically 1
to 7 days old, are generally more suitable for organogenesis because their cells are less
differentiated and respond more effectively to iz vitro signals. Explants at these early
stages can improve shoot induction rates and overall transformation success, owing to
increased cellular plasticity and hormonal responsiveness [40].

PGRs play a crucial role in initiating and directing the organogenic process.
Cytokinnins such as BAP, KIN, and zeatin stimulate shoot bud formation, while
auxins like NAA and indole-3-acetic acid (IAA) help in callus induction and shoot
elongation [41]. For hypocotyls, optimal shoot regeneration was achieved using
3.6 uM 2,4-D and 2.2 uM BAP [36]. ABA has been reported to prevent vitrification
and improve organogenesis quality [4]. Moreover, silver nitrate enhances shoot qual-
ity by mitigating the effects of ethylene [42]. Venkatachalam and Jinu [7] showed that
a medium containing 1.5 mg/L BAP and 4.5 mg/L silver nitrate significantly improved
shoot proliferation from cotyledonary node explants, yielding over 50 shoots per
explant and reducing hyperhydricity. In addition, environmental factors also play
critical roles in plant regeneration. Temperature, gelling agent type, and photoperiod
length have been shown to influence morphogenesis outcomes [43]. Light-induced
transcriptional responses and NO-mediated cell cycle activation also contribute to
shoot organogenesis in cucumber [44, 45].

2.3 Haploid culture

Haploid and DH production techniques have revolutionized plant breeding by
enabling the rapid fixation of homozygosity within a single generation, significantly
accelerating the development of pure lines. In cucumber, a cross-pollinated and
highly heterozygous species, generating haploid and DH plants, offers substantial
advantages for hybrid seed production, QTL mapping, mutation screening, and
functional genomics. Although these methods are well established in cereals and
solanaceous crops, their efficient implementation in cucurbits has been more chal-
lenging due to species-specific resistance, low regeneration rates, and strong geno-
type dependence [46, 47]. Nevertheless, two decades of intensive research have led to
significant advances in haploid induction, utilizing anther culture, ovary culture, and
parthenogenesis, supported by improvements in explant selection, media formula-
tion, pretreatment protocols, and molecular techniques validation (Figure 2).

Among these approaches, anther culture remains one of the most studied methods
for inducing haploid formation via androgenesis. Microspores at the uninucleate to
early binucleate stages, typically found in 2-4 mm long floral buds, are considered
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Figure 2.
Doubled haploid (DH) production in cucumber (Cucumis sativus L.). Created with BioRender.com.

most responsive to in vitro embryogenic induction [14, 48]. However, cucumber

is a recalcitrant species for androgenesis due to the frequent formation of non-
embryogenic callus and albino plantlets [49, 50]. These limitations have stimulated
the exploration of alternative explants and pathways. Gynogenesis, through the
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culture of unpollinated ovaries or ovules, has emerged as a viable and sometimes
superior alternative, especially for genotypes with poor androgenic response. Ovary
explants collected 1 to 3 days after anthesis have shown high embryogenic potential
under appropriate culture conditions [51, 52]. Domblides and Shmykova [53] further
demonstrated the success of unpollinated ovule culture in various cucurbit species,
reinforcing the relevance of gynogenesis for haploid production. Furthermore, in
vitro ovary culture can circumvent the developmental limitations of male gameto-
phyte-derived explants, especially in genotypes that are poor responders to another
culture [51, 54]. In addition to androgenesis and gynogenesis, parthenogenesis,
embryo development from unfertilized egg cells, represents another viable strategy
for haploid production. Parthenogenetic haploid embryos can be induced either in
vivo, using irradiated pollen or distant hybridization (e.g., melon x cucumber), or

in vitro through hormone treatments. Parkash and Bhatia [55] reported an efficient
protocol for in vitro induction of parthenogenetic embryos using hormone-enriched
MS media. Similarly, Salehian and Shahnazi [56] achieved DH plant production
through parthenogenesis combined with precise embryo rescue techniques. These
approaches are particularly advantageous in breeding programs aiming to develop DH
lines for hybrid seed production. In particular, the application of cycocel (CCC) in
combination with polyamines in the culture medium has been effective in stimulating
parthenogenesis and improving the regeneration of haploid plantlets [57].

The choice of culture medium and hormonal balance plays a central role in
determining the success of haploid induction. Murashige and Skoog (MS) medium
remains the most commonly used basal medium, although modifications such as
reducing nitrate concentration or adding vitamins (e.g., thiamine, myo-inositol) have
been tested to optimize callogenesis and embryogenesis [51]. PGRs are critical for
directing the developmental pathway of explants. Cytokinins such as BAP, KIN, and
especially thidiazuron (TDZ) have been widely used to enhance shoot regeneration
and embryogenic callus formation. The use of MS medium supplemented with silver
nitrate, TDZ, and KIN has been shown to promote gynogenic embryo induction [58].
On the auxin side, NAA and 2,4-D are often employed during the callus induction
phase to support cell dedifferentiation and proliferation [51]. Moreover, the incor-
poration of organic additives such as casein hydrolysate, coconut water, or activated
charcoal has shown potential in improving the quality and frequency of embryogenic
cultures [57]. These components help stabilize the pH, absorb phenolic compounds,
and provide additional nutrients or growth-promoting substances.

In vitro embryogenesis is often facilitated by the application of stress treatments
that redirect gametophytic development toward sporophytic pathways. Cold pre-
treatment, involving exposure of flower buds or ovary explants to low temperatures
(typically 4°C) for 2-7 days, has consistently been shown to enhance embryogenic
potential in cucumber [59]. The mechanism is believed to involve stress-induced
expression of embryogenesis-related genes and hormonal reprogramming.
Additionally, osmotic stress through the use of high sucrose or mannitol concentra-
tions, or heat shock treatments, can improve embryogenic outcomes by inducing
physiological changes in microspores or ovular tissues. In androgenesis protocols, a
short heat shock at 32-35°C is sometimes applied prior to culture initiation [60].

For the practical application of haploid plants in breeding, chromosome doubling
is required to restore fertility. This is typically achieved through the application of
antimitotic agents such as colchicine, oryzalin, or trifluralin, which disrupt spindle
formation during mitosis. Ebrahimzadeh and Shariatpanahi [57] demonstrated
successful chromosome doubling in cucumber haploids by soaking regenerated
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shoots in colchicine or trifluralin solutions, achieving a high percentage of fertile,
morphologically normal DH plants. Shoot tip immersion and in vitro treatments are
commonly used to avoid toxicity and ensure uniform exposure. The timing and dura-
tion of exposure must be carefully optimized to balance efficacy with plant survival.
Also, verification of haploid and DH status is a crucial step in haploid breeding. Flow
cytometry is a rapid and reliable method for ploidy analysis, allowing high-through-
put screening of regenerated lines. Molecular markers such as simple sequence repeats
(SSRs), random amplified polymorphic DNA (RAPD), and ISSRs are also employed
to assess homozygosity and confirm the genetic uniformity of DH lines [47, 61].

2.4 Protoplast culture

Protoplast culture in cucumber has emerged as a powerful biotechnological tool
for genetic transformation, somatic hybridization, and iz vitro regeneration, despite
being limited in routine applications due to technical complexities and genotype-
dependent variability (Figure 1) [4, 62]. Protoplasts, plant cells devoid of their cell
walls, serve as an excellent model system for studying cellular totipotency, early
morphogenesis, and cell wall regeneration under controlled in vitro conditions [18,
63]. Studies have demonstrated successful plant regeneration via direct somatic
embryogenesis and organogenesis from mesophyll and cotyledon-derived protoplasts
in cucumber. However, the frequency and stability of regeneration are often highly
genotype-specific [64, 65].

Efficient isolation and culture of cucumber protoplasts have been reported
using the enzymatic digestion of cotyledon or mesophyll tissues. Huang and Wang
[18] developed a high-yield protoplast isolation method using a combination of
1.5% cellulase R10 and 0.4% macerozyme R10, supplemented with 0.6 M man-
nitol as an osmotic stabilizer in an enzyme solution buffered with MES hydrate
(2-(N-morpholino hydrate) ethane sulfonic acid at pH 5.7. The digestion was con-
ducted under dark conditions with gentle shaking at 25°C for 6 hours, resulting in
highly viable protoplasts suitable for transient gene expression and downstream
applications. Similarly, Punja and Tang [62] achieved successful isolation and regen-
eration of protoplasts derived from both mesophyll and cotyledon tissues using a two-
enzyme mixture of cellulase and pectinase in a modified KM (kao and michayluk)
medium with 0.4-0.5 M sorbitol. Their results demonstrated that shoot regeneration
was possible through plating protoplasts onto solidified KM medium enriched with
appropriate PGRs, such as 1 mg/L NAA and 0.5 mg/L BA. Furthermore, Burza and
Malepszy [64] reported successful regeneration via direct somatic embryogenesis
from cucumber protoplasts isolated using 1% cellulase Onozuka R-10 and 0.5% pec-
tinase, suspended in an osmoticum containing 0.5 M glucose. They highlighted that
embryogenic calli could be induced on N6-based medium supplemented with 2,4-D
(2.0 mg/L) and KIN (0.5 mg/L), followed by shoot regeneration upon transfer to a
cytokinin-enriched MS medium. These studies collectively emphasize the critical role
of enzyme composition, osmotic balance, and hormone supplementation in establish-
ing effective protoplast culture and regeneration systems in cucumber.

Protoplast regeneration is highly genotype-dependent, and the ability to form cal-
lus or regenerate shoots varies significantly among cucumber cultivars. Gajdova and
Navratilova [66] emphasized the importance of donor tissue type, culture medium
composition, and genetic background in determining regeneration efficiency across
both Cucumis and Cucurbita species. Their study demonstrated that cotyledon and
mesophyll tissues often yield higher protoplast viability and regenerative capacity
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compared to other tissues. Moreover, they showed that some genotypes possess a
strong embryogenic potential, whereas others exhibit limited or no callus forma-
tion under identical conditions. Jia and Fu [67] were among the first to successfully
achieve plant regeneration through somatic embryogenesis from protoplasts isolated
from cotyledon tissue in cucumber. Their protocol involved a culture medium
enriched with auxins (such as 2,4-D) and cytokinins (like KIN), which promoted
initial cell wall formation, subsequent callus induction, and finally embryoid
development. Moreover, reactive oxygen and nitrogen species also play critical roles
in protoplast viability and regeneration capacity. Petrivalsky and Vanickova [68]
demonstrated that appropriate management of oxidative stress during early proto-
plast culture can significantly enhance regeneration outcomes. This pioneering work
established a foundational platform for further advancements in cucumber protoplast
regeneration systems.

At the molecular level, C4pal and Ondfej [63] investigated the gene expression
profiles and chromatin changes in cucumber protoplast cultures. They reported that
dedifferentiation and cell cycle re-entry were associated with alterations in chroma-
tin structure, particularly histone modifications and chromatin relaxation. These
changes facilitate the transition of isolated protoplasts back to a pluripotent state,
which is essential for initiating cell division and morphogenesis. Supporting this,
Moricova and Ondrej [69] demonstrated that protoplast culture leads to significant
changes in DNA methylation (5-mC) and hydroxymethylation (5-hmC) levels. Their
findings suggest that epigenetic reprogramming plays a crucial role in successful
regeneration, as these modifications are likely involved in reactivating genes required
for cell proliferation and differentiation. High levels of 5-hmC, in particular, were
linked to the early stages of organogenesis and could serve as epigenetic markers of
regenerative potential.

Protoplast fusion has emerged as an effective method to overcome sexual incom-
patibility barriers in cucumber breeding by enabling somatic hybridization between
Cucumis species. In their pioneering work, Fellner and Lebeda [70] successfully
isolated and fused protoplasts derived from Cucumis sativus and Cucumis melo, two
species that are sexually incompatible via conventional crossbreeding. Protoplasts
were enzymatically isolated from leaf mesophyll tissues and fused using polyethylene
glycol (PEG)-mediated fusion, a common technique that induces membrane fusion
and cytoplasmic mixing. The fused cells were cultured on optimized media to regen-
erate hybrid calli. Although complete plant regeneration was not reported in this
initial study, the formation of heterokaryons and hybrid cell colonies demonstrated
that interspecific gene transfer was feasible, offering potential for the introgression
of melon traits (e.g., disease resistance or fruit quality) into cucumber. Skdlova and
Navratilova [16] explored haploid and mixoploid cucumber protoplasts, focusing on
their isolation, fusion behavior, and chromosomal constitution. The researchers used
a highly purified enzymatic mixture (typically cellulase and macerozyme) to isolate
protoplasts from in vitro-grown cucumber tissues, followed by fluorescent staining
and flow cytometry to determine ploidy levels post-fusion. PEG-mediated fusion was
again used to generate somatic hybrids, and the resulting mixoploid protoplasts were
assessed for cell division and potential to regenerate. Their analysis showed success-
ful fusion and partial chromosome doubling, suggesting that this method could be
used to develop polyploid lines or somatic hybrids with novel trait combinations.
Importantly, they demonstrated that ploidy manipulation via fusion can be moni-
tored and stabilized during early culture phases critical for downstream regeneration
and breeding applications.
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3. Somaclonal variation in cucumber

Somaclonal variation refers to the genetic or epigenetic changes that occur during
in vitro plant regeneration, often from callus or suspension cultures. It can manifest
as chromosomal mutations, gene sequence alterations, or methylation changes [71].
In cucumber, this phenomenon presents both a challenge and an opportunity, pos-
ing potential risks for clonal fidelity during micropropagation while also offering a
valuable source of new genetic diversity for breeding. These variations, which can
be genetic or epigenetic, often originate from callus or suspension cultures and may
appear as chromosomal abnormalities, gene mutations, transposon activation, or
DNA methylation changes. Several studies have demonstrated that explant type,
physiological status, culture conditions and duration, and especially medium compo-
sition including PGRs significantly influence the level and type of somaclonal changes
[12, 72]. To exploit this variation effectively, precise culture protocols are essential.
This includes minimizing the number of subculture cycles since prolonged i vitro
exposure correlates with higher variation rates avoiding excessive callus proliferation
phases and carefully regulating the concentrations of PGRs [73].

In cucumber, somatic embryogenesis and callus-based regeneration are widely
used in tissue culture protocols, and these methods have been linked with consider-
able variation among regenerants. Custers and Zijlstra [74] observed that although
R; somaclones displayed morphological variability, most aberrations were transient
and eliminated through sexual reproduction, with only a few stable variants persist-
ing into the R, generation. However, modern molecular tools such as next-generation
sequencing have revealed extensive underlying genomic variation in cucumber
somaclones including thousands of single nucleotide polymorphisms (SNPs) and
structural variants despite relatively subtle phenotypic manifestations [10, 75].

Pawelkowicz and Skarzynska [10] provided deep transcriptomic insights by
comparing three somaclonal cucumber lines (S1-S3), derived from the same inbred
line (Borszczagowski B10) but regenerated via different in vitro pathways direct
organogenesis, callus-mediated regeneration, and embryogenic suspension culture.
Each somaclonal line displayed distinct morphological and transcriptional profiles.
Hundreds of differentially expressed genes (DEGs) were identified, related to stress
response, metabolic processes, DNA/RNA binding, and transcriptional regulation.
Notably, the DEGs overlapped partially across lines, indicating the existence of
conserved molecular targets responsive to culture-induced stress. Moreover, several
DEGs were associated with SNPs, supporting the role of both genetic and epigenetic
mechanisms in driving somaclonal variation. Earlier studies corroborate these find-
ings. Plader and Malepszy [76] and Ladyzynski and Burza [77] demonstrated that
cytokinin-rich media, especially those containing BAP, increased the frequency of
chromosomal abnormalities and ploidy shifts in cucumber regenerants. Bartoszewski
and Havey [78] further reported alterations in organelle genomes in somaclonal lines,
underscoring the broad impact of culture conditions on genomic integrity.

While somaclonal variation introduces uncertainty in tissue culture applications
where genetic fidelity is essential (e.g., micropropagation or germplasm conserva-
tion), it can be deliberately harnessed as a tool for genetic improvement in cucumber
breeding. Controlled induction of somaclonal variation has been shown to generate
novel traits such as altered fruit shape and size, enhanced tolerance to abiotic stressors
(e.g., salinity, drought), and increased disease resistance—all without the need for
transgenic modification [12]. These variants serve as a valuable resource in breeding
programs, particularly for hybrid development and functional genomics studies.
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Unlike conventional mutation breeding or genetic engineering, somaclonal variation
offers a non-genetically modified organism (non-GMO) alternative that may be more
readily accepted in regions with regulatory constraints or consumer resistance.

4. Transgenic approaches and CRISPR/Cas9 genome editing in cucumber

Cucumber is an essential member of the Cucurbitaceae family, serving as a model
for studying sex determination, phloem biology, and fruit development. Despite the
availability of high-quality genomic resources, conventional breeding has limited
success in developing resistant cultivars due to limited natural variation and sexual
incompatibility barriers. As a result, transgenic and genome-editing strategies have
gained momentum for introducing or modifying desirable traits. CRISPR/Cas9
technology in particular allows for efficient and targeted gene editing, representing a
breakthrough in cucumber biotechnology.

Genetic transformation in cucumber has primarily relied on Agrobacterium tume-
faciens-mediated protocols. Cotyledonary explants are the most frequently used start-
ing material due to their high regenerative potential. Zhao and Qi [79] demonstrated
an optimized transformation system using proximal cotyledon explants of 2-day-old
seedlings. Their protocol included pre-culturing on MS medium supplemented with

1.0 mg/L BAP and 0.5 mg/L ABA, followed by infection with Agrobacterium strain
EHAI105 in the presence of 100 pM acetosyringone. The selection and regeneration
media contained kanamycin and meropenem, leading to a transformation efficiency
of 4.67%. Xin and Tian [80] further improved this process by integrating a vacuum
infiltration step, significantly enhancing transformation efficiency across different
cucumber cultivars. They also showed that transformation success was strongly gen-
otype-dependent, suggesting the need for tailored protocols for elite lines. Nanasato
and Konagaya [81] also developed an effective system using the EHA105 strain and
cotyledon explants precultured in a BAP-rich medium. Their regeneration system
supported the recovery of transgenic lines at frequencies exceeding 8%. In addition,
Nishibayashi and Kaneko [82] used hypocotyl explants for transformation and noted
comparable results to cotyledon explants, suggesting broader options in explant
source selection. In addition to BAP and ABA, various combinations of cytokinins
(TDZ, KIN) and auxins (NAA, IAA) have been tested to optimize shoot induction
and rooting in transgenic tissues. Ni and Li [83] successfully used such protocols to
integrate the nattokinase gene into cucumber plants using CRISPR/Cas9.

CRISPR/Cas9 technology has enabled precise gene knockouts in cucumber, par-
ticularly for disease resistance. The mildew resistance locus O (MLO) gene family has
been a major focus due to its negative regulatory role in powdery mildew resistance. Tek
and Calis [84] and Shnaider and Elad [85] reported successful editing of CsaMLOS,
which conferred strong resistance to Podosphaera xanthii without compromising plant
morphology. In the viral disease context, Fidan and Calis [86] disrupted the elF4E gene
using CRISPR/Cas9. This gene is a known susceptibility factor for several potyviruses.
Edited cucumber lines displayed resistance to WMV, ZYMV, and PRSV, and importantly,
these plants maintained high fertility and morphological integrity. Chandrasekaran and
Brumin [87] laid the groundwork for virus resistance via targeted genome editing by
demonstrating that eIF4E mutants are broadly resistant to RNA viruses. Their work influ-
enced further studies targeting translation initiation factors in cucurbits. Zheng and Yang
[88] targeted CsNBS-LRR gene families involved in bacterial wilt resistance and reported
successful gene editing with significant reductions in disease symptoms.
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Beyond disease resistance, genome editing technologies have been increasingly
applied in cucumber to engineer metabolic traits, enabling nutritional enhancement
and the production of high-value bioactive compounds. Ni and Li [83] introduced
the nattokinase gene into cucumber plants using CRISPR/Cas9. This not only
demonstrated the crop’s amenability to foreign gene insertion but also highlighted
cucumber’s potential as a molecular farming platform for nutraceutical and phar-
maceutical production. Additionally, Mitra and Shnaider [89] used CRISPR/Cas9
to study genes involved in fruit set and development. Knockouts of candidate genes
like CsGA30x and CsIAA9 revealed their regulatory roles, allowing manipulation of
fruit formation pathways. Moreover, recent studies have expanded CRISPR’s applica-
tion to abiotic stress tolerance. Peng and Chen [90] identified CsAKT1 as a key gene
involved in salt tolerance, which was validated using CRISPR/Cas9-edited lines. The
knockout mutants displayed altered potassium uptake and enhanced salt resistance.
Dong and Li [91] focused on the STAYGREEN gene, showing its role in low-temper-
ature tolerance. Genome-edited lines exhibited improved chlorophyll retention and
better cold tolerance.

To accelerate gene function studies, Nguyen and Hoang [92] developed a hairy
root transformation system using Agrobacterium rhizogenes. This method allows the
rapid assessment of CRISPR constructs without the lengthy regeneration process.
Transgenic hairy roots expressing Cas9-sgRNA cassettes successfully induced muta-
tions in target genes within 10-14 days. Kiryushkin and Ilina [93] demonstrated
hairy root-based CRISPR editing for root architecture studies. Their work provides a
foundation for applying root-focused gene manipulation, particularly under stress or
nutrient-deficient conditions.

5. Conclusion

In vitro culture technologies combined with modern genetic tools have trans-
formed cucumber improvement. Using regeneration systems like organogenesis,
somatic embryogenesis, haploid induction, and micropropagation, researchers
have built platforms for trait introgression, rapid propagation, and genome editing.
Explants such as cotyledons and hypocotyls, with optimized hormone combinations
(e.g., BAP, NAA, TDZ), enable high-efficiency shoot and root regeneration, which is
foundational for transformation. Advances in Agrobacterium-mediated transforma-
tion ensure stable gene integration, while CRISPR/Cas9 offers precise editing for
functional genomics. Editing genes related to biotic (e.g., MLO, eIF4E) and abiotic
stress (e.g., CsAKT1, CsSGR) yields lines with better resistance and adaptability.
Metabolic engineering for traits such as f-carotene and vitamin C highlights cucum-
ber’s potential for functional foods. Challenges include genotype dependence, limited
protocols for elite cultivars, and unclear regulatory guidelines. Future focus should be
on genotype-independent systems, improved CRISPR delivery, and omics integration
for multi-target editing. Overall, combining iz vitro methods with genome editing
promises to enhance cucumber breeding, thereby increasing yield, resilience, and
nutritional value for global agriculture.
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Abstract

Recent research regarding various species from the Cucurbitaceae family, which
are used in traditional medicine, has highlighted remarkable chemical composition
and therapeutic properties with possible applications in modern alternative medicine
and food field. The species mentioned in this chapter are Cucumis metuliferus,
Benincasa hispida, and Trichosantes cucumerina, as well as a more studied and used
species among them, Momordica charantia. This chapter correlates the phytochemical
composition of these species (primary and secondary metabolites) with their bio-
logical potential, which confers therapeutic and nutritional properties. This chapter
aims to highlight the importance of the four mentioned species belonging to the
Cucurbitaceae family, along with their wide range of applications and also correlated
with the different classes of phytochemical compounds.

Keywords: Cucurbitaceae family, phytochemical composition, therapeutic properties,
food, representative species

1. Introduction

Since ancient times, people around the world have used plants as valuable sources
of food and medicines [1]. In Europe, plant chemistry and the isolation of biologi-
cally active compounds developed rapidly after the influence of Paracelsus (sixteenth
century), who claimed that “All meadows and pastures, all mountains and hills are
pharmacies” [1], that is, nature is a supplier of natural products and medicines. After
decades of research and evolution, scientific research is still exploring traditional
medicine, and attempts are being made to elucidate the power and benefits that
nature offers to integrate it into conventional medicine.

The world’s biggest challenges, in recent years, have been the growth of the
human population and the depletion of natural resources, which have led to hunger,
malnutrition, and poor human health [2]. Other important aspects of today’s life are
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the increase in the number of human diseases, the development of resistance of some
diseases to classical treatments, as well as the toxic side effects of synthetic drugs

[3, 4]. The Food and Agriculture Organization of the United Nations (FAO) estimated
that approximately 9.1% of the global population suffered from chronic malnutrition
in 2023. Most of the malnourished people live in low and sub-middle-income regions
[5]. Africa has the highest prevalence of undernutrition, but Asia, being the most
densely populated region of the world, has the highest percentage of undernourished
people [6]. In the current conditions of climate change and the underlying impact

on agriculture and horticulture, underutilized plants are valuable alternatives for
cultivation and use for various purposes.

Nowadays, in agriculture, grains, vegetables, and fruits are produced by using
traditional or genetically modified plants and modern agricultural practices, while
attempts are made to adapt various plant species to new growing environments.
However, there are many plant species still underutilized or underexploited, includ-
ing plant species that thrive in extreme environmental conditions and threatened
habitats, possessing genetic tolerance to survive in harsh conditions and that also have
important nutritional, phytochemical, and therapeutic qualities [7]. Various research
has made significant advancements in demonstrating that many compounds isolated
from plants are biologically active and important in the prevention of chronic condi-
tions such as cancer, diabetes, and coronary heart disease. Phytochemical compounds
have demonstrated numerous bioactivities that include antioxidant, antitumoral,
antimicrobial, antihypertensive, anti-inflammatory, and hepatoprotective properties
[6, 8]. Vegetables from the Cucurbitaceae family are commonly known as cucum-
bers. The oldest species of this plant family, first described in 1924 by paleobotanist
Frank Hall Knowlton and identified to date, is Cucurbitaciphyllum lobatum from the
Paleocene epoch in Shirley Canal, Montana [9]. Cucumbers are believed to have their
origin in India and some areas from Western Asia [10]. Some species used as natural
remedies in traditional medicine grow in the foothills of the Himalayas, but they
are not cultivated at large scale because of their bitter fruits, dormant seeds, or late
maturity [9].

Other related species in the Cucurbitaceae family were cultivated in China and the
Middle East. According to available data, originally from India, the cucumber was
spread to Greece and Italy, where, through the Roman Empire, it was cultivated in
other regions from Europe [8, 11]. Other records of cucumber cultivation were found
in France in the ninth century and in Britain in the fourteenth century, while varieties
more closely related to the pumpkin and cantaloupe were first cultivated in America,
successfully cultivated later in Southern Mexico since 8000 BC, in the Illinois region
around 5000 BC, and in Europe during the exploration of Columbus [12].

Cucurbitaceae is a diverse plant family currently cultivated worldwide in a vari-
ety of environmental conditions. Optimal cultivation conditions are tropical and
subtropical, but it can be easily adapted to cultivation in other continents. Over 300
plant species are used by humans, but only 150 species are cultivated extensively,
from which only 30 are crucial for global food production. The main producers of
Cucurbitaceae are countries such as India, Turkey, China, and the United States [11].
From the multitude of known and used species, in this chapter, four species of thera-
peutic and nutritional interest have been selected: Momordica charantia, Benincasa
hispida, Trichosantes cucumerina, and Cucumis metuliferus.

The Cucurbitaceae family has an important economic role because the vegetables
and fruits of this family are used in various food, cosmetic or pharmaceutical prod-
ucts, or for other purposes (Figure 1). Edible plants, derived from the Cucurbitaceae
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Figure 1.
Various uses of plant species from Cucurbitaceae family.

family, belong to a group that includes five genera: Cucurbita, Cucumis, Citrullus,
Legenaria, and Sechium [13]. This family with characteristic seeds, peel deposits,
a specific chemical composition, and diverse applications, can be easily identified
throughout the plant kingdom [14, 15].

2. Important classes of organic compounds identified in the studied plants

Plants can be compared to “factories” that, under the action of solar energy,
consume CO, and water and then produce oxygen, energy, and basic compounds,
such as proteins, carbohydrates, vitamins, and lipids, which are necessary for the
survival of living organisms [16]. Plant metabolism consists of numerous chemical
reactions catalyzed by enzymes, which take place in various plant cell structures
and the production of a variety of chemical molecules from the category of primary
metabolites [17]. Primary metabolites play a major role in maintaining the viability of
the plant (proteins, sugars, vitamins, and lipids). In addition, plants also synthesize
a series of other compounds in the chemical processes of secondary metabolism such
as terpenes, phenolic, nitrogen (alkaloids, cyanogenic glycosides, and nonprotein
amino acids), and sulfur compounds [18]. Secondary metabolites are biosynthesized
by plants and specific to each species, often manifesting functions characteristic of
some plant organs or tissues; can be identified only in a certain period of growth and
development within a species; or can be activated only under certain stress factors
such as the attack of microorganisms, insects or the lack of nutrients [19]. Secondary
metabolites are considered compounds of interest for various reasons, such as their
structural diversity and their potential as drug candidates [18].

In general, secondary metabolites are produced by biosynthetic modifications of
primary metabolites, including methylation, glycosylation, and hydroxylation. Plants
contain highly specific secondary metabolites, sometimes toxic at high concentration,
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and represent a valuable library of bioactive compounds with broad activity on
human cells, bacteria, fungi, and parasites [20].

2.1 Primary metabolites

The main primary metabolites, namely, saccharides, lipids, proteins, and vita-
mins, and their distribution in plant species from the Cucurbitaceae family are briefly
characterized. Primary metabolites fulfill essential metabolic roles by participating in
plant growth, nutrition, and reproduction.

2.1.1 Saccharides

Saccharides, also known as carbohydrates or sugars, are natural compounds
synthesized by plants in the process of photosynthesis [15, 21]. It is known that sac-
charides fulfill various functions in plants, among them being energy sources for vital
processes and important precursors in the biosynthesis of other chemical molecules
[22]. This class of compounds acts as nutrients, plays an important role as signaling
molecules, and regulates vital functions, that is, growth processes, metabolism, and
stress tolerance response [23]. Low molecular mass saccharides, such as sucrose, tre-
halose, or raffinose, are involved in plant immunity as signaling molecules, which has
led to the concept of “sweet immunity” [24]. These compounds are able to activate
defenses and resistance-enhancing responses to pathogens [25]. Polysaccharides are
widespread in plants and perform various functions such as structural (cellulose),
nutritional reservoir (starch), or specific roles such as anticoagulant (heparin) [26].

In the fruits of Momovdica chavantia, various mono- and disaccharides such as
arabinose, galactose, glucose, mannose, ribose, xylose, and rhamnose have been iden-
tified [27]. Studies carried out on the species of M. charantia from Nigeria have shown
that, depending on the part of the analyzed plant, the carbohydrate content differs.
Thus, similar values were found in leaves, 32.34 + 0.24%, and fruits, 34.31 + 0.30%,
close also to those obtained from another study of 39 + 3% [28], while the seeds were
twice as poor in sugars with 9.18 + 0.86% [29]. Analyses carried out on the seeds of
alocal variety of M. charantia collected from an agricultural research institute in
Pakistan presented a higher concentration of soluble carbohydrates, 28.43 + 3.11%,
compared to previous studies [30]. In fresh M. charantia fruits from the local market
in Penang, Malaysia, a percentage of 45.4 + 0.9% maltose equivalents was quanti-
fied, while in freeze-dried fruits the following saccharides and their derivatives
were identified: glucose (0.383 + 0.004%), galactose (0.306 + 0.002%), mannose
(0.010 + 0.001%), galacturonic acid (0.145 + 0.003%), rhamnose (0.021 + 0.000%),
arabinose (0.086 + 0.000%), xylose (0.049 + 0.000%), as well as very small concen-
trations of ribose and fructose [31].

Fresh fruits of Cucumis metuliferus have been found to have a low carbohydrate
content of 5.55 g/100 g fresh fruit [32], and in dried fruits, 7.56 g/100 g fruit [33] or
in another study, 62.25 + 1.95 mg/kg [34]. Studies on aqueous extracts from the peel
of fruits grown in China have shown the predominant presence of galacturonic acid,
45.93%, with higher amounts of rhamnose (13.50%), arabinose (10.37%), glucose
(5.54%), and smaller amounts of fructose (2.51%), xylose (4.24%), and mannose
(0.17%) [35].

Although carbohydrates play an important role in a wide range of biological
processes, carbohydrate-derived drugs cover only a limited area of therapeutic
actions [36]. Many pathophysiological important carbohydrate-protein interactions
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have not yet been exploited due to their high polarity. Saccharides cannot passively
cross the enterocyte layer of the small intestine (a prerequisite for oral availability),
and if systemically available by parenteral administration, these compounds undergo
a process of rapid renal excretion. In addition to a lack of affinity, saccharides present
low tissue permeability, short plasma half-life, and poor stability [36].

Medicines with compounds derived from saccharides in their structure, currently
approved for human use, include benefits such as the treatment of diabetes mellitus
due by the inhibition of glycosidase that prevent the digestion of carbohydrates
(voglibose, miglitol and acarbose), the prevention of influenza virus infections
(zanamivir and oseltamivir), anticoagulant properties by binding to antithrombin III
for the treatment of sulfated glycosaminoglycan thrombosis (fondaparinux, daltepa-
rin, ardeparin, nardoparin and enoxaparin), treatment of Gaucher disease (miglu-
stat), epilepsy (topiramate), and osteoarthritis (sodium hyaluronate) (Figure 2)
[36-38]. As examples of saccharide-derived drugs emerge, the strategies developed
for their design will pave the way to harness the potential of this class of compounds
in various therapies [39]. In addition to their therapeutic potential, sugars are present
in most food products.

2.1.2 Lipids

A class of compounds that include glycerides, phospholipids, waxes, or fatty
acids, lipids play an important role in living organisms, being an essential com-
ponent of the homeostatic function of the human body. Lipids contribute to some
vital processes, having main biological functions in plants and human health [40].
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Figure 2.
Various applications of cavbohydrates from plants.
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Plants contain various types of lipids, including fatty acids, phospholipids, glyco-
lipids, sterol lipids, sphingolipids, and waxes [41]. Lipids are usually extracted with
organic solvents, which allow the removal of many hydrophilic components such as
carbohydrates and proteins.

In higher plants, lipids are distributed in various parts, such as extrachloroplasts,
where phosphatidylcholine and phosphatidylethanolamine are in higher concentra-
tions, while thylakoids from chloroplasts usually contain three glycosylglycerides
(monogalactosyl, digalactosyl, and sulfoquinovosyl diacylglycerols) and phospha-
tidylglycerol. The acyl-lipid composition of higher plant tissues depends on their
metabolism, the plant species, and cultivation environment [42].

The seeds of buffalo gourd (Cucurbita foetidissima), from the Cucurbitaceae
family, that grows in the semiarid regions of the USA, Mexico, Lebanon, and India,
contain a high amount of fats (32-39%) and also proteins [43]. Pumpkin seeds
(Cucurbita pepo) are rich in linoleic acid, as well as in palmitic, stearic, oleic acid, and
a wide range of other fatty acids in moderate concentrations [44]. Their chemical
composition has attracted attention due to its beneficial properties in the early treat-
ment of prostate cancer. Microwave-assisted and supercritical carbon dioxide extrac-
tion revealed the triacylglycerols, sterols, and tocopherols due to which the seeds have
this beneficial effect [45, 46].

Benincasa hispida seeds presented different content of saturated and unsaturated
fatty acids such as myristic acid, palmitoleic acid, oleic acid, linoleic acid, stearic acid,
a-linolenic acid, palmitic acid, and others [47]. In one of the more detailed studies
in which a supercritical fluid extraction method was optimized, the total content of
saturated fatty acids (myristic acid, palmitic acid, and stearic acid) was 15.97%, com-
pared to palmitic acid, which was identified in a higher concentration of 9.83 + 0.33%.
Unsaturated fatty acids were determined in the highest concentration in percentage of
83.53% of the total fatty acids, these being represented by palmitoleic acid, oleic acid,
linoleic acid, and linolenic acid, especially a-linolenic acid, an omega-3 type acid [48].
In addition to fatty acids, sterols such as p-sitosterol and stigmast-5-ene-3-p-ol have
also been identified [47]. In the edible part of the winter cucumber, a fat content of
0.02-0.20/100 g was determined [49], a content of 0.60 + 0.10/100 g in the pulp, and
1.25 + 0.06/100 g [50] in the peel.

The highest content of lipids is mostly found in the seeds of plants. Thus, in
bitter cucumber, about 64.3% are polyunsaturated fatty acids and 20.1% are mono-
unsaturated fatty acids of the total fatty acids. The oil of these seeds is unique due to
its high content of conjugated 9-cis, 11-trans, 13-trans linolenic acid [51]. Another
study demonstrated high concentrations of stearic acid (62.31% of total fatty acids),
oleic acid (12.53%), and linoleic acid (10.40%), as well as in smaller concentrations
arachidic acid (5.3%), palmitic acid (4.72%), capric acid (0.53%), and lauric acid
(0.45%) [49].

In the case of kiwano fruits, the seeds showed the highest lipid concentration,

15.4 g/100 g, followed by the fruit peel, 8.89 g/100 g, and a small content in the fresh
pulp [52]. Another study showed a higher value for lipid and protein in seeds (23.8
and 23.2 g/100 g, respectively) [53]. The seeds contain fatty acids in different propor-
tions, such as linoleic acid (56.21%) and oleic acid (18.6%), followed by palmitic acid
(16.2%) and stearic acid (7.65%) [54, 55].

It has been demonstrated that the chemical composition of fresh and dried
fruits differs. Thus, fresh Cucumis metuliferus fruits presented a low lipid content
of 0.7 g/100 g [8] and the dried ones of 1.26 g/100 g fruit [56]. In another study, a
lipid content of 7.8 + 0.76 mg/kg was determined for dried fruits [57]. The scientific
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literature illustrates the fact that lipids are also found in the leaves of some cucum-
ber species, with 2.6 + 0.30 mg/kg, these values being higher than those found in
the fresh fruit [31, 58].

The fruits of Trichosanthes cucumerina presented a small percentage of lipids,

0.47 £ 0.03% [59]. Instead, a special composition was identified in seeds of this plant,
its oil containing medium concentrations of octanoic acid, dodecanoic acid, tetra-
decanoic acid, n-hexadecanoic acid, oleic acid, and octadecanoic acid [14]. In another
study, a different composition was found rich in lauric acid (10.28 + 0.01%), myristic
acid (6.54 + 0.01%), palmitic acid (11.87 + 0.01%), stearic acid (15.54 + 0.01%),

oleic acid (26.51 + 0.01%), linoleic acid (0.75 + 0.01%), and palmitoleic acid

(0.45 £ 0.01%) [60].

Global awareness of the concept of studying a group of molecules with lipid struc-
tures with therapeutic and prophylactic applications in promoting health and treating
various ailments, supported by progressive research efforts to identify the properties
and potential applications of such bioactive food constituents and together with
consumer demand, has+ led to the development of a new food category commonly
referred to as “functional foods” or “nutraceuticals” [42, 61]. Among the multitude of
promising functional lipids that are known to date, it should be noted that the scope
of functional lipids involves both bioactive lipids of natural and synthetic origin [62].
Functional lipid supplementation in the human diet can act as either an alternative
therapy or an adjunctive therapy to conventional medicinal practices. Their impor-
tance increases in the current context, because nowadays, conventional therapies
have many side effects and the diseases are more and more difficult to treat [42, 63].
Species in the Cucurbitaceae family have a varied lipid content, which can be useful in
preventing or combating certain conditions.

2.1.3 Proteins

Proteins are another class of primary metabolites that are indispensable for living
organisms. Proteins are polypeptides with a molecular weight greater than 10,000,
which are made up of four basic elements, namely, carbon 50-55%, oxygen 20-23%,
nitrogen 12-19%, and hydrogen 6-7%, as well as other elements in smaller amounts
such as phosphorus, sulfur, copper, zinc, and others [14]. The main sources of
proteins are from animals, but they are also found in smaller amounts in plants, being
considered incomplete or low-quality proteins because their structures lack some of
the essential amino acids. Proteins from oilseeds and legumes are generally soluble in
aqueous media, and those from cereals are insoluble; therefore, it is necessary to use
suitable extraction solvents. The separation of proteins is a difficult process due to
their sensitivity, which takes into account temperature, degree of ionization, as well
as extreme pH values, which can cause protein denaturation [64].

The protein content for the fruit of Cucumis metuliferus was found to be
between 1.78 and 1.80 g/100 g, for the peel 2.95 g/100 g, and for the seeds,

2.63 g/100 g [56, 65, 66]. A study carried out on plant materials from Nigeria,
Africa, presented a protein content in fruits of 9.04 + 0.13 mg/kg, and of

9.77 + 0.30 mg/kg in leaves [31]. Fresh fruits have a high concentration of proteins,
of about 4 g/100 g [67]. The most recent studies highlight this class of compounds
in kiwano fruits, varying between 6.22% and 6.29% [68].

The preliminary phytochemical screening of the extract from the dried seeds of
Benincasa hispida highlights, in addition to the presence of carbohydrates, phenolic
compounds, amino acids, flavonoids and sterols, the presence of proteins [56], such
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as trigonelline and osmorin, known for their antibacterial properties [69]. The high-
est protein content was found in the seeds of winter cucumber, 0.58 + 0.02 g/100 g,
followed by the edible part of the plant, 0.49 + 0.02 g/100 g, and finally the peel

of the fruit, 0.37 + 0.03 g/100 g [50]. Studies in the literature have shown that
Trichosanthes cucumerina seeds have a rich protein content of 26.2-26.6 g/100 g [70].
Momordica charantia fruits showed a protein content of 0.71 + 0.13% [14], including
polypeptide-P, lectin, and MAP30 with anti-HIV properties [64, 71]. Proteins have
also been isolated from the seeds of M. charantia [72-74]. In addition, the crude
protein content of the fruit was found to be 11.4-20.9 g/kg, which is higher than that
of ripe or common cucumbers [75]. Although it has many culinary uses, especially in
South, Southeast, and East Asia, and is also cultivated for ornamental purposes, M.
charvantia is widespread in traditional medicine [76]. Fruits, flowers, and young shoots
are also used as flavoring agents in various Asian dishes. The young shoots and leaves
of M. chavantia, as well as leaf and fruit extracts, are used in the preparation of teas
and dietary supplements [77]. The protein content and implicitly amino acid compo-
sition of plants vary considerably by family, genus, species, and cultivar. The role of
some proteins in plants includes storage functions for lectins, enzymes, and enzyme
inhibitors, and structural functions for ribosomal, chromosomal, and membrane
proteins [78].

Proteins are considered valuable molecules due to their applications in the fields
of food and medicine. Recently, therapeutic proteins have emerged as a promising
option in treating various diseases, such as diabetes, cancer, cardiovascular diseases,
and others. Finally, proteins can be used in combination with small molecular weight
drugs to provide synergistic benefits in modern medicine [79].

2.1.4 Vitamins

Vitamins are considered primary metabolites of plants, being able to be fur-
ther used in the synthesis of secondary metabolites [14, 80]. In general, vitamin
biosynthetic pathways have been elucidated in various research [81, 82]. Vitamins,
whether water-soluble or fat-soluble, play an important role in supporting the
health of the human body by preventing and treating various conditions such as
bone homeostasis, cancer, or other diseases of the immune, digestive, skin, and
cardiovascular systems [14, 81, 83-85].

Vitamins are compounds sensitive to different factors such as heat, light, oxygen,
and the pH of the environment in which they are stored. There are 13 compounds
recognized so far as vitamins that have been detected in plants, which are important
for living organisms. Thus, fruits and vegetables, as well as various cereals and nuts,
can provide in the human diet approximately 92% ascorbic acid, 69% folic acid, 64%
thiamine, 49% vitamin A, 49% niacin, 46% vitamin B6, and 33% riboflavin [81]. The
concentration of vitamins differs considerably in the leaves, fruits, stems, and roots of
plants. It has been observed that certain parts of plant tissues located toward the outside
usually contain higher concentrations of vitamins, especially ascorbic acid. Cucumbers,
for example, contain a higher concentration of ascorbic acid, riboflavin, niacin, panto-
thenic acid, and tocopherol in the skin than in the inner part of the fruit [84].

Momordica charantia fruits are rich in various vitamins of major importance,
especially vitamin C [86, 87], vitamin A, vitamin B complex [75], and vitamin E [88].
Vitamin A, vitamin E, vitamin C, vitamin B12, and folic acid have been identified in
small amounts in the dried leaves of this plant, and very small concentrations of vita-
min B3, vitamin B6, vitamin D, and vitamin K [89]. The main vitamin identified from
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the pulp of kiwano fruits was vitamin C in variable concentration of 15.5-27.5 g/100 g
dry matter or, according to other studies, 5.3 mg/g dry matter [50], followed by vita-
min E (13.5-8.3 g/100 g dry matter), folic acid (0.003 mg/g dry matter), vitamin A
(0.007 mg/g dry matter), riboflavin (0.015 mg/g dry matter), thiamine (0.025 mg/g
dry matter), niacin (0.56 mg/g dry matter), and pantothenic acid (0.18 mg/g dry
matter) [90]. Vitamin C was found in large amounts of 625.12 + 11.17 mg/100 g [50]
and vitamin K in a proportion of 1.69 mg/g dry matter from the peel of Cucumis metu-
liferus [84]. This content is higher than the recommended daily intake, which is from
70 to 140 pg for an adult [87]. Vitamins B1 were quantified in the peel of C. metuliferus
at a concentration of 1.69 mg/g dry matter, along with vitamin B9 (1.93 mg/g dry
matter) and vitamin B2 (1.74 mg/g dry matter), vitamins D (2.28 mg/g dry matter),
and vitamin E (2.92 mg/g dry matter), vitamins that were not identified in the pulp
of the same species. Fat-soluble vitamins were found in the seeds, such as vitamins D
(1.86 mg/g dry matter), vitamin E (2.05 mg/g dry matter), vitamin K (2.58 mg/g dry
matter), and vitamin A (2.22 mg/g dry matter). Among the water-soluble vitamins,
the complex of B vitamins was identified (thiamine 2.20 mg/g dry matter, folic acid
2.20 mg/g dry matter, and riboflavin 1.72 mg/g dry matter), these being present in
higher concentrations than vitamin C (1.72 mg/g dry matter), vitamin that was not
identified in seeds [50].

Vitamin C (1.35-0.68 mg/g dry matter), thiamin (0.02-0.04 mg/g dry matter),
riboflavin (0.02-0.31 mg/g dry matter), niacin (0.20-0.46 mg/g dry matter), and
vitamin E were identified in Benincasa hispida [14, 69]. A comparative study of
fruits from different countries demonstrated the presence of vitamins in different
proportions; thus, the highest concentrations of vitamin C (68 mg/100 g dry mat-
ter), thiamine (0.02 mg/100 g dry matter), riboflavin (0.31 mg/100 g dry matter),
and niacin (0.2 mg/100 g dry matter) were quantified in plants from Malaysia,
while those from Australia had a different composition of 27 mg/100 g dry matter of
vitamin C, 0.4 mg/100 g dry matter of niacin, 0.05 mg/100 g dry matter of ribofla-
vin, and 0.02 mg/100 g dry matter of thiamine. Another study on Benincasa hispida
from China presented the poorest vitamin content of 1.35 mg vitamin C/100 g plant,
0.02 mg riboflavin/100 g, 0.46 mg niacin/100 g, and a lack of thiamine [91].

A comparative study highlighted the fact that chemical composition is influenced
by the harvesting period of plants. Thus, it was demonstrated that the highest
concentration of vitamin C in the fruits of T. cucumerina is found in the late harvest
period (0.94 g/100 g), being higher than in the crops at the beginning of the season
(0.252 g/100 g) [11, 92]. In another study in which the edible part of the fruit was
analyzed, 30.5% vitamin C, 11.3% vitamin B6, 3% pantothenic acid, and less than
1.1% of vitamin E were present, while vitamins B12 and D were not identified [93].

Finally, vitamins are indispensable in the functioning processes of the human
body, and the lack of vitamins leads to the impairment of metabolism. Some vita-
mins are very unstable and can be easily lost, especially in food processing and
storage, so processing methods and storage conditions are very important to main-
tain vitamin content. In addition, the content and variety of vitamins in food are
different, and sometimes vitamin supplements are recommended to meet the needs
of the human body [73].

2.2 Secondary metabolites

Secondary metabolites are important compounds in plant growth and develop-
ment, with numerous applications in various industrial, food, and therapeutic fields,
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and have been increasingly researched in recent years to discover potential therapeu-
tic targets [16]. There are various classifications of these secondary metabolites. Some
of these classify secondary metabolites in pigments, glycosides, lignins, tannins,
resins, balms, alkaloids, antibiotics, phytoncides, vegetable insecticides, and others
[24]. The presence of secondary metabolites in plants contributes to their pollination,
which is carried out with the help of insects and is due to different classes of com-
pounds that influence the color, fragrance, or nectar of these plants [86, 94].

In general, secondary metabolites are generated by biosynthetic modifications
of primary metabolites. For economic reasons, the study of secondary metabolites
has been the subject of research in recent years, contributing to the development
of several fields of phytochemistry. Studies have identified over a 1000 new chemi-
cal compounds from different plant species annually. According to literature data,
approximately 25% of drugs used to prevent and treat various ailments contain
compounds of plant origin [18, 20, 95].

Secondary metabolites have important roles in plants as biologically, physiologi-
cally, and ecologically active compounds, but they are also important in various
domains such as food, pharmaceutical, technical, industrial, or agricultural fields.

2.2.1 Polyphenols

Phenolic compounds are secondary metabolites of plants, characterized by the
presence of an aromatic ring and several hydroxyl groups. Probably the largest group
of secondary metabolites, phenolic compounds range from simple (with a single
aromatic ring) to complex structures. Their primary role in plants is to protect the
plant from being attacked by pathogens, free radicals, or UV rays [96].

According to specialized studies, Benincasa hispida has an increased content of
flavonoids in the peel, 1.13 + 0.15 g/100 g, while in the seeds, they were not identi-
fied [44]. The contents of phenolic acids and flavonoids in the dried fruit were
81.3 + 1.4 mg GAE/g and 486.8 + 4.0 mg CE/g dry product, respectively [97]. By
another method of isolation and investigation, values of 193.77 + 2.86 pg in 10 mg of
aqueous extract were determined [98].

In Momordica charantia, flavonoid compounds were found in two forms, namely,
as free aglycones or glycosides. Depending on the type of extract, the concentration
of polyphenols and flavonoids was found to vary, with the ethanolic and aqueous
extracts showing a content of 44.0 mg and 62.0 mg EqQ/g extract, respectively,
while the concentration of polyphenols was 68.8 and 51.6 mg EqAG/g extract [99].
The main phenolic compounds isolated from bitter cucumber were gallic acid, chlo-
rogenic acid, caffeic acid, p-coumaric acid, syringic acid, vanillic acid, p-methoxy-
benzoic acid, protocatechuic acid, catechin, rutin, and myricetin. Glycosides such as
apigenin-7-O-glycoside (1955.55 ng/mg) and luteolin-7-O-glycoside (725.50 ng/mg)
were also identified [100], and other hydroxy acids such as ferulic, malic, malonic,
salicylic, tartaric, and cinnamic acids. Phenolic acids such as caffeic, 0-, m-, and
p-coumaric acids were isolated from the roots of the plant, too [101, 102]. Other
studies revealed chlorogenic, ferulic, p-hydroxybenzoic, gallic, p-resorcylic, vanillic,
syringic, salicylic, cinnamic, veratric, homogentisic acids, and vanillin, as well as fla-
vonoids such as myricetin, kaempferol, quercetin, catechin, rutin, hesperidin, nar-
ingenin, biocyanin A, and naringin, in Momordica charantia [103]. The leaves have
a different phytochemical profile, which contain polyphenols such as 4-hydroxy-
benzoic acid, derivatives of 4-O-caffeoylquinic acid, 4-O-feruloylquinic acid,
5-O-feroylquinic acid, sinapinic acid, 2,4-bis(2-phenylpropan-2-yl)phenol and the
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acids found in other parts of the plant (caffeic acid, cinnamic acid, ferulic acid, and
p-coumaric acid) [104], and flavonoids (isorhamnetin-3-O-glucoside, isorhamnetin-
O-acetylhexoside, kaempferol-3-O-glucoside, kaempferol-3-O-rutinoside, kaemp-
ferol-O-acetylhexoside, kaempferol-O-pentosylhexoside, quercetin-3-O-glucoside,
quercetin-3-O-rutinoside, quercetin-O-acetylhexoside, quercetin-O-dihexoside,
quercetin-O-pentosylhexoside, and rutin) [105, 106]. The flowers, the less studied
part of these plants, contain flavonoids that are represented by kaempferol and rutin
and polyphenols such as 4-hydroxybenzoic acid, caffeic acid, epicatechin, catechin,
chlorogenic acid, ferulic acid, gallic acid, and p-coumaric acid [107]. Studies in

the literature showed that the seeds contain some phenolic compounds known and
isolated in plants from other geographical areas, such as gallic acid, caffeic acid,
epicatechin, catechin, chlorogenic acid, gentisic acid, o-coumaric acid, p-coumaric
acid, sinapic acid, protocatechuic acid, syringic acid, cinnamic acid, ferulic acid, and
vanillic acid [107, 108].

The presence of polyphenols and flavonoids in T. cucumerina fruit was initially
highlighted by specific identification reactions. Subsequently, secondary metabolite
contents were determined by spectrophotometric and chromatographic methods.
Thus, from the most recent studies, the total polyphenol content was between 3.1
and 5.8 EqQAG/g dry matter [90]. The peels of the fruit are rich in both polyphenols,
500 mg EqAG/100 g dry matter, and flavonoids, 171 mg EqQ/100 g [109]. The
compounds isolated from the pulp were rutin, quercetin, quercetin-3-d-galactoside,
kaempferol-3-glucoside, kaempferol [109], gallic acid, catechin, epicatechin, neo-
chlorogenic acid, caffeic acid, and p-coumaric acid [90]. The studies that were carried
out on the aerial part of T cucumerina plants showed that they have a total content of
polyphenols and flavonoids of 38.82 + 0.45 mg EqAG/g extract and 26.30 + 0.45 mg
EqQ/g extract, respectively.

Phytochemical screening of the studied plant materials from the Western
Province of Sri Lanka highlighted the presence of polyphenols, flavonoids, steroids,
and tannins [110]. A total content of 4.64 + 0.3 mg EqQAG/g of polyphenols and
0.77 + 0.1 mg Eq. Q/g of flavonoids was determined for the fruits of the snake cucum-
ber. A higher content was determined in the plant’s flowers (19.97 + 1.6 mg EqAG/g
and 4.46 + 0.1 mg Eq. Q/g), while the richest content was in the leaves, which pre-
sented 27.39 + 1.2 mg EqAG/g polyphenols and 6.05 + 0.1 mg Eq. Q/g flavonoids [111].
For the aqueous extracts of the ripe fruits, 65.8 + 0.50 mg EqAG/g total polyphenols
and 45.4 + 0.76 mg Eq. Q/g total flavonoids were quantified [112].

Polyphenols detected in species of the Cucurbitaceae family play a crucial role
due to their potent antioxidant, antimicrobial, and anti-inflammatory activities,
which contribute to reducing oxidative stress, modulating cell signaling pathways and
preventing the onset and progression of various chronic diseases, including cardio-
vascular diseases, neurodegenerative diseases, and certain types of cancer.

2.2.2 Alkaloids

Alkaloids represent a large group of nitrogen compounds with a basic character,
which are found in plants as secondary metabolites, with more than 40,000 such
compounds identified (Figure 3) [113].

Alkaloids play important roles in plant metabolism, catabolism, or plant physiol-
ogy. They can act as nitrogen storage reservoirs, are protective agents against predator
attack, growth regulators, or substitutes for plant minerals such as potassium and
calcium [114].
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It possesses a wide range of actions, which have demonstrated
therapeutic properties in traditional medicine, but also in chronic
diseases, possessing analgesic, antimalarial, antiseptic,
anti-inflammatery, anti-carcinogenic and antimicrobial activities.

Figure 3.
Alkaloids with biological properties identified in Cucurbitaceae family.

Cucumis metuliferus has been found to be a rich source of alkaloids, at a concen-
tration of 106 mg/g in the fruit peel, 1.06 mg/g in the bark, and up to 2.54 mg/g in the
seeds [90].

In the Benincasa hispida species, alkaloids such as 5-methylcytosine and citrulline
were identified, with a total content in the peel of 4.20 + 0.10 mg/100 g, in the pulp
4.35 + 0.05 mg/100 g, and no compounds of this class were identified in the seeds [44].

High concentrations of vicin were quantified in Momordica chavantia fruits
(0.210 + 0.010 pg/100 pg), in fruit pulp (0.131 + 0.005 pg/100 pg), and in peel
(0.114 + 0.006 pg/100 pg) [115, 116].

Some alkaloids have antibacterial, antifungal and antiviral, and anticancer prop-
erties. They also help reduce blood pressure, relieve pain and spasm, and stimulate
circulation and breathing. These properties may extend to toxicity to animals, micro-
organisms, and viruses, and administered in an appropriate dose, some alkaloids are
pharmacologically active [117].

Some alkaloids, such as spectaline, theobromine, quinine, quinidine, scopolamine,
and physostigmine, with biological properties identified in the Cucurbitaceae family
[70, 118-120] are presented in Figure 3.

The therapeutic properties of alkaloids are important in the current context,
in which diseases are increasingly numerous and resistant to classical treatments.
Therefore, additional research will be generated to discover new drugs based on
natural compounds with reduced side effects compared to classical drugs.

2.2.3 Terpenes

Terpenes, as well as their oxygenated derivatives (terpenoids), are important plant
metabolites. More than 40,000 terpenoids that have been identified share a common
structural feature of being obtained by the repetitive fusion of branched five-carbon
units based on the isoprene backbone. These monomers are generally referred to as
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isoprene units because the thermal decomposition of many terpenoid substances
produces isoprene as a product [121].

Several compounds specific to this species have been isolated from the fruits
and leaves of M. charantia, many of them being identified only in this plant species.
Thus, until now, almost 204 triterpenoids have been isolated and identified from
different parts of the M. charantia plant, most of which belong to the cucurbitan and
oleanane-type terpenes [122]. Some of the most representative compounds from the
terpenoid class isolated from the roots, flowers, and leaves of the Momordica charantia
are a-carotene, lutein, pf-carotene, f-ryptoxanthin, zeaxanthin, antheraxanthin,
violaxanthin, squalene, and amyrin [123, 124]. Kuguacina P, a compound that has so
far only been identified and isolated in bitter cucumber, was isolated from leavesin a
proportion of 66.7%, in fruits 25.0%, and a smaller percentage in roots 8.3%. It was
obtained by extraction using two basic solvents, ethanol with a yield of 58.3% and
methanol with a yield of 25.0% [125].

A valuable compound from the terpenoid class that is more widespread in
Cucurbitaceae species is carotene. Thus, the presence of p-carotene was identified
in various parts of the species Cucumis metuliferus in the seeds in a proportion of
0.13 + 0.06 mg/100 g seeds [54]. According to other studies, fruits contain between
1.5 and 88 pg B-carotene/100 g of fruit [90]. Other isolated compounds from Cucumis
metuliferus plants were isovitexin, cucurbitacin C, lutein [126], cucurbitacin B [127],
oleanolic acid, and ursolic acid [128].

T cucumerina contains, in addition to f3-carotene, lutein, and cucurbitacins, other
compounds such as 23, 24-dihydrocucurbitacin D, 3-p-hydroxyoleic acid identified
in the fruit, isocucurbitacin B, 23,24-dihydroisocucurbitacin B, 23,24-dihydrocu-
curbitacin E, and lycopene [129]. A comparative study on fresh and dry samples
of plant material highlighted the presence of some compounds in different pro-
portions, such as lycopene in the fresh pulp (18 mg/100 g), and in the dry pulp
(165.3 mg/100 g), lutein (18.4 mg/100 g dry plant), a-carotene (10.7 mg/100 g dry
plant), and B-carotene (2.8 mg/100 g dry plant) [130]. The dry plant material con-
tains various concentrations of the same compounds (191.7 mg lutein/100 g, 101.5 mg
a-carotene/100 g, and 29.2 mg B-carotene/100 g, respectively) [130]. Cucurbitacin
B [131] and cucurbitacin E have been identified in the seeds of these species, too.
Terpenoids specific to the Cucurbitaceae family, such as isornultiflorenol and cucur-
bitacin B, have been identified in the seeds of B. hispida [48].

Terpenes, a widespread class of natural plant compounds found abundantly in
species of the Cucurbitaceae family, are of major importance for human health and
well-being due to their diverse properties, including anti-inflammatory, antimicrobial,
antioxidant, and antitumor activities. In addition to their therapeutic role, terpenes are
the compounds that contribute to the aroma, taste, and smell of plants, having valuable
applications in the food, pharmaceutical, cosmetic, and aromatherapy industries, thus
strengthening the essential link between plants and the quality of human life.

2.2.4 Saponins

Saponins are a heterogeneous group of glycosides that contain at least one glyco-
sidic bond and are characterized by their structure containing a triterpene or steroid
aglycone and one or more monosaccharide units. They are widespread in the plant
kingdom, especially in legumes [132]. These compounds are secondary plant metabo-
lites that are stored in plant cells as inactive precursors but can be easily transformed
into biologically active substances by plant enzymes in response to pathogen attack.
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In several studies, the presence of saponins in C. metuliferus fruits is demon-
strated, but their chemical composition has not been studied in detail [133].

Phytochemical screening on T. cucumerina species revealed the presence of various
classes of compounds, including saponins [90].

Extracts from M. charantia seeds presented saponins such as goiaglycoside A,
goiaglycoside B, goiaglycoside C, goiaglycoside D, momordicoside F2, momordicoside
I, and momordicoside K [76].

Consumer demand for natural products, together with their physicochemical
(surfactant) properties and increasing evidence of their biological activity, has led to
the study of saponins as commercially significant compounds with expanding appli-
cations in the food, cosmetic, and pharmaceutical fields. Increasing their commercial
potential requires the development of new processes, processing strategies to address
the processing challenges generated by their complex structure.

3. Conclusions

Plants have always been an indispensable source for human life and evolution,
providing not only essential nutrients but also a wide range of bioactive compounds
with remarkable therapeutic value. The evaluation of the chemical composition of
plants, such as the analysis of important classes including polyphenols, terpenoids, or
alkaloids, has allowed the elucidation of the mechanisms by which these compounds
contribute to maintaining health, the prevention of diseases, and the improvement of
various chronic conditions. This chapter highlights the importance and usefulness of
some plant species from the Cucurbitaceae family. The study of the chemical com-
position, as well as the therapeutic potential of four species from this plant family,
and of the ways of integrating them into food products, supports the development
of abalanced diet, rich in natural antioxidants and anti-inflammatory compounds,
with protective effects against oxidative stress, and metabolic imbalances. Finally,
recent research has demonstrated once again that plants have not only a fundamental
nutritional role but also a true therapeutic potential, directly contributing to improv-
ing the quality of life and supporting health.
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