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‘Equsi’ melon (Colocynthis citrullus L.) plays a critical role in food security and
potential biofuel production in West Africa. Its seeds are valued for both their
nutritional and potential industrial applications, especially in biodiesel
production. However, the crop faces significant challenges, including the
impacts of climate change, water scarcity, declining arable land, and increased
pressure from pests and diseases. These challenges threaten the stability of
‘Equsi’ production and may hinder its ability to meet future demand. To address
these issues, there is a growing need to complement conventional breeding
methods with biotechnological approaches. Molecular approaches; including
genomics, transcriptomics, proteomics, and metabolomics; have been utilized
for the improvement of several cucurbit species. However, information on
molecular breeding of ‘Equsi’ is very limited. The current review focuses on
‘Egusi’ melon, its biology, uses, and factors affecting its improvement, and
highlights critical knowledge gaps in the molecular breeding of ‘Egusi’. The
review also examines the potential of omics technologies and outlines the
importance of genetic transformation and genome editing methods such as
CRISPR that could drive the development of more resilient and high-yielding
‘Egusi‘varieties that will contribute to sustainability and profitability of
‘Equsi’ farming.

KEYWORDS

abiotic and biotic stresses, biodiesel, ‘Egusi’ genomics, genome editing, melon,
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1 Introduction

‘Egusi’ (Yoruba) (also known as Agusi, Egwusi, Ohue, Ikpan, Nkon, Ikon, Agushi or
Mbika) is one of the cultivated melon species of the Cucurbitaceae (gourd) family
indigenous to West Africa (Paris, 2015). It is a non-climbing creeping vine plant with
deeply lobed, pinnately dissected and alternately arranged leaves (Figure la) (National
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FIGURE 1

Different structures of ‘Egusi’ melon plant. (a) ‘Egusi’ plant in the field. (b) ‘Equsi’ flowers. (c, d) ‘Equsi’ fruits. (e) Fruit flesh containing “Egusi” seeds.

(f, g) unshelled seeds. (h) shelled seeds.

Research Council, 2006). Flowers are yellow (Figure 1b),
monoecious (male and female flowers are on the same
inflorescence), and solitary, while the green spherical fruits
(Figures 1c, d) resemble watermelon on the outside and could be
easily confused as one. However, the fruit flesh (Figure le) is hard,
bland, bitter, and white, and contains numerous white, flattened,
narrow pulp covered with soft mucilaginous seed coats and varying
in size and thickness (Figures 1f, g) (National Research Council,
2006). The shelled seeds are white (Figure 1h). ‘Egusi’ melon is
categorized as an orphan/lost crop (National Research Council,
2006), as well as a neglected and underutilized species (Achigan-
Dako et al., 2008), with the ability to thrive in harsh environmental
conditions and with a long history of providing nutrition especially
to many African communities, but without adequate research
attention. It is believed to have a close relationship with the
dessert watermelon (Citrullus lanatus), and both have been
proposed to share the same genus (Citrullus) or have possibly
been derived from same ancestral population (Guo et al,, 2019).
A recent investigation by Perez-Escobar et al. (2022) into the early
history of watermelon (Citrullus lanatus) by genome sequencing of
up to 6000- year-old Citrullus seeds traced much of the nuclear
genome of the ancient seeds to west African seed-use “Egusi”-type
watermelon (Citrullus mucosospermus) rather than the
domesticated pulp-use watermelon (Citrullus lanatus).
Disagreement exists in the literature on the correct botanical
nomenclature of ‘Egusi’ melon possibly due to the striking
phenotypic resemblance among the cucurbits. Accordingly,
different botanical names exist for ‘Egusi’ melon including
Colocynthis citrullus L. (Oji et al., 1999; Uruakpa and Aluko,
2004; Ntui and Uyoh, 2004, 2005, Ntui et al., 2009; Giwa et al.,
20105 Brisibe et al., 2011; Egwim et al., 2015; Nwakaudu et al.,
2017; Arthur et al., 2020), Citrullus lanatus (National Research
Council, 2006), Citrullus lanatus subsp. mucosospermus or
Citrullus mucosospermus (Achigan-Dako et al., 2008; Olubi
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et al,, 2021; Perez-Escobar et al., 2022), Cucumeropsis mannii
(Burkill, 1985; Fokou et al., 2009; Essien et al., 2012; Opoku-
Boahen et al., 2013; Azuaga et al., 2018; Okwundu et al., 2021;
Nwoke et al., 2023). The National Research Council (2006),
presented ‘Egusi’ melon generally as seeds of a type of
watermelon - Citrullus lanatus which is botanically synonymous
with Colocynthis citrullus L., but recognized however that
Cucumeropsis mannii may be the main ‘Egusi’ consumed in
West Africa. Nwoke et al. (2023) posited that the generally
recognized ‘Egusi’ cultivated in Nigeria (the world’s largest
melon producer and from where the local name ‘Egusi’ was
derived) is the Cucumeropsis mannii and is commonly mistaken
for Citrullus lanatus - a wild species of watermelon whose
dehulled seeds are not white as the typical edible white-seeded
‘Egusi’ melon, and whose wet un-dehulled seeds resembles typical
watermelon seeds. Taken together, both arguments seem more
strongly in favor of Cucumeropsis mannii as the African seed-type
‘Egusi’ melon. However, in the melon genome hub (CuGenDBv2)
Citrullus mucosospermus is presented as the botanical name of
‘Egusi’ obtained from Nigeria (Yu et al., 2023). While it might be
difficult to settle the existing nomenclature argument, it is
worthwhile at least to clearly define the features of ‘Egusi’ melon
used in any study with clear pictures for a better appreciation of
the crop under study.

‘Egusi’ is mostly grown in Nigeria, Burkina Faso, Togo, Ghana,
Cote d’Ivoire, Benin, Mali, and Cameroon (National Research
Council, 2006). Accurate data on the production of ‘Egusi’ is
lacking. However, FAO statistics show that global melon seed
cultivation, which includes all cucurbit seeds, increased from
slightly under 500,000 hectares in 1961 to over 1.8 million
hectares in 2022, and production from slightly less than 300,000
tons in 1961 to over 900,000 tons in 2022 (FAO, 2022). Nigeria
ranks as the highest melon seed producer with an estimated 5.7 x
10 tons (Figure 2), a greater percentage being ‘Egusi’ seeds.

frontiersin.org


https://doi.org/10.3389/fpls.2025.1547157
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Anwar et al. 10.3389/fpls.2025.1547157
700000.00
7 60000000 [
[
S 500000.00
T 400000.00
Q
§ 300000.00
S 200000.00
?
@ 100000.00
o .
2 ) N N Y > >
= L & ¥ LS F .0"0 & P
5 é\q & s N QQ\) 6‘0 o (@) &
O
'g & SPARPS o >
s & &
<} & & &
<€ & RS
0;\‘\0 (¢) &
&
(&)
o“‘e
FIGURE 2

Top ten producers of melon seeds in 2022. (Source: FAOSTAT 2022, retrieved June 16, 2024).

In this review, we focus on the uses and challenges of ‘Egusi’
production in West Africa. We summarized the biotechnology tools
applied for the improvement of ‘Egusi’. Then, we discussed the
potential applications of advanced techniques such omics as well as
genome editing in ‘Egusi’ breeding. Advances made in CRISPR/
Cas9 genome editing, regulatory and ethical aspects associated with
“Egusi” genome editing were also considered. We conclude that
omics, genetic transformation and genome editing offer a more
sustainable approach for the improvement of the crop.

2 Economic importance of ‘Egusi’
melon (including potential for
biodiesel production)

‘Egusi’ melon is primarily produced for its high protein and oil-
containing seeds, used as food in many West African communities.
Proximate analysis of full-fat and defatted ‘Egusi’ seed flour by
Nwoke et al. (2023) revealed fat content (48.34 ~ 49.83 and 0.23 ~
0.24 g/100g, respectively), protein (35.46 ~ 37.45 and 66.44 ~ 69.04
g/100g, respectively), and carbohydrate content (2.63 ~ 3.43 and
12.36 ~ 16.26 g/100g, respectively). As food, the raw dehulled seeds
are usually processed in various forms including drying, roasting,
toasting, and fermentation before use as snacks, in the preparation
of soups, animal feed, etc. (Table 1). Young leaves and seed husks
have less application compared to the seeds but have been reported
to have some value as food and industrial feedstock respectively
(Table 1). However, aside from its use as food, the second most
important potential application of ‘Egusi’ seeds is arguably the use
of the seed oil as feedstock for renewable energy (biodiesel)
production. Analysis of ‘Egusi’ seed oil showed 53.5% lipids
(Okwundu et al,, 2021), while fatty acid composition of the seed
oil showed high amounts of linoleic and oleic acids (Akubor and
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Ogbadu, 2003; Olubi et al., 2019). Interestingly, defatted ‘Egusi’ seed
flour has been shown to contain even more protein and
carbohydrate than full-fat flour (Nwoke et al., 2023), thus
extraction of its seed oil for use in biodiesel production may not
significantly reduce the full potential of the residual cake as food.
Alternatively, to reduce pressure on the use of edible ‘Egusi’ seed oil
as sole feedstock, it can be mixed with other non-edible oils to
obtain hybrid oil feedstocks - a practice that is currently
emphasized for biodiesel synthesis given the advantages of cost
reduction and improved fuel quality (Brahma et al., 2022).
Transesterification is currently the most used method for
producing eco-friendly biodiesel from vegetable oils. It involves
the reaction of the vegetable oil (triglycerides) with low molecular
weight primary alcohols (mostly methanol) (Kouzu and Hidaka,
2012), in the presence of a catalyst (heterogenous, homogenous, or
enzyme) (Brahma et al., 2022), to produce biodiesels (called fatty
acid alkyl esters), and glycerol obtained as by-product. Of the
catalysis systems used in transesterification, natural heterogenous
catalysts are considered more environmentally friendly with
additional advantages of being easily separated from the final
product and possibly re-used (Gaide et al., 2021).
Transesterification of ‘Egusi’ seed oil has been achieved using
both homogenous (Giwa et al., 2010; Opoku-Boahen et al., 2013)
and heterogenous (Okwundu et al., 2021) catalysts with biodiesel
yield ranging from 82~86%. A comparison of biodiesel yield from
‘Egusi’ oil transesterification with some other edible and non-edible
vegetable oils using natural heterogenous catalysts is presented in
Table 2. Although biodiesel yield from ‘Egusi’ seed oil falls slightly
lower than that of known oil crops like Jatropha, it is worth noting
that research on optimizing biodiesel production in the orphan crop
‘Egusi’ has not been carried out as much as has been done on
Jatropha. It is thus feasible that higher biodiesel yields from ‘Egusi’
seed oil could be achieved with increased research attention on
optimization of transesterification and feedstock parameters.
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TABLE 1 Uses of ‘Egusi’ Melon.

10.3389/fpls.2025.1547157

Plant part Processing method Use References
Seed Dried & ground into flour Soup condiment & thickener Giwa et al,, 2010; Egwim et al., 2015;
(non-defatted) Arthur et al., 2020
Dry roasted Eaten as snack National Research Council, 2006
Dry roasted & processed into paste As spread on bread; food additive National Research Council, 2006
Toasted, dehulled & water blended Base for beverage drink Akubor and Obasi, 2019
Fermented Local spice (“ogiri-egusi”), Uzogara et al., 1990
flavor condiment
Fermented & cooked As sole protein in poultry feed Oloyede et al., 2004
Defatted seed flour (residual cake) Meat substitute; ready-to-eat Schippers, 2000; Olubi et al., 2021
instant soup
Extracted seed oil Potential food protein Okwundu et al., 2021
supplement/fortifier
Local snack Tlodibia et al., 2014
Animal (cattle) feed Tlodibia et al., 2014
Cooking & salad oil National Research Council, 2006
Heavy metal removal agent Okwundu et al., 2021
Lowers total cholesterol levels in rats Oladapo et al., 2017
Pesticide against post-harvest weevils Nzelu and Okonkwo, 2016
Biodiesel feedstock Giwa et al., 2010; Bello and Makanju,
2011; Muhammad et al., 2013; Opoku-
Boahen et al.,, 2013; Hairuddin et al.,
2019; Okwundu et al., 2021
Leaves Cooked Eaten as potherb National Research Council, 2006
Seed husk (shell) Rinsed & dried Biodiesel feedstock Longjan and Dehouche, 2018

Pulverized
Burning & milling to ash

Washed, dried & milled

Pyrolysis feedstock
Material (alloy) reinforcement

Isolation of nanocrystalline cellulose

Nyakuma, 2017
Suleiman et al., 2018

Ogundare et al., 2021

Molecular breeding for production of high-performance ‘Egusi’
crops by traditional genetic engineering and/or genome editing
are viable pathways for the optimization of biodiesel production
from ‘Egusi’ melon as ‘Egusi’ feedstock biomass. Such breeding
efforts, among other targets, could be focused on producing
feedstock with higher seed oil content through strategies such as
metabolic engineering, increasing oil accumulation in non-seed
vegetative tissues such as leaves, and improving overall resistance
of the crop to abiotic and biotic stresses (Wan et al.,, 2017).

3 Challenges in ‘Egusi’
melon production

3.1 Biotic stresses

‘Egusi’ is highly susceptible to a variety of pathogens that can
severely affect its growth and productivity. Despite its significance,
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there is a paucity of information and limited updates regarding
critical diseases impacting ‘Egusi’ melon, particularly concerning
the distribution and status of blight. This knowledge gap poses
challenges for effective disease management strategies. In this
section, we review the existing literature on the biotic stresses
affecting ‘Egusi’ melon and their causal agents. Furthermore, we
evaluate the current management solutions that have been employed.

One of the most prevalent diseases is mosaic virus, particularly
caused by the Papaya ringspot virus. Infected plants exhibit
characteristic symptoms such as chlorotic mottling, leaf
deformation, stunted vegetative growth, and malformed fruits.
The virus is predominantly vectored by aphids and other sap-
sucking insects and can also be seed-borne (Nacimifar et al., 2014).
Integrated pest management strategies, including aphid control and
the use of certified virus-free seeds, are being applied to mitigating
its transmission.

Another common disease affecting ‘Egusi’ melon is powdery
mildew, which is primarily caused by the fungal species Erysiphe
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TABLE 2 Comparison of “Egusi” seed oil with oil from other seed crops for biodiesel production using natural heterogeneous catalyst systems.

Catalyst used Transesterification parameters for optimal Biodiesel Reference
biodiesel yield yield (%)
Alcohol: oil Optimal Optimal
molar ratio temp. (°C) time (min)
‘Bgusi’ mel Icified shell of
gust me fm i decalci ed' shett o MeOH: oil (9:1) 60 180 86.00 Okwundu et al., 2021
(Colocynthis citrullus) | desert snail
troph: -CaO fi
Jatropha nano-CaQ from MeOH: oil (5.15:1) 133.1 98.54 Reddy et al., 2016
(Jatropha curcas) P. erosa seashells
Soyb -CaO fi
oybeatt flanotaby from MeOH: oil (6:1) 65 180 85.83 Santos et al,, 2019
(Glycine max) chicken eggshell
Rapeseed . . .
. dolomite MeOH: oil (11.94:1) 64 300 98.05 Gaide et al., 2021
(Brassica napus)
Castor plant . . R )
. i calcined bovine bones MeOH: oil (6:1) 60 60 95.12 Owolabi et al., 2020
(Ricinus communis)
D
ateseed waste camel bones EtOH: oil (7:1) 75 180 89.00 Alsaiari et al,, 2023
(Phoenix dactylifera)
Palm oil
mot calcined mussel shell | MeOH: oil (9:1) 65 240 97.23 Buasri et al, 2013
(Elaeis guineensis)
Sunflower clinoptilolite (a
MeOH: oil (7:1 1 K Tahvildari et al., 2014
(Helianthus annuus) natural zeolite) eOH: oil (7:1) 05 80 97.00 apvidareta
Cotton éeed X a0 derived MeOH: oil (9:1) 60 180 98.03 da Silva Castro et al., 2019
(Gossypium hirsutum) | from eggshell
1 derived
Canola €a0 derive MeOH: oil (9:1) 50 180 97.60 Khabiti et al., 2021
(Brassica napus) from eggshell
Neem aste cow bone MeOH: oil (9:1) 59 240 87.04 Oke et al,, 2021
Wi W . . o € et al,
(Azadirachta indica)
C t Icined scall
oconut caicined scafiop MeOH: oil (12:1) 60 120 91.70 Hidayat et al., 2022
(Cocos nucifera) shell waste :
Camelina waste eggshells,
MeOH: oil (12:1 65 180 97.20, 90.00 He -Balkir, 2016
(Camelina sativa) lobster shells eOH: oil (12:1) angun-batkir
Fl alcined M
axseed calcined Musa MeOH: oil (11:1) 65 5142 96.50 Etim et al, 2022
(Linum usitatissimum) | acuminata peels

cichoracearum and Podosphaera xanthii. The disease is typified by a
superficial white mycelial growth on the aerial parts of the plant,
leading to chlorosis and necrosis of leaves, which, in turn, limits the
plant’s photosynthetic capacity. Severe infections result in
significant yield losses due to reduced vegetative vigor (Lebeda
et al., 2024). Fungicide application and adequate plant spacing to
improve air circulation are commonly used management practices.
Anthracnose, caused by Colletotrichum lagenarium, is another
significant fungal disease in ‘Egusi’ melon cultivation. It is
characterized by necrotic, water-soaked lesions on foliage, stems,
and fruits, which eventually develop into sunken, dark necrotic
areas. This pathogen thrives under high humidity conditions and
can lead to extensive fruit rotting and crop loss. Current
management strategies include the use of resistant cultivars,
application of fungicides, and crop rotation to reduce pathogen
persistence in the field (Patel et al., 2023). Downy mildew, caused by
the oomycete Pseudoperonospora cubensis, poses a serious threat to
‘Egusi’ melon. It manifests as yellow, angular chlorotic lesions on
the adaxial leaf surfaces, with corresponding greyish sporulation on
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the abaxial side. If unchecked, downy mildew can cause premature
defoliation, severely compromising photosynthesis, and overall
plant vigor, resulting in yield decline (Call et al., 2011).

A particularly destructive disease is Fusarium wilt, caused by the
soil-borne fungus Fusarium oxysporum f. sp. niveum. This pathogen
colonizes the vascular tissues of the plant, inducing systemic wilting,
chlorosis of the lower leaves, and eventual plant death (Pal et al,
2023). The pathogen’s ability to survive in the soil for extended
periods complicates control efforts. Disease management relies on
the use of resistant varieties and the implementation of crop
rotation with non-host species to limit soil pathogen load
(Ponsankar et al,, 2023). Root rot, primarily caused by soil-borne
pathogens such as Pythium and Rhizoctonia spp., is another
significant constraint in ‘Egusi’ melon production. Infected plants
exhibit root necrosis, which impairs nutrient and water uptake,
leading to stunted growth, foliar chlorosis, wilting, and plant death
in severe cases (Pane et al., 2020).

Alternaria leaf spot, caused by Alternaria cucumerina, is also a
notable foliar disease in ‘Egusi’ melon. It presents as small, circular,
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necrotic lesions with concentric ring patterns on the leaves, which
can coalesce, leading to extensive leaf necrosis and defoliation. This
disease significantly impairs the plant’s photosynthetic ability,
leading to reduced yield (Ntui et al., 2010b). The use of fungicides
and removal of infected plant debris can help mitigate disease
spread. Lastly, bacterial wilt, caused by Erwinia tracheiphila, is a
vascular disease transmitted by cucumber beetles. The pathogen
causes rapid wilting and collapse of the plant due to blockage of
water-conducting tissues (Al-Shuaibi et al., 2023). Effective
management involves vector control and the removal of infected
plants to limit disease dissemination (Figure 3).

Many of these approaches, however, are not sustainable in the
long term, often due to environmental consequences or the
emergence of resistant pathogen strains. For instance, while
management of these diseases through pesticides has been effective,
there have been the risk of crop resistance. For example, resistance
breakdown in cucurbit crops and the emergence of fungicide-
resistant strains have been reported calling for more sustainable
measures (Blum et al., 2011; Wallace et al., 2017). This highlights the
urgent need for innovative disease management strategies. We
propose the exploration of more precise methodologies, such as
genome editing, by targeting host-pathogen interaction to enhance
disease resistance in ‘Egusi’ melon.

3.2 Abiotic stresses

Drought, salt, and heat stresses typical of African climates are
among the most formidable constraints impeding ‘Egusi’ melon
production. While ‘Egusi’ melon flourishes in mesophilic
conditions, excessive thermal exposure can induce stress,
particularly during the critical reproductive phase of pollination.
The delicate thermal balance is paramount; while elevated
temperatures promote vegetative growth, prolonged exposure to
high thermal regimes can precipitate reduced fruit set and

10.3389/fpls.2025.1547157

diminished fruit quality. Conversely, lower ambient temperatures
can delay germination and truncate the growing season, thereby
limiting the crop’s productive potential. Although the species is
adapted to perform optimally well under semi-arid climatic
conditions, it exhibits heightened sensitivity to hydric stress,
particularly during pivotal phenological stages such as flowering
and fruiting (Abushamleh et al, 2022). In addition, salinity
similarly presents a significant agronomic challenge. In regions
characterized by suboptimal irrigation practices, excessive salt
accumulation in the edaphic environment can inhibit seed
germination and root ontogeny. Saline conditions disrupted ‘Egusi’
melons capacity for nutrient uptake, manifesting as chlorotic foliage
and overall physiological decline (Abushamleh et al., 2022).

The starting point for addressing abiotic stress tolerance is by
looking at the biochemical pathways during response. ‘Egusi’ melon
has been observed to modulate photosynthetic and biochemical
pathways to enhance stress resilience and sustain growth under sub-
optimal thermal conditions (Elnaggar et al., 2024). Under water
stress, ‘Egusi’ melon plants exhibited impaired germination, stunted
vegetative growth, and the production of underdeveloped fruits.
The ramifications of water stress extend beyond quantitative yield
losses; the quality of the seeds is compromised, resulting in
diminished nutritional value, and reduced economic viability for
producers (Amali et al,, 2013). Figure 4 highlights the effects of
drought, heat, salinity, and flooding impact on the growth and
development of the crop. Drought conditions lead to impaired
germination, stunted growth, and the production of
underdeveloped fruits. In contrast, exposure to excessive heat
results in reduced fruit set and diminished quality. Salinity affects
the plant by inhibiting germination and causing issues with root
development, while flooding can delay germination and truncate
the growing season. Ultimately, the cumulative impact of these
stresses can lead to crop failure, reflecting the combined detrimental
effects of drought, heat, and salinity. This not only compromises the
nutritional value of the fruit but also threatens the viability of the
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Schematic representation of various plant diseases in 'Egusi'‘melon, their target pathogens, and symptoms. Each point represents a disease, colored
according to its associated pathogen. Management strategies are annotated beside each point.
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crop, posing significant challenges for producers. The interplay
between abiotic stresses and pest or disease susceptibility adds
another layer of complexity. Stressed plants are often more
attractive to pests, which can exploit their weakened state.
Drought-stressed ‘Egusi’ melons, for instance, may attract aphids,
while fungal infection can take hold more easily in plants already
battling nutrient deficiencies (Rahman et al., 2024). To safeguard
‘Egusi’ melon production against these abiotic stresses, several
strategies can be employed. Molecular breeding programs aimed
at developing stress-tolerant varieties hold significant promise. This
requires more studies on the biochemical pathways involved in
tolerance mechanisms. For instance, it has been reported that
‘Egusi’ melon exhibits adaptive responses to stress through the
accumulation of citrulline and the transcriptional upregulation of
genes implicated in drought tolerance such as APX and Type-2
metallothionein, as indicators of salinity tolerance (Song Q. et al,,
2020). Emerging evidence indicates that transcription factors
regulating the expression of these functional genes play a critical
role in orchestrating drought and salinity stress responses and
adaptations (Malambane et al, 2023) and may serve as targets
for improvement.

4 Omics strategies for enhancing
‘Equsi’ production

The integration of omics strategies can provide a
comprehensive understanding of genomic regions that encode
economically important traits and key components of plant stress
mechanisms, biological pathways and regulatory gene networks
(Yang et al, 2021). The advent of high throughput genotyping
techniques such as QTL (Quantitative Trait Loci), marker-assisted
selection, whole genome sequencing, RNA-sequencing serve as an
avenue for understanding the molecular mechanisms, enabling
genetic manipulation to enhance breeding, resistance and overall,
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crop improvement (Xu et al., 2017; Kushanov et al., 2021; Roy et al.,
2024). ‘Egusi’ melon has been focused for seed consumption due to
its nutritive properties and high seed oil (Enujiugha et al,, 2023).
Nevertheless, the plant is highly susceptible to abiotic and biotic
stresses (Ogunsola et al., 2020). Several genotypes of ‘Egusi’ melon
have been reported to be disease resistant and studies have been
conducted to improve fruit quality and yield through hybridization
(Ntui and Uyoh, 2004, 2005; Ogbu et al., 2016; Orji et al., 2016).
Therefore, ‘Egusi’ melons can be potential crops for breeding for
yield and stress adaptation. Currently, the understanding of ‘Egusi’
crop genetic diversity may be indispensable for plant breeding and
developing of improved cultivars. In this section, we summarize the
application of various omics approaches including genomics,
transcriptomics and proteomics as prospective strategies for
enhancing melon productivity (Table 3).

4.1 Genomics strategies for identification
of melon traits

Analysis of the relationship between phenotype and
corresponding genotype using QTLs has been promising in
identifying agronomic traits for improving crop yield and quality
(Dogan et al., 2023). A series of studies have identified a range of
QTLs in melons, with a focus on fruit traits with fruit ripening being
one of the challenges associated with melon. Ripening of fruit is an
important phenomenon as it promotes flavor, texture, aroma and
color (Seymour and Granell, 2014). In watermelon fruit (Citrullus
lanatus L.), a relative of ‘Egusi’ melon, the ripening behavior of the
fruit shows climacteric and non-climacteric genotypes which can
affect it s shelf-life (Flores et al., 2002; Beaulieu, 2005). The study
conducted by Fan et al. (2000) identified the QTLs for solids
concentration, rind hardness, and fruit weight. Three QTLs
contributing to fruit ripening identified in climacteric and non-
climacteric genotypes were found to be epistatically interacting
affecting ethylene production and aroma (Santo Domingo et al,
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FIGURE 4

Schematic representation illustrates the effects of various environmental stresses on ‘Egusi’ melon.

according to its associated effects.
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2022). The QTLs identified from introgression lines of two European
varieties climateric cantalupensis ‘Vedrantais and non-climacteric
inodorus ‘Piel de Sapo altered ripening, morphology and sugar
content of the melon fruit (Pereira et al, 2021). Whole genome
sequencing in melons has been a key tool in the development of
genetic markers for breeding and the identification of genome-wide
single nucleotide polymorphisms (SNPs) between different varieties
(Sim et al, 2018). Constructing high density genetic maps using
whole genome sequencing has been effective in identifying QTLs
(Wang et al,, 2012; Gardner et al,, 2014; Liu et al., 2016). Recently,
researchers have identified QTLs for fruit firmness in melons based
on novel whole-genome single nucleotide polymorphism-based
cleaved amplified polymorphic sequence (SNP-CAPS) markers
(Zhang, 2020). The use of novel SNPs-based CAPS markers has
further enhanced the accuracy of QTL mapping, with the potential to

10.3389/fpls.2025.1547157

guide genetic engineering and molecular breeding in melons
(Amanullah et al, 2018; Zhao et al, 2023). The availability of
complete genomes from different melon accessions has provided a
valuable reference for meta-QTL analysis (Wei et al, 2023). The
published QTLs can be integrated onto these complete genomes
thereby improving accuracy in identification of candidate genes,
further enhancing our understanding of the genetic basis of these
traits. The use of advanced genomic technology including short and
long read sequencing for de novo assembly to create a pan-genome of
parental combinations demonstrated to be a potential tool for in
depth assessment of the complex horticulturally important traits
(Oren et al,, 2022). Therefore, overcoming the reliability of single
reference for QTL analysis can be avoided in understanding the
genetic basis of various traits (Tettelin and Medini, 2020). In ‘Egusi’
melons, the QTL associated with unique ‘Egusi’ seed coat trait locus

TABLE 3 Studies on various omics approaches used in improvement of melon varieties.

Melon Variety Approach

Kuizilikjiz (C. melo L.
var. inodorus)

Telomere to telomere Denovo genome sequence
and assembly for Meta-QTL Analysis

Cucumis melo RNA-Seq based QTL and expression QTL analysis

Cucumis melo Parent
USDA-846-1 x Top Mark
Piel de Sapo x PI124112

Genotyping with SNP markers

Outcome

Identification of Meta-QTL for carotenoid accumulation,
flesh firmness

QTL mapped for fruit quality- aroma, flesh color

Linkage mapping and QTL for fruit shape

Reference

Wei et al., 2023

Galpaz et al., 2018

Paris et al., 2008;
Diaz et al., 2014

Cucumis melo L. Sequenom MassARRAY

Identification of genetic variations in fruit ripening and
sugar accumulation

Leida et al.,, 2015

Cucumis melo Combined transcriptomics and metabolomics

var. acidulus

Cucumis melo Whole Genome Sequencing, integration of RNA-
seq, Hi-C, and histone and DNA

methylation marks

var. Charmono

Understanding sugar and organic acid metabolism to
determine fruit quality

Chromosome level genome assembly Annotation of
transposable elements, chromatin architecture,
Epigenomic analysis

Cheng et al., 2022

Pichot et al., 2022

Cucumis melo and 6 wild
species

C. zeyheri,

C. prophetarum,

C. anguria,

C. dipsaceus,

C. myriocarpus, and

C. ficifolius.

Whole Genome Sequencing

Cucumis melo subsp.
melo, PIT92

Chloroplast and Mitochondrial Genome sequencing

SNP analysis, Structural variants identified

High proportion of nuclear DNA in revealed in
organellar DNA

Demirci et al., 2021

Rodriguez-Moreno
et al., 2011

Cucumis melo L. var.
PI442177 (K10-1)
Huangdanzi (K10-9)

RNA Sequencing and Metabolomics

C. melo var ameri, RNA Sequencing and Metabolomics

cv Flavor No. 4

Transcriptomics and metabolite analysis during the response
to Downy mildew (DM) disease

Transcriptomics of fruit development Differentially expressed
genes involved in fruit ripening and development

Ling et al., 2023

Zhang et al., 2016

Cucumis melo cv. Piel
de Sapo

Small RNA sequencing

Cucumis melo spp. melo
‘Piel de sapo cv pifionet’
C. melo spp. agrestis
Pat 81

Microarray analysis
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Identification of miRNA involved in response to
stress stimuli

Root transcriptomics in response to soil borne
pathogen infection
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Sanz-Carbonell
et al., 2020

Roig et al,, 2012
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(eg) and seed oil percentage have been mapped, which has been
further refined to the locus which is a 398.25 Kb long region on
chromosome 6, containing 30 candidate genes using SNPs identified
from QTL-seq (Prothro et al., 2012; Paudel et al., 2019). Current
research on identifying agronomic traits in ‘Egusi’ melon is limited.
Therefore, extending findings from other melon varieties could offer
valuable insights into the genetic mechanisms underlying melon
traits and potentially be applied to genomics-assisted crop
breeding, aimed at improving ‘Egusi’ melon productivity.

4.2 Transcriptomics and proteomics
approaches to develop resilient
‘Egusi’ melon

Climate change is posing a threat that can result in substantial
loss of crop yield or produce low quality fruit. However, these
environmental changes have led to evolution and adaptation of
stress tolerant plants (Lal et al., 2023). Plant response to abiotic and
biotic stresses at the molecular level involves expression of
transcription factors and non-coding RNAs that regulate
downstream genes in developing resistance to these changes
(Baillo et al., 2019). RNA sequencing has been extensively
employed to characterize genes related to disease resistance in
plants by providing precise data on transcript levels and their
respective isoforms. Powdery mildew disease in melon is
primarily caused by fungal pathogens identified as Podosphaera
xanthii, Sphaerotheca fuliginea, Sphaerotheca fusca causing damage
to melon leaves significantly reducing melon productivity
(Takikawa et al., 2015). A comparative transcriptome study
showed differentially expressed genes involved in powdery mildew
disease resistance in melon (Zhao et al, 2022). The genes
upregulated during mildew powdery caused by P. xanthii were
among those involved in photosynthesis in correlation with
observing chlorophyll fluorescence in the infected leaves (Polonio
et al,, 2019). This is important because chloroplasts play a crucial
role in generating free radicals and producing plant defense
molecules (Kretschmer et al., 2019). Further, microarray analysis
of gene expression profiles can reveal extensive transcriptomic data
restructured for better understanding of genes involved in disease
resistance (Gonzalez-Ibeas et al., 2012). Abiotic stress caused in the
presence of low-light has shown to affect fruit development and
nutritional composition of watermelon (Gao et al., 2023). Salt stress
has shown to alter chlorophyll fluorescence and amino acid
metabolism (Song Q. et al., 2020). Transcriptomic analysis
showed a plethora of genes involved in stress response that are
differentially expressed including members of the transcription
factors bHLH, ERF, NAC and WRKY (Li et al., 2020).

Transcriptomic approach has been used in the characterization of
developing melon fruits from climacteric and non-climateric
genotypes. As fruit ripening imparts sugar accumulation and
therefore palatable taste, sucrose content can be measured as the
marker for distinguishing ripening patterns. This correlated with the
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gene expression profiles in mature melon fruit with upregulation of
invertase resulting in loss of sucrose in climateric genotypes and
higher expression of invertase inhibitors with much stable sucrose
content in non-climateric genotypes (Saladie et al., 2015). The distinct
gene expression profiles for carotenoid, sugar and ethylene
biosynthesis suggest different transcriptional regulation influencing
fruit ripening. Additionally, a combined metabolite-gene analysis
utilizing transcriptomics and metabolomics approaches can provide
valuable information for genetic manipulation to improve taste and
melon fruit quality (Shao et al, 2024). Investigating transcriptome
gene expression patterns in non-fruit tissues of the plant additionally
helps in understanding the co-expressed genes that also play a role in
the fruit ripening mechanisms (Yano et al., 2018). Moreover,
understanding the gene networks involved in flowering patterns
can provide insights on seed formation and fruit development
(Wang Z. et al., 2023).

Understanding the mechanisms that regulate plant adaptation
to abiotic and biotic stresses at all levels is essential for the selection
of cultivars for optimal breeding or genetic manipulation for trait
improvement (Salekdeh and Komatsu, 2007; Kosova et al., 2014).
The onset of advanced high throughput proteomics technologies
has established a platform for analyzing quantitative protein
profiles, protein-protein interactions and signaling pathways,
protein localization at the subcellular level and post translational
modifications (Ford et al., 2011; Uday et al,, 2024). Proteome
analysis is crucial because gene expression at the transcript level
often does not correlate with protein profiles, primarily due to
changes in post-translational modifications (Belouah et al., 2019).
Series of studies have been conducted in melon cultivars that
integrate proteome profile with the transcriptomic data providing
deeper understanding on the complexity of molecular pathways
involved in melon fruit development and ripening (Yu et al., 2022)
and response to viral infection (Li et al., 2020). Proteomic analysis
has provided a great advantage in understanding the stress response
mechanisms in plants (Mustafa and Komatsu, 2021). Quantitative
proteome profiles under water deficit conditions have shed light on
drought related marker genes that cause drought tolerance in wild
watermelon (Yoshimura et al,, 2008; Akashi et al., 2011). The
proteome and metabolome profiles during cold stress conditions
have been studied in cold tolerant and sensitive cultivars of
cantaloupe melon (Song W. et al., 2020). Glutathione metabolism
has been found to play a significant role in detoxification reactions
in response to osmotic stress caused by cold stress and promote
tolerance (Song et al., 2021). Recently, grafting in melons has been
shown to enhance stress tolerance, and the molecular mechanisms
have been effectively studied through proteome and transcriptome
analysis (Shi et al., 2019; Wang Y. et al., 2023). A number of studies
have been conducted to investigate phloem proteins that are
upregulated during viral infections (Gomez et al., 2005; Malter
and Wolf, 2011; Serra-Soriano et al., 2015). These studies are
valuable for understanding viral pathogenesis, plant-virus
interactions and exploitation of these viruses can be useful in
manipulating the viral genomes for virus-based vector
applications in ‘Egusi’ melon.
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5 Future prospect of using genetic
modification and genome editing for
‘Equsi’ improvement

There has been some progress in the improvement of ‘Egusi’
through conventional breeding. Nevertheless, poor genetic variety
and plant biology-related issues have prevented conventional
breeding from being extensively utilized. For improvement of
‘Egusi’ conventional breeding needs to be complemented with
genetic modification and genome editing techniques. These
techniques enable the transfer of beneficial traits between different
‘Egusi’ species or within the same species, or by manipulating
exogenous and endogenous genes, circumventing natural
breeding limitations, thereby making them suitable for ‘Egusi’
improvement. Moreover, genes and molecules associated with
defense signaling can easily be manipulated to provide resistance
to pests and diseases.

5.1 Genetic transformation approaches for
improvement of ‘Egusi’

Plant regeneration system is one of the three fundamental
resources for molecular breeding and it is a prerequisite for
genetic transformation of any plant species. The lack of efficient
regeneration system causes limitations on the use of gene transfer
technologies. Therefore, a reproducible and effective in vitro system
for plant regeneration is crucial for genetic improvement of ‘Egusi’.
A limited number of studies have been documented for in vitro
plant regeneration systems through organogenesis. Ntui et al.
(2009) reported the establishment of efficient plant regeneration
system of three ‘Egusi’ genotypes, “Ejagham”, “Sewere” and
“Barablackedge” using cotyledons of in vitro-germinated seedlings
as explants. High regeneration efficiencies were observed on
Murashige and Skoog’s (MS) medium supplemented with BAP
when the cotyledons were cut into halves (Ntui et al, 2009).
Thangavel et al. (2019) reported a system for large scale multiple
shoot bud regeneration from nodal explants of ‘Egusi’ (Citrullus
colocynthis). They observed high frequency shoot regeneration
when nodal explants were cultured in MS medium supplemented
with benzyl amino purine BAP (1.0 mg/l), kinetin (0.5 mg/l),
gibberellic acid (1.5 mg/l). Idehen et al. (2012) attempted
regeneration of ‘Egusi’ using cotyledons as explant. Though the
seeds germinated and produced cotyledons, regeneration frequency
was very low. Somatic embryogenesis method is practicable for
plant propagation and a resource of genetic transformation. There
is no study documenting regeneration of ‘Egusi’ through somatic
embryogenesis. Production of embryos from cell suspension culture
using cotyledons, nodes or leaf-derived callus could increase the
regeneration efficiency of ‘Egusi’ melon even in the
recalcitrant genotypes.

Recombinant DNA technology is often used to insert genes
exhibiting important characteristics such as plant architecture,
nutrient enrichment, high yield, excellent fruit quality, resistance
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to abiotic and biotic stresses, which will aid in the creation of new
genotypes without substantially changing the desired phenotypic
traits and genetic makeup of the cultivars. Developing genetically
modified organism requires a highly efficient system for
transformation. Agrobacterium-mediated transformation or
microprojectile bombardment have been used to deliver transgenes
into different melon species (Sultana and Rahman, 2013). To date,
only one group has successfully reported the transformation of
‘Egusi’. Ntui et al. (2010a) generated transgenic plantlets from in
vitro cotyledons by Agrobacterium-mediated genetic transformation
using the GUS reporter gene and NPTII gene for selection in media
containing kanamycin. Using the same principles, the group
reported the production of ‘Egusi’ exhibiting resistance to
Fusarium wilt and Alternaria leaf spot, some of the most
devastating fungal diseases of ‘Egusi’, by overexpression of Wasabi
defensin gene (Ntui et al., 2010b). Wasabi defensin is an anti-
microbial peptide obtained from Wasabi (Wasabia japonica), a
Japanese horseradish widely used in Japanese cuisine and as
wrapping material to protect food from putrefaction (Saitoh et al.,
2001). Defensins are low-molecular-weight (5 kDa) proteins present
in the seeds, stems, roots, and leaves of many plant species that are
toxic to bacteria, fungus, and yeast in vitro. It has been demonstrated
that defensins permeabilize fungal membranes, which stops fungal
growth and development (Thevissen et al., 1999).

The limited number of studies on plant regeneration and
transformation of ‘Egusi’ points to the fact that ‘Egusi’ is still an
orphan crop whose genetic and genomic resources have not been
exploited to fast track its improvement and make its production
profitable. The implementation of breeding programs that take
advantage of these regeneration and transformation protocols
would make rapid improvement of this crop possible. More
efforts should be geared toward developing regeneration and
transformation protocols for other ‘Egusi’ genotypes to facilitate
their improvement.

Aside the mainstream biotechnological intervention via
recombinant DNA technology, the possibilities of introducing a
wider genetic variability in ‘Egusi’ melon via strategies like mutation
breeding and the use of anti-mitotic agents need further
exploration. During cell division, inhibiting the growth of spindle
fibers using chemicals or herbicides could result in cells with
doubled amount of genetic material. Plant microtubules can thus
be targeted in applied plant breeding for the generation of haploid
plants or the induction of polyploid offspring (Motta and
Schnittger, 2021). In the curcubit plant - Cucumis melo, Cho et al.
(2021) used oryzalin treatment to induce polyploidy in melon
plants with 21% efficiency. The generated polyploids showed
enhanced morphological characteristics. For ‘Egusi’ melon, an
effort at ploidy manipulation was carried out by Brisibe et al.
(2011) who demonstrated that soaking the seeds in solutions of
the anti-mitotic agents - colchicine and oryzalin produced polyploid
mutants with superior morphological and yield-related traits.
However, despite this important effort, further research needs to
be accelerated especially at in vitro ploidy manipulation given that a
protocol for regenerating some genotypes of the plant in vitro is
now available.
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5.2 CRISPR/Cas9 strategy to develop
improved ‘Egusi’ genotypes

Recently, the discipline of gene editing, which includes
technologies that allow for precise modifications to an organism’s
DNA, has made great strides. These technologies enable researchers
to precisely add, remove, or alter genetic material at certain genomic
regions. Several tools including mega nucleases, Zinc finger
nucleases (ZFNs), TAL effector proteins (TALENs) and RNA-
guided nucleases (RGENs) or CRISPR (clustered regularly
interspaced short palindromic repeats)/Cas9 have been developed
to target genome editing in plants and other organisms (Tripathi
et al., 2024; Ntui et al., 2023). All these methods are based on the
formation of double stranded breaks (DSBs) at specific loci and
triggering DNA repair mechanism either through the non-
homologous end joining (NHEJ) or homology-directed repair
(HDR). The NHE] pathway is an error-prone mechanism that
leads to random insertions, deletions and substitutions (indels) at
the cleavage sites, resulting in frameshift mutations and targeted
gene knockouts. Conversely, the HDR process uses a homologous
DNA repair template to allow for precise genomic modifications,
such as gene knock-in, gene replacement, and insertion of foreign
genes or DNA sequences. Depending on the repair mechanism,
three types of editing outcomes namely: site-directed nuclease 1
(SDN1), SDN2 and SDN3 can be achieved. SDN1 results when
NHE] makes random changes in the gene, altering gene function or
causing gene silencing or knockout. SDN2 employs a repair
template that corresponds with the DSB, resulting in targeted
indels or nucleotide substitution by HDR. SDN3 uses a longer
repair template than homologous sequences to mend the DSB,
which makes it easier for foreign genes to be inserted specifically
(Kim and Kim, 2019).

Among the various gene editing tools, CRISPR/Cas has become a
mainstay of genetic manipulation because of its efficiency, stability,
ease of design, speed, cost-effectiveness, precision and ability to edit
several genes at once. The CRISPR system is modelled after the type
IT CRISPR immune system found in bacteria, which protects against
plasmids and/or DNA viruses. Two components comprise the
CRISPR/Cas9 molecular immunity system: a synthetic single guide
RNA (sgRNA) and the Cas9 endonuclease of Streptococcus pyogenes.
A target sequence complementary to the 20 nucleotides preceding
the protospacer adjacent motif (PAM) (NGG or NAG), which is
required for Cas9 activity, guides the Cas protein to bind to the target
sequence and starts editing 3 or 4 base pairs upstream of the PAM
sequence. Generally, Cas9 has more affinity to NGG than NAG.
Through the suppression of either endogenous or foreign genes,
gRNAs may precisely direct the endonuclease Cas9 to cleave a target
location and cause gene disruptions. By multiplexing, two or more
genes can be edited simultaneously by the CRISPR/Cas9 system
(Tripathi et al., 2024).

In addition to Cas9, numerous Cas variations have been
developed, including as Casl2a, Casl3, Casl4, CasX and
OMEGA. Casl2a, commonly referred to as Cpfl, a type V, class 2
CRISPR contains the RuvC domain only. It possesses crRNA
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biogenesis RNase and single-strand Dnase activity and recognizes
T-rich PAM, TIN/TTTN/TTTV (N = A/T/C/G; V = A/C/G).
Using a single sequence array on the chosen gRNA, Casl2a may
be utilized for multiplex gene modification. Cas13a, a class 2 type
VI-A ribonuclease, can locate and cleave ssRNA molecules found in
the phage genome. It can differentiate between RNA viruses and
identify viruses with more accuracy than PCR (Tripathi et al., 2024).

Casl4 is a nuclease that can be programmed using RNA
guidance. It stands out for its ability to identify its target DNA
independent of the protospacer adjacent motif (PAM), setting it
apart as the sole DNA-targeted Cas that does not rely on PAM.
Casl4 creates an R-loop formation by cleaving ssDNA without
discrimination, utilizing short sgRNA, and identifying ssDNA that
complements the sgRNA’s recognition arm (Wu et al., 2022; Zhou
et al,, 2023). Compared to Casl2a, Casl4 has a high level of
specificity and sensitivity in detecting single-nucleotide
polymorphisms (SNPs), making it useful for pathogen
differentiation and genotyping. Research has delved into the
indirect detection of non-nucleic acid targets using Casl4,
enabling the precise identification of antibiotics with low
nanomolar sensitivity. The use of metal isotopes in LC-MS,
though, made the process more complex. Wu et al. (2022)
developed a CRISPR/Casl4-based aptasensor with nanomaterials
to enhance fluorescence signals, enabling highly sensitive detection
of microcystin-LR for environmental monitoring. Using
complementary DNA to interfere with the aptamer’s binding
ability could lead to a decrease in the signal produced during
target identification. Moreover, the capability of CRISPR/Casl4
for aptasensing has not yet been explored. Therefore, attempting to
develop a Casl4-based biosensor for versatile aptasensing that is
inexpensive, fast, and direct is worth it.

CasX was developed by analyzing bacteria from groundwater
using metagenomics, and was characterized as an RNA-directed
DNA cutting enzyme. By identifying a 5-TTCN PAM and
providing sgRNA (a crRNA-tracrRNA linked together), it has the
ability to enhance plasmid interference in E. coli (Liu et al., 2019).
The only resemblance to other recognized Cas endonucleases is a
RuvC domain located at the end of the C-terminus. The traits of
CasX are comparable to those of type V Cas12, but CasX is smaller
than the reported size of Cas12 at around 980 amino acids, while
Casl2 has approximately 1200 amino acids. Cas12 shows PAM-
independent non-specific ssDNA trans-cleavage activity when
bound to crRNA-guide-complementary ssDNA. CasX has lower
trans-ssDNA cleavage activity compared to Casl2a and Casl2b.
Yang and Patel (2019) explored the option of utilizing CasX to alter
genes in human and E. coli cells.

A new group of RNA-guided endonucleases termed OMEGA,
was recently discovered, which has a common core domain with the
CRISPR-Cas12 family. The OMEGA system, comprising of
transposable elements TnpB and Fanzor effectors, contains a
CRISPR-Cas12-like domain (RuvC) which acts as an RNA-guided
endonuclease (Karvelis et al., 2021). TnpB aids the TnpA module in
transposing a specific locus by using uRNA that matches the target
DNA sequence. The RNA guidance enables the reprogramming of
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DNA targeting, a technique commonly used in genome editing. The
CRISPR-Cas12 system found in prokaryotes is thought to have
evolved from TnpB by adding additional domains, as the original
TnpBs only contains a basic domain that carries out the function of
the CRISPR-Cas12 family. The characteristics of how TnpB targets
DNA have been documented, from the earliest classified ISDra2
TnpB, K, and racemifer TnpB types to the latest database-screened
ISDgel0, ISAam1, and ISYmul (Altae-Tran et al., 2021; Sasnauskas
et al.,, 2023; Xiang et al., 2023; Badon et al., 2024).

TnpB may also be the ancestor of the eukaryotic transposon-
encoded Fanzor (Fz) proteins. Fanzor effectors are primarily
present in plants, fungi, protists, arthropods, and eukaryotic
viruses. On a molecular scale, they show significant similarities to
the TnpB system. Fanzor is primarily split into two categories:
Fanzor 1 and Fanzor 2. It has been noticed that both types recognize
target-adjacent motif (TAM) sequence and uRNA that is
complementary to target DNA, similar to TnpB, in order to
create RNA-DNA heteroduplexes on target DNA. Similar to
TnpB and Fanzor endonucleases, IscB also identifies TAM and
has a modest size of 496 amino acids (OgeulscB). Nevertheless, it
presents similar capabilities, nucleic acid binding, and domain
structure (RuvC, BH, and HNH domains) (Badon et al., 2024).

Prime and Base Editing are two additional editing programs
developed using CRISPR technology. These editing techniques
utilize dCas9, a altered form of Cas9. In order to create a base
editor enabling base substitution at the level of single nucleotides
without requiring a DNA donor template, a DNA deaminase is
linked with dCas9. The effectors enable substituting C:G-to-T:A or
A:T-to-G:C based on the type of DNA deaminase, while the RNA-
guided CRISPR system identifies the specific location in the genome
to be modified. Prime editing facilitates the exchange of DNA base
pairs, small insertions, and slight deletions through a mechanism
akin to traditional CRISPR/Cas systems (Chen et al, 2021;
Matsoukas, 2020). On the other hand, primer editing eliminates
the need for a donor template and avoids causing a double-strand
break (DSB), while addressing off-target impacts and correcting
frame shifts due to indels. The only way to modify the genome is
with a fusion protein consisting of a longer gRNA called pegRNA
and Cas9 H840A nickase attached to a modified reverse
transcriptase (RT) enzyme. Prime editing shows potential as a
supplement to existing CRISPR editing methods by enabling
precise and focused alterations to DNA, despite the fact that its
specific workings are still uncertain. Nevertheless, primary editing is
a possible method that may be utilized to alter the genetic makeup
of crops. Prime and base editing fall under the category of SDN1
due to their independence from a DNA donor template. This
implies that edited crops could potentially be handled the same
way as non-transgenic crops and might not have to follow strict
biosafety rules.

A more recent advances in CRISPR s its use to activate or repress
the expression of genes (Park et al., 2017). Introduction of mutations
in the HNH (H840A) and RuvC (D10A) domains eliminates the
endonuclease activity of Cas9 protein but retains the binding activity
(Qietal,2013). When linked to transcriptional effector domains, the
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nuclease-dead Cas9 (dCas9) can be re-engineered to function as a
transcriptional regulator (Moradpour and Abdulah, 2020). The
development of inducible CRISPR/Cas9 transcriptional activator
(CRISPRa) or repressor (CRISPRi) techniques offers tremendous
promise for studying the effects of upregulating or silencing genes.
These activator/repressor techniques which rely on the dCas9
variants linked to transcriptional activator/repressor domains,
enables Cas9 to be utilized as a tool to modify transcription
activity (Di Maria et al., 2020).

Another CRISPR/Cas9 system termed Cas-Clover was recently
developed. Cas-CLOVER is a system that utilizes two guides to
induce double-strand breaks upon binding with the nuclease
Clo051 (Madison et al, 2022). The fusion protein contains a
deactivated Cas9 (dCas9) protein linked to the Clo051
endonuclease as a binding protein at the target location in the
genome of an organism. Unlike CRISPR, which uses only one guide
RNA (gRNA), the Cas-CLOVER endonuclease system employs two
gRNAs along with the Clo051 nuclease activity, which relies on the
dimerization of subunits linked to each gRNA. The Cas-CLOVER
genome editing system achieves high precision by utilizing two
gRNAs, where Clo051 induces a double stranded break only when
both gRNAs guide it to the correct target site in the plant genome.
Clo051 displays dual gRNA localization, which occurs within an
ideal spacer length ranging from 11 to 31 nucleotides, allowing for
design flexibility. This method enables a more precise DNA
cleavage with minimal risk of off-target effects, leading to longer,
sticky overhangs instead of smaller blunt deletions seen with
CRISPR/Cas9. The Cas-CLOVER gene editing technique is
groundbreaking, extremely accurate, and off-target genetic
changes are frequently difficult to detect (Madison et al., 2022).

Numerous attempts have been made to apply CRISPR in order
to incorporate beneficial traits into various crops such as banana,
maize, rice, soybeans, tomatoes, and wheat. In melon, not much has
been done on genome editing. However, there are a few studies
documenting the application of CRISPR/Cas9, this is mostly
because melon genetic transformation is still a major problem.
CRISPR/Cas9 system has been applied in melon to knockout
phytoene desaturase (PDS) gene. PDS is a gene in the carotene
biosynthetic pathway whose mutation causes photobleaching or
albino phenotype. It is often used as a marker to establish genome
editing in plants. Tian et al. (2017) produced albino watermelon
plants by editing the PDS gene. They obtained a mutation efficiency
of 100%, using a CRISPR/Cas9 construct containing two gRNAs.
Similarly, the melon genotype Cucumis melo was edited by targeting
the PDS gene (Hooghvorst et al., 2019). The authors produced a
CRISPR/Cas9 system with two gRNAs, targeting exons 1 and 2 and
delivered first into protoplasts by polyethylene glycol (PEG)
transfection, and into the cotyledons by Agrobacterium-mediated
transformation. Although the transformation efficiency was low,
they recovered albino plants with a mutation efficiency of 42-45%
after Sanger analysis.

Melon necrotic spot virus (MNSV) is a potyvirus which induces
necrotic spots on leaves, Stems and fruits (Nonaka and Ezura,
2024). The recessive nsv resistance gene identified by Coudriet et al.
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(1981), encodes Cm-elF4E, which plays a role in translation
initiation factors. One amino acid residue at 228Leu on Cm-elF4E
exhibited susceptibility to all MNSV strains except MNSV-264
(Nieto et al, 2006). Using the CRISPR/Cas9-mediated cytosine
base editor, Shirazi Parsa et al. (2023) introduced two kinds of
mutations on Cm-elF4E, Cm-elF4E (C322T/C323G) with a stop
codon and Cm-elF4E (C322T/C323T, P108L). Although the plants
were not tested against MNSV, knocking out eIF4E/iso4E genes is a
promising strategy for developing potyvirus-resistant plants and
has been tried in several plant species (Tripathi et al., 2020).

In attempt to develop Papaya ringspot virus (PRSV) resistance in
Melon, PRSV resistance candidate gene (Prv) was mutated using
CRISPR/Cas9. Prv knockout mutants showed susceptibility to PRSV
suggesting that Prv is a PRSV resistance gene (Nizan et al., 2023).

Ethylene plays a role in regulating the shelf-life of fruits and is
one of the major promoters of fruit ripening. Prolonging the shelf-
life of fruits decreases food waste, thus potentially enhancing food
security. Depending on the involvement of ethylene during
ripening, fruits have been divided into either climacteric
(ethylene-dependent), non-climacteric (ethylene independent)
(Giordano et al, 2022). Melon employs two types of ripening
systems: climacteric and non-climacteric ripening, depending on
the horticultural subgroups (Nonaka and Ezura, 2024). Repressor of
silencing 1 (ROSI), constitutive triple response 1 (CTRI) and non-
ripening (NOR) genes are reported to be associated with fruit
ripening. ROSI is required for normal fruit ripening, by the
activation of ripening-induced genes and the repression of several
ripening-repressed genes (Lang et al, 2017). CTRI, a serine/
threonine kinase is a negative regulator of the ethylene signal
transduction pathway (Kieber et al., 1993). NOR is related to
ethylene signaling partway. Knockout of ROS1 and CTRI1
(CmCTRI1-like, MELO3C024518) independently in climacteric
melon by CRISPR/Cas9, accelerated fruit ripening in edited
events compared to the wild-type (Giordano et al, 2022).
Subsequently, knockout of CmNOR using the CRISPR/Cas9
system delays ripening in the climacteric melon (Liu et al.,, 2022).
The enzyme 1-aminocyclopropane-1-carboxylic acid oxidase
(ACO) is the final step of the ethylene production pathway
(Nonaka et al., 2023). Modification of CmACO1 in Cucumis melo
by CRISPR/Cas9 reduced ethylene production up to one-tenth that
of the wild type in fruits stored at room temperature for 14 days, the
pericarp color remained green, and the fruits had higher fruit
firmness (Nonaka et al., 2023).

CRISPR/Cas9 has been demonstrated in watermelon to create
herbicide resistant genotype by targeting acetolactate synthase
(ALS) (Tian et al, 2018). ALS is the key enzyme for biosynthesis
of branched-chain amino acids, valine, leucine and isoleucine, in
plants. In many plant species, single point mutations at multiple
conserved locations of the ALS gene have been shown to provide a
significant degree of herbicide resistance (Yu and Powles, 2014). By
targeting the ALS gene using base editing, Tian et al. (2018)
successfully produced edited watermelon exhibiting tolerance to
the herbicide tribenuron herbicide. Sequence analysis revealed 45
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out of 199 transgenic plants had C to T mutations resulting in
amino acid change. One advantage of targeting ALS is the
production of foreign DNA-free edited plants which could be
achieved by simultaneously editing ALS and a gene of interest.
The main limitation of this method is that in the absence of
selection several plants have to be screened to identify potential
transgene-free edits. However, this approach would be useful for
crops that are vegetatively propagated.

‘Egusi’ genomes can be edited in a similar way in a targeted
manner to produce new varieties. We are currently working on
developing genome editing platform for ‘Egusi’ by targeting PDS
gene. The established protocol will pave the way for genome editing
of ‘Egusi’ by modifying genes associated with disease resistance, fruit,
and seed quality. Some of these genes are summarized in Table 4.

6 Challenges in developing improved
‘Equsi’ through genetic modification
and genome editing

The biggest challenge in the application of genetic modification
and CRISPR/Cas9 technology in ‘Egusi’ is the lack of efficient
regeneration and genetic transformation protocol and regeneration
of complete plants from transformed cells for many genotypes.
Although plant regeneration and genetic transformation protocol by
Agrobacterium using cotyledons as explants have been documented
for some ‘Egusi’ genotypes, genetic transformation is cultivar-
dependent. Moreover, melon genetic transformation is still a major
challenge. Using genotypes whose transformation and regeneration
protocols are well established, would facilitate the production of
transgenic and genome edited events (Figure 5). ‘Egusi’ genotypes
which are recalcitrant to transformation could be edited by delivering
the CRISPR/Cas machinery directly to the genotypes by crossing these
genotypes with a stably transformed cultivar harboring a CRISPR/Cas
construct, allowing the continued activity of CRISPR/Cas to generate
new mutated alleles (Hernandes-Lopes et al., 2023). Alternative
strategies that could bypass genetic transformation should be
adopted to deliver CRISPR/Cas machinery into ‘Egusi’ cells.
Methods such as agroinfiltration or in planta transformation or the
use of viral vector-based platforms for rapid and efficient delivery of
CRISPR/Cas9 constructs could increase the chances of editing ‘Egusi’
genotypes that are recalcitrant to genetic transformation. Also,
techniques such as mobile RNA, can be used to achieve genome
editing in recalcitrant plants by grafting a recalcitrant shoot on a
transgenic donor root plant without the need for tissue culture (Yang
et al, 2023). For example, a transgenic genome edited root of ‘Egusi’
genotype which is amendable to tissue culture can be produced. On
grafting the root with a recalcitrant shoot, the Cas9 and the gRNA
transcripts will be transported from the transgenic rootstock to the
shoot of the recalcitrant ‘Egusi’ plant, where they create mutations in
the shoots without integrating into the genome. The resultant seeds
and shoots are genome-edited lines devoid of foreign DNA.

frontiersin.org


https://doi.org/10.3389/fpls.2025.1547157
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Anwar et al.

TABLE 4 Potential genes that could be targeted in ‘Egusi’ to develop resistance to diseases by genome editing.

Plant

Type of

pathogen

Target pathogen

Mode of action

10.3389/fpls.2025.1547157

References

CmVPS41 Cucumber Virus Cucumber mosaic virus RNAI restricts viral movement Pascual et al., 2019;
by altering cellular localization Real et al,, 2023
Wmv Watermelon =~ Virus Watermelon mosaic virus Not elucidated Pérez-de-Castro et al., 2019
NBL Zucchini Virus Zucchini yellow Coiled coil-nucleotide binding Adler-Berke et al., 2021
mosaic virus site of the leucine-rich repeat
(CC-NB-LRR)
Prv Papaya Virus Papaya ringspot virus Encodes a protein similar to Nizan et al,, 2023
Fom-1, involved in resistance
to Fusarium oxysporum
Cm-elF4E Melon Virus Melon necrotic spot virus Involved in translation Shirazi Parsa et al,, 2023
initiation; specific mutations
confer resistance
elF4E Cucumber Virus Cucumber Vein Yellowing Introduce small deletions in Chandrasekaran et al., 2016
Virus (Ipomovirus), Zucchini targeted exons
Yellow Mosaic Virus (ZYMV),
Papaya Ringspot Virus-W
(PRSV-W)
Vat Melon Virus via insect | Aphis gossypii Provides resistance to aphid- Chovelon et al., 2021
mediated viral transmission
MELO3C004311 Melon Fungi Podosphaera xanthii, Powdery mildew resistance Lopez-Martin et al., 2022
Golovinomyces cichoracearum
MELO3C010403 Melon Fungi Gummy Stem Blight (GSB) New candidate gene Ma et al,, 2023
for resistance
MELO03C012987 Melon Fungi Gummy Stem Blight (GSB) Dominant gene associated with = Hu et al,, 2018
GSB resistance
Clpsk1 Melon Fungi Fusarium oxysporum (FON) Targeted mutation and loss- Zhang et al., 2020
of function
Fom-1/Fom-2 Melon Fungi Fusarium oxysporum Targeted editing to improve Liu et al., 2022
resistance to multiple races of
Fusarium oxysporum
QTLs Melon Fungi Downy Mildew (DM) Identified major QTLs Zhang et al., 2023
including qPcub-10.1 and
qPcub-8.2
DIPM-1 DIPM-2 DIPM-4 Apple Bacteria Erwinia amylovora Gene disruption Malnoy et al., 2016
MusaDMR6, MusaENOD3 Banana Bacteria Xanthomonas Gene disruption Tripathi et al., 2021;
campestris pv. musacearum Ntui et al., 2024
citri (Xcc) CsSLOB Citrus Bacteria Xanthomonas citri (Xcc) Gene disruption Jia et al., 2016
OsSWEETI13 Rice Bacteria Xanthomonas oryzae Gene disruption Zhou et al,, 2015
OsPi2l, OsBsr-d1, and OsXa5 Rice Bacteria Xanthomonas oryzae Gene disruption Tao et al., 2021
OsPi2l and OsXal3 Rice Bacteria Xanthomonas oryzae Gene disruption Li et al., 2019
SIJAZ2 Tomato Bacteria Pseudomonas syringae pv. toma | Gene disruption Ortigosa et al., 2019
SIDMRG6-1 and SIDMR6-2 Tomato Bacteria P. syringae pv. tomato, X. Gene disruption leading to loss | Thomazella et al., 2021

gardneri, and
Xanthomonas perforans

of function

In order to utilize genome editing as a breeding tool in ‘Egust,
obtaining genome and genetic information is essential. Melon’s genetic
analysis has been conducted and the size of its genome was estimated to
be around 454Mb using nuclear DNA content measurements
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(Arumuganathan and Earle, 1991; Garcia-Mas et al, 2012). Whole
genome sequence for Egusi, collected from Nigeria, and referred to as
Citrullus mucosospermus, in the cucurbit genomics is available at
Melonomics v4.0 (Ruggieri et al,, 2018, https://www. melonomics.net)
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FIGURE 5

Process of producing disease resistant ‘Egusi’ melon genotype using CRISPR/Cas9 genome editing technique. The CRISPR/Cas9 construct is
integrated into the cotyledonary explants and disease resistant genome edited plants are generated through tissue culture.

and CuGenDBv2 (Yu et al, 2023, http://cucurbitgenomics.org/v2/),
which could be used as a reference genome for ‘Egusi’ genome editing.
Selecting a good target gene and region for editing may have
influence on the desired phenotype. When choosing target genes
and regions for genome editing, it is essential to consider not only
gene function but also the location and timing of gene expression.
There is a publicly accessible gene expression database that reveals
the site, timing, and intensity of gene expression (Yano et al., 2018;
Yano et al, 2020). While coding sequences are typically the
preferred targets for gene editing, other genetic elements, such as
regulatory sequences, can also be focused on to adjust spatial and
temporal gene expression patterns. For example, genes that are
crucial in the process of plant domestication exhibit more
consistent expression patterns in cultivated plants compared to
their wild counterparts, indicating that particular cis-regulatory
elements (CREs) were chosen during the domestication process
(Lemmon et al, 2014; Swinnen et al., 2016). So, gene editing can
focus on regulatory sequences to adjust gene expression levels and
tissue preferences for the development of various subtle traits.
There is concern on whether genome edited products should be
treated as GMOs. Many countries including Nigeria and Ghana,
which are among the highest producers of ‘Egusi’ have developed
guidelines for genome editing. In these countries, genome editing
products containing no foreign genes (mostly SDN1 and to some
extent, SDN2) are not regulated as GMO and as such will be treated
as products generated by conventional breeding. ‘Egusi’ is a diploid,
therefore, transgenes can easily be segregated out by crossing even if
the edits were generated by plasmid delivery and Agrobacterium,
producing foreign DNA-free edited plants. Hence, genome edited
‘Egusi” will not be treated as GMOs by regulatory bodies and will
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not go through the stringent biosafety regulations before being
released in the case of a product, which will increase its
commercialization and acceptability.

Often when a new technology is developed, the public reacts
with fear of unknowns, especially those related to food. The
introduction of genome editing, like all new technologies, has
sparked worldwide legal and ethical discussions, which vary
depending on the type of gene editing involved. One of the key
ethical issues surrounding the use of gene editing is religion. A lot of
individuals hold ethical and religious reservations regarding the
utilization of gene editing products. Editing the genes of organisms
is seen by many as either tampering with God’s creation or taking
on the role of God. This might cause issues with the acceptance of
genome edited ‘Egusi’ products especially in highly religious
countries like Nigeria.

Another main concern is off-target effects (editing wrong gene
or genes) and mosaicism leading to undesired traits. Safety in gene
editing has been a crucial concern. Doubts exist about the safety of
gene editing, particularly when applied to gene drives, as the full
implications of off-target effects in gene editing remain unclear.
Although there are concerns about off-target effects, this is taken
care of during guide design, where only gRNAs with no off-target
effects are selected for editing and many CRISPR software are able
to detect guides with potential off-target effects.

Another key concern regarding gene editing revolves around
establishing regulatory frameworks for the technology and
determining whether genetically edited crops should be classified
as GMOs or not. While some countries have clarified their rules on
the release of genetically modified crops, others like the European
Union (EU) and New Zealand have strict regulations, causing
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differences in national regulatory approaches. When developing
policies for gene editing in plant breeding, considerations should
also include farmer’s rights and public acceptance (Idris et al,
2023). Just like with most new technologies, there is worry about
Intellectual Property Rights (IPR). Gene-edited items will be
patented, giving owners, usually agri-food companies, exclusive
rights to the gene-editing process’ results, essentially creating a
monopoly over them. This is likely to exacerbate the existing moral
dilemma of power imbalances in agriculture between big
corporations and small, traditional farmers.

7 Conclusion

‘Egusi’ is one of the most important cucurbits cultivated in
Africa. There is a lack of improvement programs most probably
because of neglect in terms of research. At a time when the world is
dealing with climate change and a growing population, it is crucial
to utilize various breeding and biotechnological methods to produce
‘Egust’ that can withstand the effects of climate change. This review
has attempted to present current gaps in ‘Egusi’ breeding and
emphasized the importance of the applications of genomics,
transcriptomics, proteomics, and genome editing for the
improvement and sustainability of ‘Egusi’ melon.
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