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Abstract: Salinity stress, exacerbated by extreme weather patterns, significantly threatens global
watermelon [Citrullus lanatus (Thunb.) Matsum & Nakai] production. Watermelon, a moderately salt-
sensitive crop, exhibits reduced germination, stunted growth, and impaired fruit quality under saline
conditions. As freshwater resources are receding and agriculture's dependency on irrigation leads to
soil salinization, we need sustainable mitigation strategies for food security. Recent advances
highlight the potential of using salt-tolerant rootstocks and breeding salt-resistant watermelon
varieties as long-term genetic solutions for salinity. Conversely, agronomic interventions such as drip
irrigation and soil amendments offer practical, short-term strategies to reduce salt stress impact. Plant
growth-promoting microbes (PGPM) have emerged as promising biological tools to enhance
watermelon tolerance to salt stress. These beneficial microbes improve plant resilience by modulating
root architecture, enhancing nutrient and water uptake, producing phytohormones, and reducing
oxidative damage by activating antioxidant pathways. PGPM can manage osmotic adjustment by
accumulating compatible solutes, establishing symbiotic relationships, and strengthening the plant's
physiological and molecular responses to salinity. This review is the first to highlight the complex
relationship between soil salinity and watermelon production. It explores the various mitigation
strategies, highlighting the potential of PGPM as eco-friendly bio-inoculants for sustainable
watermelon management in salt-affected soils.

Keywords: Salinity; Climate change; Citrullus lanatus (Thunb.) Matsum & Nakai; PGPM; abiotic
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1. Introduction

Climate change-induced environmental stresses are significant challenges in the 21st century,
directly impacting ecosystems, agriculture, and global food security. Rising temperatures, altered
precipitation patterns, and increased soil salinization exacerbate osmotic and ionic imbalances in
plants, leading to oxidative stress, reduced photosynthetic efficiency, and impaired metabolic
functions[1,2]. Climate change-induced incidences, such as the severity of extreme weather events,
alteration in precipitation patterns, soil degradation, and pathogen outbreaks [3,4]. Climate change
also increased the spread of pests and diseases, further threatening plant health and productivity [5].
For instance, rising temperatures and CO; levels can enhance drought stress while influencing pest
populations and disease dynamics[2]. Changes in precipitation patterns contribute to water stress,
through prolonged droughts or excessive rainfall, which impair plant physiological processes,
including photosynthesis and nutrient uptake[6]. An increase in temperatures disrupts plant
physiological processes, such as photosynthesis, respiration, and reproductive development, and
reduces yields and compromises the quality of crops [7].

Plants, being sessile organisms, are particularly vulnerable to a range of biotic and abiotic
stresses. Biotic stresses, caused by pathogens, insects, and herbivores, further challenge plant survival
and yield by triggering complex defence responses [8]. Abiotic stresses, including drought, salinity,
extreme temperatures, heavy metals, and oxidative stress, directly impact plant growth and
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productivity by disrupting physiological and biochemical processes [9,10]. Among these stresses,
salinity stress has emerged as a critical concern, particularly in arid and semi-arid regions where soil
salinization is intensifying due to irrigation practices and sea-level rise [11]. Soil salinity is a major
abiotic stress that significantly impedes plant growth and development worldwide. An excessive
accumulation of soluble salts, mainly sodium chloride (NaCl), in the soil results in soil salinity. The
excess salt in plant tissues disrupts various physiological and biochemical processes within plants,
leading to detrimental effects [12,13]. Soil salinization is a major environmental and agricultural issue
affecting approximately 831 million hectares of land globally [14]. Excessive salt, especially sodium
(Na), deteriorates soil quality and reduces crop productivity [15]. Salt stress is exacerbated by factors
such as industrial pollution, poor irrigation, and a growing human population, placing pressure on
the agricultural sector to produce more food from saline soils [16]. It varies in severity depending on
salt concentration, crop species, growth stage, and duration [17]. Saline-alkali land has high Na* levels
that cause hypertonic conditions, limiting water and nutrient uptake by plants. To avoid damage to
vital processes, plants accumulate excess Na* in vacuoles, but high Na* is toxic. Initially, osmotic
stress affects water balance, followed by ionic stress, where Na* uptake impairs K* uptake, causing
nutrient imbalances. Salt stress also leads to oxidative stress due to reactive oxygen species (ROS)
such as singlet oxygen ('O2), hydroxyl radical (OH), hydrogen peroxide (H202), and superoxide ions
(O2-) [18]. ROS disrupts subcellular structures such as chloroplasts, mitochondria, and membranes,
damaging macromolecules (proteins, lipids, DNA, carbohydrates) and triggering cell death [19].
Plants activate antioxidant systems to combat oxidative stress, but excessive ROS can damage
photosystem 1 (PSI) and II (PSII) in thylakoid membranes. Lipid peroxidation caused by ROS
formation leads to membrane damage, organelle dysfunction, and increased markers of oxidative
stress, such as protein oxidation and malondialdehyde (MDA) accumulation [20,21].

Watermelon belongs to the Cucurbitaceae, native to tropical areas of Africa near the Kalahari
Desert [22]. Watermelon is a popular fruit crop celebrated for its high water content, nutritional
benefits, and economic value [23]. It thrives in tropical and subtropical climates, flourishing in well-
drained soils with ample moisture and sunlight [24]. China is the world’s largest producer of
watermelon, with an annual output of 60.4 million tons, and in the USA, 1.5 million tons in 2025
(FAQO, 2025). However, the cultivation of watermelon is increasingly threatened by abiotic stresses,
especially salinity. Salt stress has detrimental effects on watermelon, negatively impacting seed
germination, vegetative growth, and physiological processes, reducing fruit yield and quality [25]).
Watermelon is considered moderately salt-sensitive, with growth and yield declining when soil
salinity exceeds 2-3 dS.m. Yield decrease due to salinity, 10% at EC 2.5 dS.m, 10% at 3.3, 25% at
3.5, and 50% at 4.5 dS.m™ [26]. This review focuses on salt stress's effect on watermelon growth and
development, and strategies to mitigate its impact.

2. Search Methodology

An iterative search approach was employed, utilizing Google Scholar, the World Wide Web, and
citation searching for relevant papers to identify studies done on watermelon under salinity stress.
The research articles were searched from 2020 to 2024 regarding studies on salinity stress in
watermelon. The search words were watermelon, growth, salinity stress, adaptation to salinity,
agriculture, and salinity. For specific information, such as salinity and agriculture, soil salinity, and
crop production, we searched research articles older than 2020.

3. Effects of Salt Stress on Watermelon Growth and Development:

3.1. Seed Germination and Early Growth

High salinity levels significantly hinder watermelon seed germination and early seedling vigor.
The osmotic imbalance caused by salt stress makes it difficult for seeds to absorb water, which delays
or even prevents germination [27]. Early seedling growth is compromised, leading to stunted root
and shoot development. Seedling production is the most important stage in the fruit production [28].
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A study by [29] was conducted to evaluate the effect of salinity and salicylic acid on the germination
of cucumber (Cucumis sativus cv. Super Dominus) and watermelon (C. lanatus cv. Crimson Sweet)
seeds using a completely randomized design with three replications. The treatments included four
salinity levels (0, 2, 4, 6 dS.m"! sodium chloride) and three concentrations of salicylic acid (0, 0.5, 1
mM). The results indicated that salinity significantly inhibited seed germination and seedling growth.
At the highest salinity level (6 dS.m"), cucumber and watermelon seeds showed the lowest
germination rates (18.79 and 10.33, respectively), germination percentages (86.65% for cucumber and
69.63% for watermelon), and seed vigor indices (17.93 for cucumber and 9.59 for watermelon).

A study evaluated the effect of different levels of irrigation water salinity on the emergence and
initial development of ‘Crimson Sweet’ watermelon and found negative effects on both emergence
and initial growth, but the reductions were lower during emergence and evaluated the impact of
different levels of irrigation water salinity on the emergence in watermelon seedlings and recorded a
decrease in emergence percentage (%) as the level of irrigation water salinity increased in the
substrate from 0.17 to 5.5 dS.m"[30]. These findings suggest high salinity levels significantly impair
seed germination and early seedling development in watermelon. Salt stress creates osmotic
imbalances that reduce water uptake, delaying or inhibiting germination.

3.2. Vegetative Growth:

Salt stress reduces leaf area, stem elongation, and overall biomass accumulation and directly
affects plant vegetative growth. The accumulation of sodium (Na*) and chloride (Cl") ions within
plant tissues disrupts cellular functions and leads to nutrient imbalances [31]. This disruption results
in stunted growth and diminished photosynthetic efficiency. A 2022 study examined the effects of
salt stress on the germination, development, and physiology of musk melon (Kalash, Durga), bottle
gourd (Crystal long, Nuefield), and squash (Green round, Squash malika). Seeds were exposed to saline
solutions (0-6.0 dS.m™), with germination monitored for 7 days and growth parameters assessed
after 30 days. Results showed that bottle gourd varieties had the highest germination rates (93.42%
and 85.56%), while musk melons (Kalash and Durga) had the lowest (58.36% and 54.54%). Increased
salinity significantly reduced shoot and root lengths across all cucurbits. Bottle gourd varieties
outperformed others in growth metrics, including leaf count, leaf area, and biomass. Chlorophyll
content declined with salinity, with Nuefield retaining the highest levels. Musk melon varieties
accumulated the most Na* and CI-, while bottle gourd varieties had the least. Overall, bottle gourd
exhibited the highest salt tolerance, while musk melon was the most sensitive. The best-performing
varieties under salt stress for this experiment were Nuefield (bottle gourd), Squash malika (squash),
and Kalash (musk melon), while Crystal long, Green round, and Durga were the most affected [32].

In a study by [33], the authors evaluated the salt stress responses of the watermelon cultivar
Crimson Tide and seven gourd genotypes under increasing salinity levels (0-16 dS.m™) over 30 days.
Measured parameters included stem length, shoot and root dry weight, leaf ion concentrations (Na*,
Ca%, K*), and Ca?/Na* and K*/Na* ratios. Salinity significantly reduced plant growth across all
genotypes, with gourds generally outperforming watermelon, except for Luffa cylindrica and
Benincasa hispida. Sodium (Na*) accumulation increased in all genotypes, with L. cylindrica showing
the highest levels and Birecik, the lowest. C. maxima, B. hispida, and L. cylindrica accumulated more
Na* than watermelon and other gourds. Higher Ca?/Na* and K*/Na* ratios correlated with greater
dry weight, while increased Na* negatively impacted biomass. Cucurbita and Lagenaria genera
exhibited greater salt tolerance than L. cylindrica, B. hispida, and watermelon.

In 2024, a study evaluated 48 watermelon genotypes under salt stress in a hydroponic
greenhouse system using Hoagland nutrient solution. Salt stress was gradually applied by increasing
NaCl levels to an EC of 8 dSm! over six days, followed by a 21-day exposure. Control plants were
maintained at 1.5 dSm? without added salt. Most genotypes showed a reduction in growth
parameters, such as the most significant decreases in plant height (19.7%) and fresh stem weight
(50.3%). However, certain genotypes such as W3, W4, W8, W9, and W19 increased values in traits
such as root length and leaf number, indicating potential tolerance mechanisms. Photosynthetic
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pigments (chlorophyll a and b, carotenoids) decreased, while SPAD values and PAR efficiency
slightly increased, suggesting some physiological adjustment. W36 was highly sensitive, whereas
W4, W14, and W64 maintained or improved pigment levels [34].

These findings suggest that salinity at germination and the seedling stage negatively impacts
watermelon crop growth and development.

3.3. Reproductive Development:

High salinity in soil delays flowering, reduces fruit set, and affects pollen viability and
fertilization processes, resulting in lower fruit yield and quality [35]. Prolonged salt exposure can
cause fruit cracking and lower sugar content, affecting the market value of the crop.

A study by [36], show that salinity decreased the number of inflorescences in two tomato
(Solanaceae) species (S. lycopersicum and S. chilense); however, in S. lycopersicum only the number of
flowers per inflorescence and sepal length decreased. External salt supply decreased pollen
production, and increased pollen viability ultimately reduced the stamen length. The fruit set was
not affected by salinity. However, fruit weight and size decreased in S. lycopersicum. S. chilense
inflorescences and fruits accumulated more sodium than S. lycopersicum. Sodium was located in the
male floral organs of S. chilense and in the non-reproductive floral organs of S. Iycopersicum. In
studies on another plant, salt stress experienced during the reproductive phase dramatically impedes
pollen development and viability, as shown by in vitro pollen viability and germination tests from
petunia, maize, and carrot plants grown under saline conditions [37-40]. Reduced seed set due to
hampered pollen fertility was also reported in rice [41,42] and wheat [43] grown in saline soils. Direct
experimental evidence was reported for a decisive role of pollen quality in maintaining fertility and
yield under salinity conditions was obtained in barley: The lower yield of a salt-sensitive cultivar was
overcome by cross-pollination with pollen from a salt-tolerant cultivar [44,45].

3.4. Physiological and Biochemical Responses:

The watermelon plant developed various adaptive mechanisms in response to salt stress, such
as osmotic adjustment, ion exclusion, and antioxidant defence systems. However, prolonged
exposure to high salinity levels can overwhelm these mechanisms, leading to oxidative stress and
subsequent cellular damage [46]. Another study aimed to assess the salt tolerance of six watermelon
genotypes (Crimson, Charleston Gray, Anarkali, Chairman, Sugar Baby, and Champion) under
varying salinity levels (1.5, 3, 4.5, and 6 dS.m" NaCl). At the highest salinity (6 dS.m™ NaCl), complete
mortality was observed in Chairman and Champion, while other cultivars showed varied mortality
rates (e.g., Crimson at 57%). Genotype Charleston Gray performed best across most growth
parameters, including root and shoot length, biomass, and leaf number. Champion showed the most
pronounced reduction in these traits, indicating its salt sensitivity. Salt stress reduced shoot and root
lengths, with the highest root length observed at 3 dS.m™! NaCl, especially in Charleston Gray [47].

Furthermore, plant fresh and dry weights were significantly reduced at higher salinity levels,
with Charleston Gray maintaining relatively higher values than other cultivars. Chlorophyll content,
nitrogen, and protein contents were also affected by salinity, with Charleston Gray showing better
retention of these traits. The study concluded that salt stress severely affects watermelon growth,
with salt-tolerant genotypes such as Charleston Gray maintaining better growth and biomass
accumulation. These results agree with previous studies that indicated salt stress reduces growth,
root size, and biomass in various crops A study on 22 watermelon genotypes, including a salt-tolerant
C. colocynthis accession, examined the effects of salt stress in an unheated greenhouse. Salt stress was
induced with NaCl at 0, 25, 50, and 100 mmol kg-!, with the highest level applied in stages to prevent
acute effects. Results showed that salt stress significantly reduced growth in shoot length, fresh and
dry weight decreasing by 61.44%, 60.75%, and 75.48%, respectively, under 100 mmol kg~ NaCl. These
findings align with previous studies in other crops, highlighting the detrimental impact of salinity on
plant development [48].
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3.5. Yield and Quality:

Salt stress significantly reduces watermelon yield and fruit quality. The accumulation of salts in
the soil limits fruit size, lowers sugar content, and decreases the overall nutritional value of the fruit
(Yetisir et al., 2006). These negative effects are more pronounced under prolonged or severe salinity
conditions. The addition of NaCl in the nutrient solution caused a reduction in all production
variables compared to the control treatment, regardless of K and Ca concentrations. These reductions
were around 46.39, 20.01, 19.25, and 17.35% for production, longitudinal diameter of fruit, transverse
diameter of fruit, and pulp thickness, respectively [49]. Reduced vitamin C content in mini
watermelon (Sugar Baby) was observed.

In an experiment, mini-watermelon plants were irrigated with five water mixtures composed of
varying proportions of tap water (TW; EC =0.54 dSm) and reject brine (RB; EC=9.50 dSm'), creating
salinity levels ranging from 0.54 to 6.90 dS.m* (M1-M5). These mixtures were applied in an open
hydroponic system using four substrates: coconut fibre (51) , washed sand (S2) , and two sand-rice
straw blends (53 and S4) . As salinity increased, fruit weight declined, with the sharpest drop (48.86%)
seen in coconut fibre under the highest salinity (M5). In contrast, sand and mixed substrates showed
smaller reductions (21-27%), with no significant differences between the control (M1) and low-
salinity treatment (M2) in these substrates. Fruit size (longitudinal and transverse diameters)
decreased with increasing salinity, although no significant interaction was found between substrates
and water mixtures. Coconut fiber consistently produced the largest fruits, with 11-14% larger
diameters than washed sand. Pulp pH showed a significant interaction (p < 0.01), being highest in S1
and declining with increasing RB, especially in S1 and S3 [50]. [51] studied the impact of saline water
on the yield and quality of two Chinese Cucurbit species, melon (C. melo cv. Huanghe) and
watermelon (C. lanatus. convar megulaspemus). The melon yields decreased with an increase in
water salinity. However, concentrations of glutamic acid content increased, but the concentration of
most amino acids did not change. The watermelon yields significantly decreased with an increase in
water salinity. However, fruit number, firmness, crude protein content, and essential amino acid
levels significantly increased with water salinity. Salt stress increased total soluble solids and Na*
concentrations, while Ca?* and Cl- concentrations were unaffected significantly in both Cucurbit
species.

Table 1. Effect of salinity on Watermelon growth and development.

Growth stages Studies References
Cucumber (C. sativus cv. Super Dominus) and [29]
. watermelon (C. lanatus cv. Crimson Sweet)
Seed germination and Early . )
rowth o Crimson sweet watermelon [30]
g Zucchini (C. moschata; C. maxima; C. moschata) (52]
genotypes,
Musk melon (Kalash, Durga), bottle gourd (Crystal
long, Nuefield), and squash (Green round, Squash [32]
Vegetative growth malika)
& g Watermelon cultivar Crimson Tide and seven gourd [33]
genotypes
48 watermelon genotypes [34]
Reproductive development S. lycopersicum and S. chilense [36]
Maize [38,39]
Carrot [40]
Rice [41,42]
Wheat [43]
Physiological and
Biochemical Responses Watermelon [47,48]
Spartina alterniflora [53]
Pisum sativum [54]
Yield and Quality Mini-watermelon [25]
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Melon (C. melo cv. Huanghe) and watermelon (C.
lanatus. convar megulaspemus

4. Strategies to Mitigate Salt Stress in Watermelon

Several strategies are used to enhance salinity tolerance in watermelon, such as using salt-
tolerant rootstocks, breeding salt-resistant varieties, and employing agronomic practices such as drip
irrigation and soil amendments [55]. Additionally, applying biostimulants and plant growth
regulators has shown promise in improving watermelon's resilience to salt stress [56].

4.1. Use of Salt-Tolerant Rootstocks

Currently, a fast and efficient way for horticultural crops to cope with biotic and abiotic stresses,
under the prism of sustainable crop management, is through vegetable grafting. Grafting technique
combines the desirable fruit traits of a scion (top plant) with the stress tolerance of a rootstock (bottom
plant) [57,58]. Root characteristics are significant in determining salt tolerance in melon plants and
salt-sensitive and salt-tolerant potato genotypes [59]. In contrast, [60] reported the role of scion
genotypes in the growth of grafted tomato plants, regardless of the salinity in the growing media,
whereas rootstock has little influence. Another study on tomatoes suggests that the characteristics of
the rootstock conferring salt tolerance also depend on the shoot genotype’s salt tolerance [61].
Moreover, research on cucumbers also suggested the role of the shoot genotype on the salt tolerance
of grafted cucumber seedlings [62]. Santa-Cruz et al. (2002) found an increase in growth and fruit
yield when a salt-sensitive tomato cultivar ‘"Moneymaker” was grafted onto a tolerant rootstock ‘Pera’
and irrigated with water containing 50 mM NaCl as compared to self-grafted plants. The eggplant
cultivar ‘Sugqiqie” (Solanum melongena L.) was improved under saline stress conditions when ‘“Torvum
Vigor’ (S. torvum Swartz) was used as rootstock [63] results showed that under saline conditions of
80 mM Na(l, the stem elongation inhibition of grafted seedlings was significantly lower than that of
own-root seedlings. Moreover, the growth of grafted seedlings was more vigorous than that of own
root seedlings, especially in roots.

Grafting of solanaceous crops gives better results than self-rooted plants when grown under
saline conditions. [64] observed that when watermelon (‘Fantasy’) was grafted onto ‘Strongtosa’
rootstock (C. maxima Duch.x C. moschata Duch.), it showed lower reductions in shoot weight and leaf
area on salinity than in ungrafted plants. Moreover, other experiments demonstrated that grafted
‘Crimson Tide’” watermelon C. lanatus (Thunb.) Matsumet Nakai] onto C. maxima and two Lagenaria
siceraria rootstocks resulted in higher growth performance than ungrafted plants under saline
conditions (8.0 dSm. Reduction in shoot dry weight was 41% in ungrafted plants while it varied
from 22% to 0.8% in grafted plants under the same saline conditions [65]. Grafting these genotypes
onto rootstocks capable of inducing salt tolerance to the scion can be used as one possible way to
reduce the detrimental effects of salt stress on high-yielding cultivars [66]. Another study showed
that Cucurbita (C. maxima and C. moschata) and Lagenaria (Lagenaria siceraria) rootstocks perform
better than watermelon, Luffa cylindrica, and Benincasa hispida under salinity stress by avoiding
physiological damage by accumulation of Na* ion in leaves (Yetisir and Uygur, 2009). Watermelon
salt tolerance can be improved by grafting watermelon onto salt-tolerant gourd (Lagenaria spp. and
Cucurbita spp.) rootstock. Nongrafted watermelon plants show fewer adverse effects in plant growth
parameters such as leaf surface area, leaf numbers, and total dry matter, which were negatively
affected by salt stress, than control plants grown under normal conditions. Grafted plants performed
better than nongrafted plants in plant growth parameters under saline conditions.

Citirex and Altinbas, two melon (C. melo L.) cultivars, were grafted onto commercial Cucurbita
rootstocks (Kardosa and Nun9075) and grown at two electrical conductivity levels 1.5 dS.m™ for
control and 8.0 dS.m™ for salt stress. Under the hypertonic salt stress, statistically significant negative
correlations existed between leaf proline and shoot dry biomass, leaf MDA, leaf, and root ion leakages
and leaf Na*. Also, under salt stress, growth and biomass production of grafted melons improved by
enhancing physiological (high leaf area and photosynthesis), biochemical (low leaf proline and
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MDA), and nutritional (low leaf Na* and ion leakage and high K* and Ca** contents). Citirex/Nun9075
and Citirex/Kardosa graft combinations exhibited the highest growth performance. Both Cucurbita
cultivars have high rootstock potential for salt stress tolerance in melon [67].

The study investigated the effects of Osmo priming as a method to enhance salt stress tolerance
in melon (C. melo L.) seeds exposed to different salinity levels. Seeds were soaked for 22 hours at 25°C
in the dark, either in distilled water (hydropriming) or a 0.5% KNOs solution (Osmo priming). After
drying, the seeds were placed in plastic boxes with blotter paper containing NaCl solutions at osmotic
pressures of 0.0 MPa (control), -0.3 MPa (mild stress), and -0.6 MPa (severe stress). Unprimed dry
seeds served as the control. The results showed that seed priming with water and KNO:s effectively
alleviates the negative effects of saline stress during the early stages of plant growth. However, under
severe salt stress, hydropriming was more beneficial, resulting in higher germination and better
initial growth compared to Osmo priming. Unprimed seeds should be avoided in saline-affected
areas, as they lead to poor germination rates and reduced seedling growth[68].

A greenhouse experiment evaluated the growth, yield, fruit quality, gas exchange, and mineral
composition of watermelon (‘Tex’), either ungrafted or grafted onto “‘Macis” and “Ercole’ rootstocks,
under two salinity levels (2.0 and 5.2 dS.m™) using Nutrient Film Technique (NFT). Salinity reduced
total yield due to a decrease in mean fruit mass rather than fruit number, while grafting increased
total yield by 81% compared to ungrafted plants. Salinity improved fruit quality across all grafting
combinations by increasing dry matter, total soluble solids, glucose, fructose, and sucrose, though
grafting itself had no significant effect on sugar content. Grafted plants had higher juice electrical
conductivity , but salinity increased peel percentage and decreased pulp percentage in grafted plants.
Grafting significantly increased leaf area (149% larger than ungrafted), while salinity reduced it by
38%. Salinity also decreased stomatal conductance (gs) by 39% and lowered CO; assimilation (ACO,),
particularly in ungrafted ‘Tex’ plants, with ACO, inversely correlated with leaf Na* and CI-
concentrations. Grafting enhanced potassium accumulation in stems and leaves, with ‘Tex/Ercole’
exhibiting the highest potassium levels, though salinity reduced potassium content, especially in
ungrafted plants [31].

4.2. Breeding Salt-Resistant Varieties

Breeding involves modifying the genetic make-up of current types to improve their
qualifications, efficacy, utility, and cost-effectiveness. A promising development in crop breeding is
the development of F1 hybrids that vary from cultivars regarding superior output, plant uniformity
concerning the fruit color, quality, fruit sizes, ripening date, freshness, and resilience to abiotic and
biotic challenges [69]. There are no reports of the application of ZNF (Zinc Finger Nucleases) or
TALENS (Transcription Activator-like Effector Nucleases) in cucurbits. However, CRISPR/Cas9 has
been applied successfully in the study of the control of cucumber fruit set [70]. Furthermore, a study
from Zhu et al. (2018) [71] found that watermelon plants treated with a salt solution had higher levels
of the transport protein HKT1;5, which is responsible for salt tolerance in plants. Additionally,
watermelon plants have also been found to have a high level of antioxidant enzymes, which help to
protect a plant from the detrimental effects of stress factors. Therefore, watermelon plants exposed
to salt stress had higher levels of antioxidant enzymes such as peroxidase, superoxide dismutase, and
catalase [72]. By using qRT-PCR, it was possible to ascertain the relative expressions of genes linked
to chlorophyll degradation, drought tolerance, and transcription factors (WRKY70-such as and
MYB96-such as), as well as ROS scavenging systems (Catalase Cu-Zn Superoxide dismutase,
Glutathione reductase, and ascorbate peroxide) [73].

Another study evaluated the salt tolerance of 121 watermelon germplasm resources at the
seedling stage to identify salt-tolerant types for breeding purposes. Seedlings were cultured in
Hoagland's nutrient solution with or without 150 mmol/L NaCl, and traits such as shoot fresh weight,
shoot dry weight, stem diameter, root length, root surface area, and SPAD value were measured after
8 days. Significant genetic variation was observed among accessions under salt stress, and correlation
and principal component analyses highlighted shoot fresh weight and root length as key indicators

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.0152.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2025 d0i:10.20944/preprints202506.0152.v1

8 of 17

of salt tolerance. Membership function analysis classified the germplasm into four groups: highly
salt-sensitive, weakly salt-sensitive, moderately tolerant, and salt-tolerant. Three accessions (Zaohua,
PI490377, and Zhongshihong) were identified as salt-tolerant, while three others (P1186489, P1494532,
and Dahongzi) were highly sensitive. These findings provide valuable materials for breeding salt-
tolerant watermelon varieties and for further research on salt tolerance mechanisms [74].

Six melon genotypes, including four winter and two summer melon landraces were evaluated,
under increasing salinity levels (0, 30, 60, and 90 mM NaCl). Salt stress reduced relative water content
(RWC) and membrane stability index (MSI), with salt-tolerant genotypes (Ghobadlu and Suski-e-Sabz)
maintaining higher levels. Oxidative stress indicators (H»O, and MDA) increased with salinity,
particularly in salt-sensitive genotypes (Samsuri and Kashan), while Ghobadlu and Suski-e-Sabz
exhibited stronger antioxidant enzyme activity, mitigating ROS damage. These tolerant genotypes
also accumulated more osmolytes (proline and soluble carbohydrates), aiding stress resistance.
Photosynthetic pigments declined under salinity, but Ghobadlu, Suski-e-Sabz, and Galia F1 retained
higher levels, supporting better photosynthetic efficiency. Biomass production decreased by 16.8%,
28.2%, and 41.5% at 30, 60, and 90 mM NaCl, respectively, with Ghobadlu, Suski-e-Sabz, and Galia F1
showing superior growth. A principal component analysis and cluster analysis grouped these three
as salt-tolerant, while Samsuri, Kashan, and Khatouni were classified as salt-sensitive. The findings
highlight A®C as a reliable selection tool for salt tolerance, and Ghobadlu and Suski-e-Sabz as
promising candidates for breeding salt-tolerant melon cultivars [75].

According to a study, the tolerance of different watermelon genotypes under saline conditions
was found. Twenty-two watermelon genotypes and accessions were grown in 0 mmol kg as the
control, 25, 50, and 100 mmol kg NaCl for saline stress conditions and stress indices were calculated
over the plant dry weights under the 100 mmol kg-1 salinity level to assess the salt tolerance of the
genotypes. Stress intensity was calculated as 0.76, indicating the highest dose of extreme salt stress
on the plants. The G04, G14, and G21 genotypes showed the highest K/Na and Ca/Na ratios in the
plant tissue and were salt tolerant. The decrease in dry mass at severe salt stress is 75.48%. The GMP
(geometric mean productivity) and STI (stress tolerance index) indices indicated that G04, G14, and
G21 could be prominent sources to develop salt tolerance varieties [48].

A study [34] reported that under salt stress (8 dSm™), the average root length of watermelon
genotypes declined from 61.73 cm (control) to 55.85 cm, indicating an 8.16% reduction in root
development. Chlorophyll a and b levels decreased by 17.1 and 13.6%, respectively, though specific
genotypes (e.g., W7, W15, and W28) exhibited an increase in these parameters, suggesting potential
tolerance mechanisms. Molecular marker analysis revealed that ISSR, SSR, and SRAP technologies
effectively differentiate salt-tolerant and salt-sensitive genotypes. Notably, the ISSR-DBDACA?7.540
band showed a strong association with photosynthetically active radiation (PAR) and MDA,
achieving the highest regression coefficient (42.7%). These findings emphasize the varying salt stress
responses among watermelon genotypes and highlight the critical role of molecular markers in
evaluating and improving stress tolerance.

The genetic resources identified from all these studies can be utilized to select the salt-tolerant
genotypes and incorporate them into breeding programs to develop more resilient watermelon
varieties.

4.3. Agronomic Practices Such as Drip Irrigation and Soil Amendment

Incorporating organic matter into the soil has been shown to enhance water-holding capacity
and improve soil structure, thereby reducing salt accumulation [76]. Efficient irrigation practices,
such as drip irrigation and sensor-based water application, have been found to minimize water loss
through evaporation and leaching, thus preventing salt build-up [12]. Excess salts in the root zone
can be leached by applying water over crop requirements, but proper drainage is essential to avoid
waterlogging. Applying specific soil amendments, such as gypsum or lime, can alleviate salinity
stress by displacing sodium ions and balancing soil pH, respectively [77].
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The effects of an apple-watermelon agroforestry system versus a watermelon sole-cropping
system under three irrigation levels (105 mm, 210 mm, and 315 mm) were examined over three years
in the arid region of central Ningxia, China. The research assessed how these systems influence
resource availability and watermelon performance. Findings revealed that the agroforestry system
extended the watermelon growth period, increased the leaf area index, and gradually enhanced
shade intensity. However, it generally resulted in lower soil moisture, leaf photosynthetic rates, and
yields than sole cropping. Notably, agroforestry slightly improved average fruit weight and total
soluble solids, under both low and high irrigation levels. Path analysis indicated that improved soil
water content in the agroforestry system boosted yield under certain conditions [78].

A study [79] reported a linear decrease in the percentage of emergence (20.27, 16.66, and 15.27%
) in three zucchini (Cucurbita moschata; C. maxima; C. moschata) genotypes, with increasing irrigation
water salinity ECw.

A greenhouse experiment examined the effects of salt stress on mini watermelon (Sugar Baby)
production. Salinity was induced with NaCl (5.0 dS.m™) and supplemented with potassium (50%)
and calcium (100%). Plants were grown in a coconut fiber-sand substrate (1:1) with drip irrigation,
manual pollination, and pruning. Data collected included fruit weight, dimensions, rind thickness,
pulp firmness, soluble solids, vitamin C, titratable acidity, and colorimetric properties. Results
showed that NaCl significantly reduced fruit production (-46.39%), longitudinal (-20.01%) and
transverse (-19.25%) fruit diameters, and rind thickness (-17.35%) due to osmotic stress. Potassium
and calcium supplementation improved yield (+46.12% and +17.38%) and fruit size. Pulp firmness
increased under salinity, stabilizing cell walls, while vitamin C content declined with salinity (-
39.13%). Salinity enhanced fruit color intensity and lycopene content, making the fruits darker red
(Hue < 50), preferred by consumers. At the same time, salinity reduced yield, and vitamin C,
potassium, and calcium improved fruit quality by enhancing firmness and color [80].

A study on Sugar Baby watermelon evaluated six salinity management strategies and two
nitrogen doses (50% and 100%) using a randomized block design. Plants were grown in 20 L
lysimeters with sandy loam soil and irrigated with low (0.8 dS.m™) or high (3.2 dS.m™?) salinity water,
applied at different growth stages. Physiological traits, including stomatal conductance,
transpiration, CO, assimilation, and water-use efficiency, were measured at 75 days after sowing
(DAS), while fruit yield parameters were recorded at 85 DAS. Results showed that salinity
significantly reduced all physiological variables, with the greatest declines observed when stress was
applied at the vegetative/flowering and fruit maturation stages. Stomatal conductance dropped by
35.02% at fruit maturation due to salt accumulation, while CO, assimilation was lowest under high
salinity, such as due to osmotic stress. Water-use efficiency improved with 50% nitrogen, which also
increased fruit mass (1,055.9 g), 18.27% higher than with 100% nitrogen. Salinity during early growth
stages led to smaller fruit diameters, whereas 50% nitrogen enhanced photosynthesis and fruit size.
In conclusion, salinity at critical growth stages severely impacted physiology and yield, while
moderate nitrogen application (50%) improved fruit quality and stress tolerance [81].

4.4. Application of Biostimulants and Plant Growth Regulators

4.4.1. Biostimulants

Biostimulants in modern sustainable agricultural practices are emerging as a promising
approach to enhance crop performance. Biostimulants are substances or combinations of naturally
occurring organic compounds that promote plant growth, particularly under challenging
environmental conditions [82]. Biostimulants come in various forms, including botanical extracts
such as seaweed extract, protein hydrolysates, vitamins, amino acids, anti-transpirants, non-
microbiological products, humic acid, fulvic acid, and their products. Unlike fertilizers or manures,
they are applied in small quantities, which sets them apart from these inputs [83].

Per the Fertilizer Amendment Order of 2021, biostimulants are defined as materials, microbes,
combinations designed primarily to improve nutrient absorption, enhance growth, increase yield and
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quality, and help plants withstand stress. Importantly, these do not include plant growth enhancers
or pesticides controlled by the 1968 Insecticide Act. In a study, two biostimulants, Ascophyllum
nodosum (Asc) seaweed and a silicon-based (5i), were tested on watermelon. Three salinity treatments,
i.e, 0 mM, 50 mM, and 100 mM NaCl were given to watermelon seedlings, and the foliar spray of
biostimulants was done. Relative water content was increased by Asc in the high salinity level. The
plant area, shoot dry weight, and leaf number were decreased with an increase in salinity level.
However, total root length and surface area were increased by 50 mM salt, as well as Asc in some
cases. The OJIP transient of the photosynthetic apparatus was also assessed. Following the
application of Asc, certain OJIP parameters decreased under high salinity conditions. Overall, it is
concluded that Asc induced a positive phenotypic response after salt stress, whereas silicon (5Si) did
not mitigate the effects of salinity stress in transplanted watermelon [84].

Another study reported that salt-stressed watermelon plants exhibited the most favourable
morphological and biochemical responses when treated with a combination of silicon (4 mM), Glomus
mosseae, and Gigaspora gigantea. This treatment also led to reduced osmotic activity, electrolyte
leakage, and peroxide content. Treatments involving silicon (4 mM) with either G. mosseae or G.
gigantea individually showed similarly significant improvements across most evaluated traits,
outperforming treatments with either mycorrhizal species alone. Additionally, the antioxidant
capacity of watermelon was notably enhanced under salinity stress when inoculated with the AMF-
silicon combination. Overall, the joint application of arbuscular mycorrhizal fungi (AMF) and silicon
appears to be an effective strategy for alleviating salinity stress in watermelon [85].

Melatonin (MT) is an extensively studied biomolecule with dual functions, serving as an
antioxidant and a signaling molecule. Trichoderma Harzianum (TH) is widely recognized for its
effectiveness as a biocontrol agent against many plant pathogens. However, the interplay between
seed priming and MT (150 um) in response to NaCl (100 mM) and its interaction with TH was
investigated. The study aimed to evaluate the potential of MT and TH, alone and in combination, to
mitigate salt stress in watermelon plants. The results demonstrated that treatments with MT and TH
individually mitigated adverse effects of salt stress. Notably, the combined application of MT and
TH produced a pronounced positive impact by enhancing plant growth, photosynthetic activity, gas
exchange parameters, chlorophyll fluorescence indices, and ion homeostasis (with decreased Na*and
increased K* levels) [86].

MT and TH effectively reduced oxidative stress by suppressing hydrogen peroxide
accumulation under both saline and non-saline conditions, as evidenced by decreased lipid
peroxidation and electrolyte leakage. The combination also significantly alleviated salt-induced
oxidative damage through the activation of antioxidant defence mechanisms, including the AsA-
GSH (Ascorbate-Glutathione) cycle, glyoxalase pathway, accumulation of osmolytes, and the
upregulation of stress-responsive genes. Furthermore, transmission electron microscopy (TEM)
confirmed the preservation of chloroplast ultrastructure under salt stress [86].

4.4.2. Plant Growth-Promoting Microbes and ISR (Induced Systemic Resistance)

The plant's microbiome plays a significant role in its growth and development. The soil microbe-
plant interactions are complex and are significant in plants’ growth and development [87]. Around
10 billion microbes are found in 1 gram of rhizosphere soil and plant roots [88]. Plant roots release
exo-metabolites that enrich the rhizosphere with carbon, fostering a microbiome that reciprocally
aids the plant through nutrient supply, pathogen suppression, and phytohormone modulation [89].
These microbes, which can be bacteria, fungi, and viruses, exhibit several plant growth-promoting
traits such as phosphate solubilization, Indole-3-acetic acid (IAA), Nitrogen fixation, siderophore,
catalase, ammonia production, ACC deaminase and protease activity and help plant’s growth and
development[90,91]. The bacteria and fungi associated with the plant’s rhizosphere affect the host
plant’s immunity, nutrient acquisition, stress tolerance, and pathogen abundance [92]. Plants recruit
plant growth-promoting bacteria to deal with salinity stress. [93]. In a study [94], the isolation of
PGPR from the rhizosphere of native plant Ceanothus velutinus exhibited several plant growth-
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promoting traits such as the ability to fix nitrogen, siderophore production, and phosphate
solubilization.

The study explored the effects of salinity-tolerant bacteria isolated from saline agricultural soils
on the growth of cucumber (C. sativus cv. Royal) seedlings. Fifty bacterial isolates were screened for
their tolerance to salinity and drought and their abilities to solubilize phosphate and produce plant
growth-promoting compounds such as auxin, siderophores, and hydrogen cyanide. Among them,
isolates K4, K14, K15, and C8 showed the highest resistance to salinity and drought in vitro. Notably,
isolates C8 and K15 exhibited the greatest auxin production (2.95 and 2.87 ug mL-, respectively) and
significant siderophore production (14% and 11%). In addition, C8 and K14 demonstrated strong
phosphate solubilization activity, with values of 184.64 and 122.11 pg mL-, respectively. Statistical
analysis indicated that these four potent isolates significantly improved all measured growth
parameters in cucumber plants under salinity stress over a six week. Specifically, plant height
increased by 41%, fresh and dry biomass by 35% and 7%, respectively, and the leaf area index by
85%. The most effective isolate, C8, was identified as Bacillus subtilis through 16S rDNA sequencing
[95].

These findings support using beneficial microbes to enhance crop productivity in saline soils as
a sustainable strategy.

Table 2. Mitigation strategies for salt stress.

Strategies Study Refences
Potato [59]
Tomato [60,61]
Use of salt-tolerant rootstocks Egg plant [63]
Watermelon [31,33,64,65,67,96]
Melon [67,68]
Breeding salt-resistant varieties Watermelon [34,48,71,74,75]
Watermelon [78,79,97]
Agronomic practices Zucchini [79]
Mini-watermelon [80,81]
Biostimulants Watermelon [84-86]
Plant-Growth-Promoting Microbes Cucumber [95]

5. Challenges and Future Perspectives

Salt stress is a vital question to address in breeding economic crops for resistance, severely
inhibiting plant growth and development, influencing yield and quality. To tackle the issue of plant
salt stress, future efforts should focus on two directions: Firstly, actively utilizing whole-genome
analysis and transcriptome sequencing technologies to mine salt-tolerant genes from germplasm
resources, exploring practical research on applying gene editing, agrobacterium infection, virus-
induced gene silencing, and nanoparticle technologies for the functional validation of salt tolerance
genes in cucurbit crops and secondly, utilizing biotechnological methods, such as transgenic
engineering, as well as through soil improvement and irrigation adjustments.

While the increasingly refined reference genomes of cucurbit plants and the continuous
development of modern molecular biology tools have made it possible to study the salt response
mechanisms of these species, challenges such as time-consuming genetic transformation systems and
low transformation rates mean that the molecular mechanisms of salt tolerance, such as in cucurbits
are continuously lacking and primarily understood at the physiological and biochemical levels.
Therefore, promoting the development of an effective genetic transformation system is a crucial
avenue for exploring the molecular mechanisms of salt tolerance in cucurbit crops. In addition,
grafting and applying exogenous nanomaterials and hormones can be used to alleviate salt stress in
Cucurbitaceae. Nevertheless, the donor's application rate and the rootstock selection require further
investigation tailored to specific plant species and growth stages.
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Moreover, plant growth-promoting bacteria remain an underexplored tool in salt stress
mitigation. Particularly under abiotic stresses, despite of their proven potential to mitigate plant
stress, their application in managing salinity stress in crops such as watermelon has received limited
research attention. Future studies should focus on elucidating the underlying mechanisms by which
PGPB confer salt tolerance in watermelon, alongside efforts to develop effective and crop-specific
microbial formulations.

6. Conclusion

Climate change exacerbates abiotic and biotic stresses by enhancing and altering extreme
weather events, accelerating soil degradation and pathogen outbreaks. Plants, being sessile, are
particularly vulnerable to biotic and abiotic stresses, such as drought, floods, soil salinity, extreme
temperatures, and heavy metal toxicity, which disrupt key physiological and biochemical processes,
impairing growth and reducing productivity. Salinity is a critical threat, particularly for crops such
as watermelon. The problem is intensifying in many agricultural regions due to climate change,
improper irrigation practices, and the progressive salinization of soils. Excessive salt, especially Na*,
degrades soil quality and inhibits plant development by hampering seed germination, vegetative
growth, and essential physiological functions, ultimately decreasing fruit yield and quality. Several
strategies can be employed to improve salt tolerance in watermelon, such as the use of grafting for
salt-tolerant rootstocks, breeding salt-resistant cultivars, agronomic interventions such as drip
irrigation and soil amendments, and applying biostimulants and plant growth regulators. Root traits
are pivotal in determining salt tolerance in melons and salt-sensitive and salt-tolerant genotypes of
other crops. Breeding programs aim to enhance crop performance by modifying the genetic makeup
of existing varieties to improve traits such as stress tolerance, efficiency, and cost-effectiveness. In
addition, biostimulants and plant growth-promoting microbes, including AMF, play a vital role in
plant health and development. Through the release of exo-metabolites, plant roots create a carbon-
rich environment that fosters microbial colonization. In return, these beneficial microbes support
plant growth by facilitating nutrient acquisition, suppressing pathogens, and modulating
phytohormone levels.

SALT
STRESS

EFFECTS
Reduced seed
germination and
seedling vigour
Stunted root and
shoot
development
Reduced leaf area

Mitigation strategies

¢ Use of salt-
tolerant rootstocks
* Breeding of salt-
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and overall * Soil amendments
biomass * Useof
Delays flowering biostimulants and
Lower fruit yield PGPBs

and quality

Figure 1. Impact of Salt Stress on watermelon and mitigation strategies.
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