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Abstract: Soil salinization severely limits the quality and productivity of economic crops, threatening
global food security. Recent advancements have improved our understanding of how plants perceive,
signal, and respond to salt stress. The discovery of the Salt Overly Sensitive (SOS) pathway has
been crucial in revealing the molecular mechanisms behind plant salinity tolerance. Additionally,
extensive research into various plant hormones, transcription factors, and signaling molecules has
greatly enhanced our knowledge of plants’ salinity tolerance mechanisms. Cucurbitaceae plants,
cherished for their economic value as fruits and vegetables, display sensitivity to salt stress. Despite
garnering some attention, research on the salinity tolerance of these plants remains somewhat
scattered and disorganized. Consequently, this article offers a review centered on three aspects: the
salt response of Cucurbitaceae under stress; physiological and biochemical responses to salt stress;
and the current research status of their molecular mechanisms in economically significant crops,
like cucumbers, watermelons, melon, and loofahs. Additionally, some measures to improve the
salt tolerance of Cucurbitaceae crops are summarized. It aims to provide insights for the in-depth
exploration of Cucurbitaceae’s salt response mechanisms, uncovering the roles of salt-resistant genes
and fostering the cultivation of novel varieties through molecular biology in the future.

Keywords: salt stress; SOS; transcription factors; Cucurbitaceae; molecular mechanisms

1. Introduction

Soil salinization has become a global obstacle that impedes plant growth and endan-
gers food security [1]. UNESCO reports indicate that approximately one billion hectares
globally are affected by salinization, and it is projected that, by 2050, salinization will impact
50% of the arable land, thereby posing substantial risks to the future food supply [2]. The
exacerbation of saline soils results from both global climate change and human activities,
such as excessive chemical use and poor irrigation practices. These factors contribute to
the steady expansion of affected areas [3]. In response to deteriorating soil conditions,
plants have developed complex physiological, biochemical, and molecular mechanisms to
cope with different levels of salt stress (Figure 1) [4,5]. Physiologically, these adaptations
include (1) ion regulation and compartmentalization [6]; (2) the synthesis of compatible
solutes or osmotic adjustment substances, like proline, sugar alcohols, and anthocyanins;
(3) early flowering or early stomatal closure [7]; and (4) alterations in root development [8].
Biochemically, plants respond through (1) the activation of antioxidant enzyme and non-
enzymatic antioxidant systems, such as glutathione and carotenoids, which help protect
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against oxidative stress [9]; (2) the production of plant hormones and phenolic compounds;
and (3) adjustments in the photosynthetic pathway [5]. Molecular mechanisms under salt
stress include: (1) gene expression, involving genes related to ion transporters, compatible
solute synthesis, hormone synthesis, and free radical scavenging enzymes [4,10]; (2) the
SOS pathway [11]; (3) transcriptional regulation, such as the WRKYs and NAC TF fam-
ily [12]; (4) hormone regulation [13]; and (5) signal transduction, such as the Ca2+ signaling
pathway [14] and the MAPK cascade signaling pathway [15]. As shown, there are two or
more levels of adaptation to salt stress. Salt reaction causes physiological, biochemical,
and molecular changes, which can be used to maintain plant homeostasis and alleviate
salt stress.
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Cucurbitaceae, encompassing crops like melon (Cucumis melo), watermelon (Citrul-
lus lanatus), cucumber (Cucumis sativus), pumpkin (Cucurbita moschata), loofah (Luffa cylin-
drica), and zucchini (Cucurbita pepo), are not only staples in our diet with significant eco-
nomic value [16] but are also notably sensitive to a series of biotic and abiotic stresses,
particularly salt stress [11,17]. Presently, soil salt stress represents a critical abiotic factor
curtailing the yield of economically important crops such as Cucurbitaceae. Concentrating
research on plants’ response pathways to salt stress and external improvement techniques
holds remarkable potential for enhancing plant salt tolerance, boosting crop yield, and
improving crop quality [18]. Accordingly, this focus has become a primary research in-
terest for many plant physiologists, biochemists, molecular biologists, geneticists, and
breeders. Moreover, given the escalating severity of soil salinization, enhancing the use
of saline-alkali land and investigating molecular regulatory mechanisms and metabolic
pathways for plant salt tolerance carry significant theoretical and practical implications for
the cultivation of saline-alkali land and the breeding of salt-resilient crops [19].

The plant response to salt stress encompasses nearly every facet of plant physiology
and metabolism, thereby rendering the salt response signaling network exceptionally
intricate [20]. This article seeks to deliver an exhaustive overview of the detrimental
results of salt stress on Cucurbitaceae plants, their responses, the SOS pathway, and the
current research status of salt tolerance mechanisms in economically important crops, like
cucumber, watermelon, and loofah. Delving into the similarities between Cucurbitaceae
plants’ salt response mechanisms and the salt tolerance traits of other plants is paramount.
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Understanding the Cucurbitaceae salt response network, uncovering salt-resistant genes,
and fostering the development of new varieties through molecular biology in the future
hold significant importance.

2. Salt Stress Detriment and Response
2.1. Salt Tolerance and Hazards of Different Cucurbitaceae

Research indicates that salt stress profoundly impacts the growth and development
of Cucurbitaceae [21]. Salt stress affects Cucurbitaceae plants’ water absorption, cell
elongation, lateral branch development, seed germination, photosynthesis rate and nutrient
absorption and adversely impacts overall plant growth [22]. Since, the high concentration
of sodium and chloride ions in saline soils creates an environment of high osmotic pressure,
limiting the uptake of water and nutrients by Cucurbitaceae crops cells and contributing to
the accumulation of excessive salt ions intracellularly [23]. This results in stunted seedlings,
chlorosis, underdeveloped root systems, and even yellowing, wilting, and, in extreme cases,
plant death [11].

Cucurbitaceae contains a variety of species, and the sensitivity to salt varies signifi-
cantly among different species. The salt tolerance of different germplasm materials also
showed some differences among the same species [24]. Numerous investigations con-
ducted have shown that the stress effect is closely related to factors such as the intensity
and length of stress, as well as the characteristics of the plant itself [25]. The variation
in salt tolerance among different species of Cucurbitaceae can be attributed to several
factors, including specific physiological mechanisms such as ion homeostasis and osmotic
adjustment, unique gene expression and regulatory patterns, distinct morphological struc-
tures, and adaptations to different ecological niches such as coastal areas, saline soils, and
diverse geographic distributions. These factors collectively contribute to the diverse and
complex nature of salt tolerance within Cucurbitaceae [6,26,27]. Together, these differences
lead to the diversity and complexity of salt tolerance among different genetic resources of
Cucurbitaceae [25,28–30]. At present, it is believed that, among the Cucurbitaceae plants,
pumpkin and melon have a better salt tolerance; loofah, watermelon, and bitter gourd
have a relatively high sensitivity to salt; and cucumber has the highest sensitivity to salt
stress [31]. Next, we will illustrate salt sensitivity between different species based on early
salt tolerance assessments for several species such as cucumber, pumpkin, watermelon,
and melon. Important evaluation indexes of salt tolerance are shown in Figure 2.
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Cucumber ranks among the most widely cultivated vegetables worldwide. However,
cucumbers are sensitive to salt stress, with young seedlings in saline soils exhibiting
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significant and reduced growth indicators [21]. In investigating the salt tolerance of seed
germination, salt stress not only delayed the germination rate of cucumber seeds but
also greatly diminished the germination rate and stem length of cucumber seeds at salt
concentration (200 mM) [32]. In addition, root length was significantly reduced for all
treatments. However, the fresh weight of cucumber increased at lower levels of salt stress
(25 and 50 mM NaCl), but decreased significantly at higher levels, and the dry weight
decreased significantly at all levels of salt stress [25]. In the evaluation of salt tolerance in
different cucumber genetic germplasms, 100 mM NaCl and 150 mM NaCl were usually
used as suitable concentrations for assessing salt tolerance in seedlings [26]. At 100 mM
treatment, most of the germplasm showed salt damage traits, and under 150 mM NaCl
treatment, all cucumber seedlings showed salt damage traits, such as leaf wilting, yellowing,
and death [24].

Watermelon also has a relative tolerance to salt stress; so, it serves as an excellent model
crop for studying salt stress-induced responses [33]. Levels of 120 mM NaCl can reflect the
degree of salt damage among watermelon germplasm resources with different salt tolerance
abilities, indicating their salt tolerance at the germination stage [34]. Additionally, 150 mM
NaCl is often used in salt stress experimental treatments for watermelon seedlings [6].
Under these conditions, the biomass and growth potential of watermelon seedlings decrease
significantly [34]. Early studies reported that, at salt concentrations greater than 75 mM
NaCl, the growth of watermelon seedlings will be inhibited. Moreover, the stress levels
in watermelon seedlings intensified with the rise in salt concentrations, and when the
salt concentration was greater than 150 mM NaCl, seedling expansion and maturation
were significantly impeded, which drastically diminished the production and quality of
watermelon. A study on watermelon seedlings treated with 150 mM NaCl revealed that salt
stress markedly decreased biomass and K+ levels in roots and leaves, while significantly
elevating Na+, Cl−, and MDA contents. Notably, salt-tolerant varieties exhibited higher
physiological indicators, such as K+ accumulation, Cl− levels, and MDA content, compared
to salt-sensitive varieties [6].

Although melon can be cultivated in saltpans due to its moderate salt tolerance, there
is a risk of soil salinization during production [35]. Prior research has assessed the ability
of various melon cultivars to withstand salt throughout the seed and seedling phases.
Curiously, melons with thicker skins can withstand more salt than those with thinner
skins [30]. The concentration of melon salt treatment is usually about 200 mM NaCl. Low
concentrations of NaCl stress have been shown to enhance the osmotic regulation of cells
and facilitate melon seed germination; however, as NaCl concentration rises to 100 mM,
melon seed germination is severely inhibited, leading to a reduction in seed germination
potential, germination index, and vigor index, as well as a longer germination period [25].
According to [36–39], and other studies, melon seeds under salt stress showed a reduction in
coaxial length, radicle length, and fresh weight as the concentration increased. Additionally,
the inhibitory effect gradually increased as the stress time extended. Interestingly, not all
outcomes of salt stress on melon are negative. In field salinity experiments, the thickness
of the fruit may not be affected by salt concentration, while the sweetness of the fruit
can increase due to the reduction in fruit size and the increase in sugar transport by the
phloem caused by moderate salinity [25,38]. On the other hand, melon’s physiological
indices and growth parameters declined as the salt concentration increased. According
to [30], there was a considerable decrease in the leaf relative water content, pigment content,
stomatal density, leaf area, biomass, and K+ concentration in leaves and stems, and leaf
and stem K+/Na+ ratio. This finding aligns with previous research on cucumbers, rice,
and sorghum. Furthermore, salt stress affected not only fruit output, but also some fruit
physical characteristics, such as size and pulp percentage [36–39].

Another prominent member of the Cucurbitaceae family of vegetables is the pumpkin,
which is more resistant to salt than other Cucurbitaceae species. If NaCl was used to stress
pumpkin at a concentration of 120~240 mM, the changes in growth indexes or physiological
and biochemical indexes were significantly different among different pumpkin germplasm
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materials [40]. Due to its greater salt tolerance, it is often used as a grafted rootstock for
other family members, including cucumbers, watermelons, and melons [41,42]. Tarchoun
assessed the salt tolerance of 15 native varieties of Tunisian pumpkin by utilizing 12 agro-
nomic characteristics, including germination rate, shoot length, root length, and fresh
weight, as well as 3 biochemical traits, MDA, proline, and chlorophyll [31]. The feasibility
of selecting salt-tolerant pumpkin germplasm early on based on germination and seedling
growth potential under salinity stress was presented in this work. Huang et al. [43] pro-
vided a solid scientific foundation for the breeding of Cucurbitaceae. They also contributed
significantly to understanding the molecular mechanisms underlying the variation in salt
tolerance between cucumber and pumpkin, suggesting that the latter’s high accumulation
of H2O2 at the root tip and the former’s strong K+ absorption capacity play key roles. In
addition to these cucurbit crops, people also frequently eat loofah [3], bitter gourd [44], and
zucchini [45], yet there is little research on the salt tolerance of these crops.

2.2. Salt Response of Cucurbitaceae from a Physiological Point of View

The excessive accumulation of Na+ and Cl− can interfere with the absorption of K+,
Ca2+, and other vital nutrients, contributing to salt toxicity in Cucurbitaceae and many
other plants [6]. High concentrations of Na+ can also disrupt cellular osmotic balance,
compromise membrane functions, and increase reactive oxygen species (ROS), thereby
adversely affecting normal plant growth [11,17,46–48]. Additionally, Cl− can disrupt cell
membrane systems and organelle structures, leading to a decline in chlorophyll content
and hindering the photosynthesis of Cucurbitaceae [31]. Thus, preserving the intracellular
Na+/K+ balance is the main embodiment of the salt tolerance mechanism of Cucurbitaceae.
As the research deepened, scientists found that, under salt stress, Cucurbitaceae can expel
sodium from the roots, or absorb sodium, transport it to the aerial parts and sequester
in vacuoles [37,49]. The capability to sequester sodium and sustain a high Na+/K+ ratio
has been shown to be a significant feature of tolerant melon cultivars in both seedling
studies [25] and field trials [38,50].

To address osmotic imbalance, Cucurbitaceae can synthesize some macromolecular
organic compounds, such as sugars, alcohols, polyamines, etc., to improve the osmotic
potential of cells and improve the water absorption capacity under high salt conditions [51].
In addition to synthesizing organic matter, ion compartmentalization can also alter the
osmotic potential of cells and improve salt tolerance in Cucurbitaceae [52]. Under salt
stress, cucumber mainly absorbs K+ from the environment into cells through the potas-
sium ion transporter CsAKT1, while pumpkin absorbs K+ from the environment into cells
through the potassium ion transporter HAK5, thereby increasing intracellular osmotic
pressure [43,53]. For Na+, on the one hand, Cucurbitaceae reduces the absorption of Na+

and increases the efflux of Na+ through the high-affinity sodium ion /potassium ion trans-
porter HKT, and on the other hand, the Na+ that enters the cytoplasm is transported into the
vacuole by the Na+/H+ antiporter (NHX) located on the vacuolar membrane. This trans-
port process helps to create a high osmotic potential within the vacuole compared to the
cytoplasm and apoplast, thereby maintaining a normal metabolic activity in the cell [54,55].
Among them, the regulation of pumpkin CmoHKT1;1 [56] and melon CmHKT1;1 [55]
activity in response to salt stress has been well studied. Additionally, the plasma membrane
Na+/H+ antiporter SOS1 can promote Na+ efflux, helping to maintain Na+/K+ balance and
osmotic balance. Different from the above studies, Zhang et al. found an inward Shaker K+

channel in salt-tolerant melon varieties, MIRK (melon inward rectification K+ channel) [57],
and also demonstrated that external Na+ can inhibit the activity of MIRK channels.

Previous studies have also demonstrated that halophytes regulate stomatal openings
to mitigate moisture loss and wilting. A comparable mechanism has been observed within
the Cucurbitaceae family. In grafting experiments, it was observed that cucumbers grafted
onto pumpkins exhibited rapid stomatal closure, facilitating adaptation to osmotic stress
caused by salinity [7]. Salt stress can also impact root development in plants, prompting
the formation of adventitious roots that enhance nutrient and water absorption capac-
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ity. Research indicates that conventional plant hormones like ethylene [58] and gaseous
molecules such as hydrogen sulfide [59] serve as signaling agents involved in adventitious
root development under salt stress in cucumbers.

2.3. Salt Response of Cucurbitaceae from a Biochemical Point of View

Similar to heat and drought stresses, salt stress frequently induces an excessive ac-
cumulation of ROS in cucumbers [52], watermelon [60], melons, pumpkins [30], and
loofahs [61]. ROS such as O2

−, H2O2, and OH− are known to damage cell membranes
via lipid peroxidation, disrupt DNA strands, deactivate essential enzymes, and disturb
redox homeostasis, severely impairing plant growth [62]. To mitigate ROS accumula-
tion, plants have developed antioxidant defense systems that include both enzymatic and
non-enzymatic components.

Numerous experiments have demonstrated a significant increase in the activity of
antioxidant enzymes such as SOD, CAT, and POD in Cucurbitaceae seedlings under salt
stress, contributing to the maintenance of redox homeostasis and reduction in salt toxic-
ity [60]. Non-enzymatic antioxidants like carotenoids, glutathione, and ascorbic acid not
only directly scavenge ROS to mitigate oxidative stress but also serve as substrates within
ROS scavenging systems [1]. Consequently, these substances often serve as indicators of
salt tolerance.

Salt stress exerts significant effects on plant photosynthesis [62]. Stomatal closure
induced by salt stress reduces water loss but also diminishes the intercellular CO2 concen-
tration within leaves. Consequently, this diminishes NADPH availability to the Calvin
cycle, constrains chlorophyll synthesis and Rubisco activity, and impairs the photosynthetic
electron transport chain. Importantly, the suppression of the photosynthetic electron trans-
port chain by salinity also fosters the excessive accumulation of ROS. This ROS buildup
further accelerates chlorophyll degradation, decreases the photochemical efficiency of
photosystem II (PSII), creating a detrimental feedback loop [63].

Furthermore, plant hormones and phenolic compounds have demonstrated protective
benefits for biological systems under salt stress conditions [64]. The levels of polyphenols
and phenols in cucumbers significantly increase under salt stress [32]. Additionally, salt
stress promotes the accumulation of osmotic regulators such as soluble sugars and proline,
which significantly reduces MDA content and relative leaf conductivity in Cucurbitaceae
crops [65].

3. Research on Salt Stress at the Molecular Level
3.1. Gene Expression in Response to Stress

Cucurbitaceae is a vital cash crop, making it essential to understand the regulatory
mechanisms of its salt tolerance. The main molecular regulation mechanism of Cucur-
bitaceae is shown in Figure 3. Through the cloning and analysis of candidate genes in the
recombinant inbred line population produced by crossing salt-tolerant and salt-sensitive
line, it was found that salt tolerance in cucumber seedlings is a quantitative trait governed
by multiple genes, aligning with findings in watermelon studies [6], melon [39], and other
species. In addition, qST6.2, an important locus regulating salt tolerance in cucumber
seedlings, was identified, which paved the groundwork for the precise mapping of cucum-
ber salt tolerance genes [29]. Subsequently, 220 cucumber materials enabled genome-wide
association study (GWAS) and salt tolerance gene identification, which further verified
the complexity of cucumber salt tolerance genes, and the expression of salt tolerance
genes was variable among different germplasms and species, which provided an effective
basis for subsequent research on cucumber seedling salt tolerance genes and molecular
mechanisms [28].
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The expression of various related genes in Cucurbitaceae under salt stress enhanced
the salt tolerance of Cucurbitaceae plants through different response modes [30]. First,
under salt stress, specific transcription factors, such as DREB, bZIP, and NAC, bind to
cis-regulatory elements like DRE, ABRE, and NACR, respectively, activating the expres-
sion of downstream target genes involved in osmotic adjustment, ion homeostasis, and
antioxidative defense, thus enhancing salt tolerance [66]. Second, salt tolerance genes such
as HKT1;1, SOS1, and NHX1 are transcribed and translated into proteins that function in
sodium exclusion, sequestration, and compartmentalization, directly contributing to the
improvement in plant salt tolerance [55]. Third, the expression of salt-responsive genes
is modulated by complex gene networks and signaling pathways, where key regulatory
genes interact with each other through feedback and cross-talk mechanisms, fine-tuning
the overall salt stress response and adaptation in plants [67]. These salt-tolerant genes can
be broadly divided into five categories: those involved in ion balance, those involved in the
regulation of reactive oxygen species, those involved in transcriptional regulation, those
involved in hormone regulation, and those involved in signal transduction [68]. However,
some genes may respond to salt stress by mediating multiple regulatory types, such as
circular RNAs (circRNAs) [69]. In recent years, some reports have indicated circRNAs are
also vital in salt stress responses in plants, such as tomatoes [70] and maize [71]. How-
ever, at present, only circRNAs in cucumber have been identified and characterized in
Cucurbitaceae, which may be involved in the corresponding pathways of transcription,
signal transcription, cell cycle, metabolic adaptation, and ion homeostasis in response to
salt stress [72]. Over the years, significant progress has been achieved in understanding
salt tolerance genes for Cucurbitaceae salt stress, and more and more, salt tolerance genes
have been identified and verified, especially for cucumber, as shown in Table 1.

Table 1. Cucumber mainly identified salt response genes and mechanisms.

Gene Name Specific Mechanism Key Regulatory Classification References

CsAKT1 Involved in K+ uptake under salt stress Ionic homeostasis [53]
CsHAK5;3 Involved in K+ uptake under salt stress Ionic homeostasis [54]

CsSOS1/2/3 Facilitates Na+ extrusion, regulates intracellular
Na+/H+ homeostasis Ionic homeostasis [73]

CsAQPs Involved in water molecule transport Ionic homeostasis [67]
CsABF ABA-responsive element, involved in salt stress Hormone regulation [7]
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Table 1. Cont.

Gene Name Specific Mechanism Key Regulatory Classification References

CsERF Ethylene response element, regulates salt stress
through ethylene Hormone regulation [74]

CsYUC Upregulated to elevate the auxin level Hormone regulation [75]

CsCAT3 Degrades H2O2 into H2O and O2, scavenges reactive
oxygen species ROS regulation [76]

CsTGase Increases endogenous PA content and ROS
scavenger capacity ROS regulation [77]

CsMAPKs Involved in the signaling pathway of salt stress response,
as well as the response to plant hormones Signal transduction [15]

CsPP2-A1 Osmoregulation and reactive oxygen species
(ROS) homeostasis Multiple regulation [78]

CsATG Autophagy gene, degrades proteins or organelles
damaged by salt stress Autophagy [21]

CsSAM Activates PA metabolic pathway, increases PA quantity Signal transduction [13]

CsPNG1 Involved in the ER-associated degradation
pathway (ERAD) Unknown [79]

CscircRNAs
Potentially mediates transcription, signal transduction,
cell cycle, metabolic adaptation, and ion homeostasis in

salt stress response
Multiple regulation [72]

CsPti1-L A gene for a cytoplasmic protein kinase that may be
involved in ABA signaling Signal transduction [80]

CsbHLH041 Enhances salt and ABA tolerance in cucumber seedlings Transcriptional regulation [81]
CsNAC032 The upregulation of salt stress may play a defensive role Transcriptional regulation [82]

CsMYBs Involved in hormone signaling Transcriptional regulation [81]

CsWRKY27, 41, 50 It may be involved in ABA signaling pathway and Ros
scavenging pathway Transcriptional regulation [83]

CsCDPK6 A gene for a membrane protein that is highly expressed
under salt stress Signal transduction [84]

CsPAO2 Genes for key enzymes in polyamine metabolism Signal transduction [85]

CsPAS3 A gene that interacts with the PAO2 protein and is
involved in polyamine transformation ROS regulation [85]

CsSHMT3 Serine hydroxymethyl transferase gene Multiple regulation [86]
CsRBOHs Genes for the enzyme NADPH oxidase ROS regulation [87]

CsZFPs May be involved in the regulation of plant hormones
and/or abiotic stress responses Transcriptional regulation [88]

CsMAX2 A key gene of the strigolactones signal transduction
pathway to improve stress tolerance Hormone regulation [89]

CsPLDα
A second messenger PA is produced to participate in the

salt reaction Signal transduction [90]

CsRAV1 RAV transcription factor gene, an important regulator of
salt response Transcriptional regulation [91]

CsGPA1 Inhibited the expression of CsAQPs in roots and leaves
and reduced water content Osmotic regulation [67]

CsSAMDC3 Transcription regulates antioxidant enzyme activity ROS regulation [92]

CsBPC2 Transcription regulates ABA biosynthesis and expression
of genes associated with ABA signaling Hormone regulation [93]

CsTLP8 Affects antioxidant enzyme activity and negatively
regulates it, which may be related to ABA ROS regulation [94]

3.2. The Salt Overly Sensitive Pathway

The toxicity of saline-alkali soil to plants primarily stems from sodium ions. An
imbalance in sodium ions directly affects the normal growth of plant cells, making the
maintenance of sodium ion homeostasis crucial for enhancing plant salt tolerance [95,96].
Research has demonstrated that the SOS pathway is a unique route by which plants extrude
sodium ions from cells under salt stress [11,17,46–48]. The discovery of the SOS signaling
pathway has been particularly pivotal for researching salinity tolerance mechanisms [97].
In this pathway, the calcium-binding protein SOS3 detects cytoplasmic calcium signals



Int. J. Mol. Sci. 2024, 25, 9051 9 of 21

brought by salt stress and cooperates with the Ser/Thr protein kinase SOS2, leading to its
activation [47,98]. The activated SOS2 enhances the plant’s salt resistance by phosphorylat-
ing and activating the SOS1 protein, which facilitates the extrusion of Na+ [99,100]. Beyond
these core proteins, molecules such as phosphatidic acid and polyamine [10] are also inti-
mately connected to the SOS pathway’s role in enhancing plant salt tolerance. However,
the mechanism of SOS regulation in Cucurbitaceae is rarely reported. Importantly, the
SOS2 protein is located mainly in the plasma membrane of cucumber, and polyamines can
induce the expression of the SOS2 gene family in cucumber under salt stress [101].

3.3. Transcriptional Regulation

The functional analysis and validation of salt-related transcription factors using com-
prehensive approaches like whole-genome identification and transcriptome sequencing
have become more accessible. In recent studies, multiple TFs have been identified as play-
ing a crucial role in the salt stress responses of Cucurbitaceae by regulating the transcription
of several genes. In general, they act as crucial positive regulatory signaling molecules in the
salt stress response [102]. The genetic identification and analysis of the transcription factors
of the watermelon homology domain leucine zipper (HD-ZIP) under abiotic stress found
that the expression of most of these ClHDZs was induced by salt stress, especially ClHDZ20
and ClHDZ36 in HD-ZIP I and ClHDZ1 and ClHDZ18 in HD-ZIP II [103]. Thirty-six ClDof
genes were identified in the single-finger DNA binding (Dof) family of watermelon plants,
which may play a regulatory role under salt stress [104]. Additionally, RNA sequencing
(RNA-seq) was used to detect changes in gene expression in watermelon seedlings under
short-term salt stress, discovering a variety of transcription factors, including members
from the ERF, WRKY, NAC, bHLH, and MYB families being overexpressed, providing
new perspectives for the mechanisms of watermelon salt tolerance [105]. Furthermore,
RNA-seq analysis was conducted on the roots and leaves of two watermelon varieties, one
salt-sensitive and the other salt-tolerant, and revealed many transcription factors, including
AP2-EREBP, bZIP, bHLH, MYB, NAC, OFP, and TCP, and WRKY, that are closely connected
with salt tolerance-related genes, suggesting their likely involvement in the salt stress
regulatory network [6].

Considerable genetic evidence has underscored the indispensable role of ABFs,
WRKYs [83], MYBs [106], NACs [107], the basic region/leucine zipper motif (bZIP) [108],
and bHLHs [106] in regulating the salt stress tolerance of Cucurbitaceae plants. The WRKY
transcription factor family, one of the largest in vascular plants, plays a critical role in
plant development and stress responses, including salt stress [66]. Multiple studies have
revealed that NaCl treatment in cucumber [83], watermelon [6], and zucchini upregulates
most of the WRKY gene. In particular, transcriptome analysis showed that a variety of
WRKY transcription factors, such as CsWRKY27, CsWRKY41, and CsWRKY50, responded
to cucumber salt stress [83]. Furthermore, the overexpression of the WRKY gene from
cucumber in Arabidopsis using a transgenic approach has validated the functional role of
WRKY TFs in enhancing salt tolerance.

Similarly, ERFs are involved in a wide range of stress responses, including salinity.
Salinity stress enhances ethylene biosynthesis and activates downstream networks and
the expression of ERFs. It is known that the response of ethylene in plant salt stress re-
mains a topic of debate, but ERFs generally play a positive role in plant salt stress. For
example, the five ethylene receptors ETR1, ERS1, ETR2, ERS2, and EIN4 of Arabidopsis
are negative regulators of ethylene signaling pathways, but play a positive regulatory
role in salt tolerance [45]. Consistent with Arabidopsis thaliana results, the Cucurbita pepo
ethylene receptors CpETR1B, CpETR1A, and CpETR2B play an active role in salt tolerance
during both the germination and vegetative growth stages [45]. In related studies of cucum-
ber, ethylene may also be used as a subsequent signaling molecule of Ca2+, maintaining
Na+/K+ homeostasis by enhancing the transcription and activity of Na+/H+ antiporters
and H+-ATPases, and maintaining the integrity of the cucumber explant cell ultrastructure
under salt stress [58]. In addition, transcriptome studies of cucumbers, melons, etc. also
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demonstrated a substantial increase in ERF expression levels under salt stress conditions,
indicating the important role of ERF in the mechanism of plant salt response. Despite their
importance, there is still very little information about the role of ERF transcription factors
in the plant, with a few exceptions.

The response of NAC transcription factors in Cucurbitaceae salts has also attracted
attention [109]. In pumpkin, it was suggested that CmoNAC1 regulated root ABA and H2O2
signaling under salt stress. Subsequent root transformation experiments and RNA-seq
analysis verified that CmoNAC1 enhances squash salt tolerance by regulating CmoRBOHD1
and CmoNCED6 to promote H2O2 and ABA production and interacting with the promoters
of CmoAKT1 and CmoHKT1 to modulate K+/Na+ homeostasis [107]. A genome-wide
analysis was conducted to identify and characterize the response of the cucumber alkaline
helix–ring–helix family under salt stress, and the study identified the CsbHLH041 gene as a
key regulator in enhancing the salt tolerance of cucumber seedlings [81].

3.4. Hormone Regulation

Auxins (IAA), gibberellins (GA), jasmonic acid (JA), abscisic acid (ABA), ethylene
(ETH), brassinosteroids (BRs), and melatonin have all been demonstrated to play crucial
roles in the response of Cucurbitaceae plants to salt stress [10,13,110]. Transcriptome analy-
sis has identified a substantial number of genes involved in cellular metabolism and redox
processes during melon salt stress. These genes are notably enriched in IAA, cytokinin,
ABA, and BRs hormone signal transduction pathways [66]. Research indicates that plant
auxin levels decrease under salt stress, accompanied by a reduction in the expression of
auxin transport proteins [111]. Additionally, ABA has been increasingly recognized for its
critical role in regulating seed germination, seedling growth, and responses to a variety of
abiotic stresses [112,113].

Ethylene functions as a crucial phytohormone involved in regulatory mechanisms
under abiotic stress [8]. In cucumbers, Ca2+ plays a pivotal role in facilitating adventitious
root development under salt stress by modulating endogenous ethylene synthesis and
activating ethylene signal transduction pathways [58]. Some researchers argue that ethylene
acts as an adverse regulator of salt tolerance during both germination and vegetative growth
stages. However, Reda et al. demonstrated that salt stress induces the upregulation of genes
linked to Ca2+ signaling (CPCRCK2A and CPCRCK2B) and ABA biosynthesis (CPNCED3A
and CPNCED3B), suggesting that the ethylene receptor function in the response of zucchini
to salt stress may be mediated through the Ca2+ and ABA signaling pathways [74].

Melatonin acts as an essential free radical neutralizer and antioxidant in plants, promot-
ing the enhancement in the antioxidant system under salt stress conditions. In cucumbers,
melatonin regulates root development via a reactive oxygen species system, oxidases, and
specific transcription factors during salt stress [114]. Notably, research on watermelon indi-
cated that ClCOMT1, a crucial enzyme in melatonin biosynthesis, is upregulated during salt
stress, leading to increased melatonin levels that enhance salt tolerance in watermelon [115].
Furthermore, melatonin might also regulate the expression of genes participating in the
salt stress response [116].

3.5. Signal Transduction

Calcium ions are at the heart of the signaling pathway [14]. Under salt stress, Ca2+ acts
as a secondary messenger, transmitting extracellular signals to the intracellular environ-
ment and participating in various pathways such as ROS and hormone signaling pathways.
Salt stress activates cytosolic calcium, triggering phosphorylation cascades of calcium-
dependent proteins or calcium sensors, including calmodulins (CaMs), calmodulin-like
proteins (CMLs), calcineurin B-like proteins (CBLs), and Ca2+-dependent protein kinases
(CDPKs), thereby activating physiological reactions to salt stress in plants [117–119]. It was
reported that salt stress treatment could upregulate the expression of CmCBL1 and CmCBL3
in the melon CBL family, and the overexpression of CmCBL1 in wild-type Arabidopsis could
enhance plant salt tolerance to a certain extent, but the overexpression of CmCBL3 would
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reduce the seed germination rate [120]. In addition, the ectopic expression of CmCML13
in Arabidopsis thaliana not only improved salt tolerance during seed germination, but also
enhanced the salt tolerance of transgenic Arabidopsis plants by significantly reducing the
aboveground Na+ content, which operated independently of the HKT1-related pathway.
The calcium signaling protein CsCDPK6 in cucumber has also been functionally character-
ized [84]. It was found that the ectopic overexpression of CsCDPK6 in tobacco enhanced
salt tolerance. In addition, the expression of CsCDPK6 in the cotyledons of cucumber
seedlings was inhibited by virus-induced gene silencing (VIGS) under salt stress, which
also enhanced salt stress [84]. At present, it has been found that CsCDPK6 and CsSAMS1
interact to improve salt tolerance, but the downstream molecular mechanism needs to be
further studied. Like Ca2+, gas signaling molecules such as nitric oxide (NO) and hydrogen
sulfide (H2S) are also considered to be important second messengers in plants, actively
participating in the signal transduction of salt tolerance in Cucurbitaceae, and their possible
roles will be mentioned in subsequent chapters [59,121].

The mitogen-activated protein kinase (MAPK) cascade is another signal transduction
module present in plants that also responds positively to salt stress, e.g., MKK7, MKK9,
MPK6 [122], and OsMKK1 in rice [123]. The MAPK cascade includes three protein ki-
nases, MAPK kinase kinase (MKKK or MAPKKK), MAPK kinase (MKK or MAPKK), and
mitogen-activated protein kinase (MPK or MAPK), which are activated by extracellular
stimuli and mediate signal transmission into the cell [124,125]. At present, the genes of
the MAPK cascade family in the Cucurbitaceae family have been partially characterized.
Through the genome-wide identification of the mitogen-activated protein kinase (MAPK)
cascade and the analysis of the expression profile of CmMAPKs, the evolutionary homology
between melon and Arabidopsis thaliana was revealed, and its chromosomal localization
characteristics were similar to those of watermelon and cucumber, and its homologous
CmMAPK3 and CmMAPK7 could be used as the focus of future research on salt tolerance
genes [126]. The expression of 10 CLMPKs, such as ClMPK1 and ClMPK3, and 3 CLMKKs,
such as ClMKK2-2 and ClMKK3, in watermelon has also been verified in response to salt
stress [125]. Moreover, exposure to abscisic acid and jasmonate significantly influenced the
expression levels of certain CsMAPK, CsMAPKK, and CsMAPK in cucumber, suggesting
that the MAPK cascade may be involved in the regulation of plant hormone networks [15].
Unfortunately, the regulatory mechanism of MAPK cascade in the downstream pathways
of Cucurbitaceae is still poorly understood.

4. Measures to Improve Salt Tolerance of Cucurbitaceae Plants

Numerous studies report that the application of grafting [127] and exogenous substances,
such as silicon [128], hormones (melatonin), nanoparticles (Se) [129], polyamines [129], and
gaseous signaling molecules (NO, H2S) [52,130], can alleviate the effects of salt stress to a
certain extent, as seen in Table 2.

4.1. Nanomaterials

Under salt stress, some nanomaterials, such as cerium oxide nanoparticles (CeO2),
have been found to elevate cucumber seedling salt tolerance by modulating the antioxidant
system [131]. Regarding the reasons why silicon improves cucumber salt tolerance, on
the one hand, silicon elevates the hydraulic conductivity of the root system, improving
the seedling moisture content, and on the other hand, silicon stimulates the accumulation
of polyamines to reduce the Na+ content and alleviate ion toxicity [128,132]. It has been
reported that the cucumber potassium ion transporter (CsAKT1) is vital for improving salt
tolerance in cucumber using the CRISPR-Cas9 line through polyacrylic acid-coated nanoce-
ramics (PNCs) [53]. A report indicated that researchers successfully induced multiple
defenses and secondary metabolism-related transcripts of bitter gourd seedlings under salt
stress by administering synthetic biodegradable selenium–chitosan nanoparticles (Se-CS
NPs) [133]. Se-CS NPs not only significantly improved the physiological and biochemical
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parameters of bitter gourd seedlings under salt stress, but also were closely linked with the
expression of salt stress defense genes [133].

4.2. Graft

Grafting, as a means to enhance cucumber and melon [134] salt tolerance, has also
received extensive attention and has been successfully used in vegetable production. At
present, the mechanism of grafting to enhance the salt tolerance of Cucurbitaceae has also
been analyzed [135–137]. In 2018, it was proposed that pumpkin-grafted cucumber plants
relied on the mechanism of increased salt tolerance produced by the outbreak of oxidase
homology-dependent H2O2 through root respiration and also enhanced the elimination of
Na+ from roots and promoted the early closure of stomata [41]. The following year, Zhang
et al. again demonstrated that cucumbers grafted with pumpkin increased cucumber
sensitivity to ABA and stimulated early stomatal closure, thereby improving osmotic
tolerance under NaCl stress [7]. Meanwhile, the latest studies have shown that using
loofah as rootstock can reduce sodium transport to the aerial parts, thereby enhancing the
salt tolerance of grafted cucumber plants and improving the yield and quality [3]. This
is similar to the studies in cucumber grafting with pumpkin [135–137] and watermelon
grafting with gourd [135–137]. In grafting experiments, the biomass yield of melon was
diminished by a salt concentration of 80 mM NaCl, but the corresponding diminution was
greater in non-grafted plants with 80 mM NaCl [49]. However, the melon scion genotype
did not significantly influence the plant’s response to salinity, but was between ungrafted,
self-grafted, and interspecific grafted plants.

4.3. Polyamines

Polyamine, particularly spermidine (Spd), has emerged as a pivotal enhancer of salt
tolerance in Cucurbitaceae plants [129,138]. Widespread research has underscored its
significance in regulating plant physiological and biochemical pathways under saline–
alkali stress [139,140]. A recent investigation has demonstrated that the application of
exogenous Spd triggers the expression of Rboh genes, leading to the generation of H2O2.
This, in effect, serves as a signaling molecule for the subsequent expression and activation
of autophagy-related ATG genes. Subsequently, the enhanced autophagosome activity
facilitates the breakdown of insoluble ubiquitinated protein aggregates, which accumulate
due to salt stress damage, thereby bolstering the salt tolerance of cucumber seedlings [21].
Furthermore, research has validated that Spd facilitates the binding of the cucumber GT-3b
transcription factor to the s-adenosylmethionine synthase gene (CsSAMs), thus augmenting
the expression of adenosylmethionine (SAM). SAM, being a crucial precursor for the synthe-
sis of endogenous polyamines (PAs) and ethylene, plays a significant role in elevating the
salt tolerance of cucumber seedlings [141]. In conclusion, Spd exhibits immense potential
as an agent for improving salt tolerance in Cucurbitaceae plants through its multifaceted
involvement in physiological and biochemical processes. Further investigation is warranted
to elucidate its underlying mechanisms and explore its agricultural applications.

4.4. Signaling Molecules

Some signaling molecules, such as H2O2 [142], H2S [52], and NO [121,143], have also
been found to contribute to ameliorating Cucurbitaceae salt stress. Under stress conditions,
endogenous H2O2 often plays a curial role in reactive oxygen species scavenging [21].
Exogenous H2O2 can also be involved in the regulation of salt stress in plants [139]. It can
mitigate the inhibitory effect of salt stress on cucumber seed germination by mediating the
antioxidant enzyme system, ABA and GA, and can also mediate the antioxidant enzyme
system to alleviate membrane lipid peroxidation, so as to enhance the resistance of melon
seedlings to salt stress [144]. At present, some studies have found that H2S promotes the
development of adventitious roots in cucumber under salt stress by regulating the content
of osmotic substances in explants and improving antioxidant potential [59], and certain
studies have demonstrated that H2S alleviates cucumber salt stress by preserving Na+/K+
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homeostasis, regulating H2S metabolism and oxidative stress response [52]. Similar to
H2S, exogenous NO attenuates mitochondrial oxidative stress induced by salt stress by
increasing antioxidant enzyme activity [130]. In melon, exogenous NO treatment was
effective in alleviating damage under salt stress, which was manifested in improving the
transverse and longitudinal stems, seed cavities, pulp thickness, and yield of melon [130].
This is inseparable from the fact that exogenous NO can improve the growth, root activity,
and antioxidant enzyme activity of melon seedlings under salt stress.

4.5. Plant Hormones

Some scientists have also explored the mechanism by which melatonin improves salt
tolerance in plants [116]. Previous research has demonstrated that exogenous melatonin
attenuates the suppressive effect of NaCl stress on cucumber seed germination primar-
ily through regulating the biosynthesis and degradation of ABA and GA [145]. At the
seedling stage, exogenous melatonin enhanced the salt tolerance of cucumber and bitter
gourd by modulating ion balance, antioxidant systems, and genes related to the secondary
metabolism [146]. ABA pretreatment can significantly enhance the tolerance of salt stress
in rice and Arabidopsis thaliana, but it is not used in Cucurbitaceae [113]. Exogenous
2,4-epibrassinolide (EBR) is a homolog of the plant hormone BRs and is widely used in agri-
cultural practices. The application of exogenous EBR enhanced salt tolerance by influencing
cucumber seedling growth, photosynthetic pigments, the antioxidant defense system, ion
homeostasis, the MAPK cascade reaction, and key genes involved in the SOS signaling
pathway under salt stress [65]. Furthermore, to validate the hypothesis that the use of
phytohormones could be a promising approach to boost tolerance, Parihar et al. subjected
luffa seedlings to a combined NaCl and UV-B treatment, resulting in more severe growth
impairment. However, the exogenous supplementation of methyl jasmonate (MeJA) or
cis-(+)-12-oxo-phytodienoic acid (OPDA) was able to improve the seedlings’ growth perfor-
mance by promoting nitrogen metabolism and photosynthesis, with the effects being more
pronounced with OPDA [61]. However, whether OPDA can improve the salt tolerance of
Cucurbitaceae still needs to be further experimentally explored and verified.

Table 2. Measures to improve the salt tolerance of Cucurbitaceae plants.

Measure Species Example Principle References

Nanoparticles Cucumis sativus CeO2

Modulates the antioxidant system to
improve the salt tolerance of

cucumber seedlings
[131]

Nanoparticles Cucumis sativus Silicon

Silicon increased the water
conductivity of the root system and

improved the water balance of
seedlings; silicon reduces the Na+

content and reduces ionic toxicity

[128,132]

Nanoparticles Cucumis sativus PNC Improves K+ absorption capacity
and better maintains K+/Na+ ratio [53]

Nanoparticles Cucumis sativus Se, SeO2, Mn3O4, etc.

Regulates ion channels and
transporter-related genes to

maintain ion homeostasis; directly or
indirectly promotes reactive oxygen

species scavenging mechanisms

[147]

Nanoparticles Momordica charantia Se-CS NPs Induces multiple defense systems to
alleviate salt stress [133]

Graft Cucumis sativus Cucumber grafted
onto pumpkin

Enhances Na+ efflux and induces
stomatal closure [135,136]



Int. J. Mol. Sci. 2024, 25, 9051 14 of 21

Table 2. Cont.

Measure Species Example Principle References

Graft Cucumis sativus Cucumber grafted
onto luffa

Rootstock reduces Na+ transport to
the shoot, facilitating

Na+/K+ balance
[3]

Graft Cucumis melo Melon grafted
onto luffa

Reduces the Na+ content of leaves
and reduces salt toxicity [136]

Graft Citrullus lanatus Watermelon grafted
onto bottle gourd

Accumulation of less Na+ and
improved ROS scavenging capacity [135]

Exogenous polyamines Cucumis sativus Spd Involved in cellular autophagy,
degrades damaged proteins [21]

Exogenous polyamines Cucumis sativus Spd Enhances the expression of SAM for
the synthesis of ethylene and PA [13]

Signal molecules Cucumis sativus H2O2
Mediates the antioxidant enzyme

system, ABA, and GA [144]

Signal molecules Cucumis melo H2O2

Alleviates membrane lipid
peroxidation to a certain extent,

activates antioxidant enzyme
activity in melon under stress

[148]

Signal molecules Cucumis sativus H2S Enhances antioxidant capacity;
improves Na+/K+ balance [149]

Signal molecules Cucumis melo NO
Improves the growth, root activity,
and antioxidant enzyme activity of
melon seedlings under salt stress

[130]

Exogenous hormones Cucumis sativus Melatonin

Promotes the expression of
endogenous hormones; improves
photosynthesis, ion homeostasis,

and activates a series of
downstream signals

[145]

Exogenous hormones Momordica charantia Melatonin
Regulates ionic balance, antioxidant

system and secondary
metabolism-related genes

[146]

Exogenous hormones Cucumis sativus EBR

Enhances antioxidant capacity,
maintain ionic homeostasis, and
activates salt tolerance-related

signaling pathways

[65]

Exogenous hormones Luffa cylindrica MEJA Improves photosynthetic activity
and nitrogen metabolism [61]

Plant
growth-promoting

rhizobacteria
/ PGPR Mediates the ethylene pathway and

ROS scavenging [150]

5. Conclusions and Prospects

The succulent flesh and delicious taste of cucurbit plants are widely cherished. In
particular, cucumber, melon, and watermelon are common cucurbitaceous fruits and hold
significant agronomic importance [151]. However, our comprehension of the molecular
mechanisms of salt tolerance in cucurbit plants is far less advanced than that of Arabidop-
sis [97], rice [152], sorghum [2], maize [153], and other species. In particular, more detailed
molecular regulation mechanisms and protein interactions and other fields are still very
lacking. Therefore, we still have much progress to make in understanding salt stress
in Cucurbitaceae.
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While the increasingly refined reference genomes of cucurbit plants and the continu-
ous 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 cucumber, 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. Indeed, based on past research, the plant’s
response to salt tolerance initially occurs in the roots, and Cucurbitaceae is particularly
suited for grafting. Therefore, the use of grafting to focus on Cucurbitaceae root-stem-leaf
salt signal transduction will be an interesting angle. Additionally, with the further im-
provement in genome assembly and the use of resequencing and other means [154,155],
we might be able to analyze the different salt stress mechanisms between thick-skinned
and thin-skinned melons from an evolutionary perspective. In addition, grafting and the
application of exogenous nanomaterials and hormones can be used as an approach to
alleviate salt stress in Cucurbitaceae. Nevertheless, the application rate of the donor and
the selection of rootstock require further investigation tailored to specific plant species and
growth stages.

Salt stress is a vital question to be addressed in the breeding of economic crops for
resistance, which severely inhibits 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 technolo-
gies to mine salt-tolerant genes from germplasm resources, exploring practical research on
applying gene editing, agrobacterium infection, virus-induced gene silencing, and nanopar-
ticle technologies for the functional validation of salt tolerance genes in cucurbit crops. This
will enrich our knowledge on the salt stress regulatory network, clarify the mechanisms
underlying salt response, and deepen our comprehension of the mechanisms underlying
salt tolerance in cucurbit plants, strengthening the theoretical foundation to support the
selection of salt-tolerant quality germplasm in cucurbit plants. Secondly, from a practical
application standpoint, enhancing the salt tolerance of plants can be achieved through
various biotechnological methods such as transgenic engineering, as well as through soil
improvement and irrigation adjustments.
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