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Abstract

Water and soil salinity are among the most significant ecological factors limiting agricultural productivity, especially in
saline-affected regions. In vegetable crops, salt stress adversely affects physiological practices like water uptake, photo-
synthesis, and nutrient absorption, leading to stunted growth, wilting, and reduced yields. Numerous approaches have been
developed to improve the salinity tolerance of vegetable plants, especially in arid and semi-arid regions. Among these
approaches, vegetable grafting, a horticultural practice, offers a suggesting alternative solution to overcome salt stress’
harmful outcomes. Grafting technology, a horticultural practice where the tissues of two different plant parts (rootstock
and scion) are joined to grow as one, has emerged as a promising solution to enhance salt tolerance in vegetable crops. By
utilizing salt-tolerant rootstocks, grafting improves root system development, enhances nutrient uptake, and activates pro-
tective biochemical responses, including increased antioxidant activity. Vegetable grafting has been utilized commercially
on numerous crops such as melons, watermelons, muskmelon, cucumbers, tomatoes, sweet peppers, eggplants, to improve
tolerances to type of biotic and abiotic conditions, like salinity, alkalinity, waterlogging, high or low temperatures, drought,
and heavy metal toxicity, as well as to enhance crop yield and quality. This review aims to present the adverse effects
of salt stress at plants, the potential of grafting technology in mitigating salt stress in vegetable crops, and examining the
physiological, biochemical, and morphological benefits of grafting by using salt resistant rootstocks under saline condi-
tions. Furthermore, the paper highlights successful case studies and research findings that demonstrate the effectiveness
of grafting in improving salt tolerance in various vegetable species using different rootstocks on improving plant growth,
photosynthetic capacity, crop yield and quality. The integration of biotechnological and genetic engineering approaches
with grafting also holds potential to further enhance its efficacy. The future of grafting technology in sustainable agricul-
ture is promising, offering a viable solution to maintain crop productivity and resilience in the face of increasing salinity
challenges worldwide. We conclude that vegetable grafting has great potential for maintaining and improving productivity
in salt-stressed agricultural systems.
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Introduction

Vegetable crops contribute about 12% of the world annu-
ally horticultural produce (9 billion tons), containing Cucur-
bitaceae and Solanaceae family crops such as watermelon
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extreme temperatures, and salinity, directly impact plant
growth and productivity by disrupting physiological and
biochemical processes (Aydin and Coskun 2013). Accord-
ing to the FAO, the global area of salt-affected soils includes
424 million hectares of topsoil (0-30cm) and 833 million
hectares of subsoil (30—-100cm) (based on 73% of the land
mapped so far) (FAO 2021). Other findings demonstrate
that 1 billion hectares of land are adversely influenced by
salinity, including more than 20% of all the irrigated arable
land (Ghassemi et al. 1995; Qadir et al. 2014). It is predicted
that by 2050 the high salinity of arable land will make half
of it unusable for agriculture (Roychoudhury et al. 2013).
Agriculture is highly contingent on land and water condi-
tions progressively altered by climate change. Salinization
is likely to have a negative influence on the economy, liv-
ing conditions and ecosystem functions of affected regions
(Ruto et al. 2018). Growing salinization increases specific
matters for the global food supply system. However, appro-
priately managed salt-affected soils allow for considerably
more agricultural production (de Vos et al. 2016). Salt stress
is a considerable environmental challenge that adversely
impacts agricultural productivity, especially in regions with
high soil or water salinity. When plants are exposed to
excess salt, their ability to absorb water is compromised,
leading to dehydration, nutrient imbalances, and disrupted
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Fig. 1 Grafting of watermelon on squash plant (Ulas et al. 2025)
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physiological processes such as photosynthesis and respi-
ration (Ulas et al. 2024). Over time, prolonged exposure to
salt stress can result in stunted plant growth, development,
reduced yields, and in some cases, plant death (Zhu 2001).
Crops demonstrated to salinity negative influences via two
key factors: (1) osmotic stress because of raised solute lev-
els in rhizosphere, mainly Na* and Cl-, that delay uptake of
water and stomatal conductance, leading to reduced transpi-
ration rates and (2) enhancing toxicity of ion from surplus
ionic strength, principally Na* and CI-, that disturbs physio-
logical purposes and cellular homeostasis, certainly disturb-
ing productivity of crops (Morton et al. 2019; Dasgan et al.
2002). This key factor is principally problematic in arid and
semi-arid zones, where water scarcity is coupled with high
levels of salinity in both soil and irrigation water (Flowers
and Yeo 1995). As global populations increase and agricul-
tural land becomes more scarce, addressing the impacts of
salt stress on crops has become crucial for ensuring food
security (FAOSTAT 2018).

To decline the negative influence of salt stress on horti-
cultural production and to simplify the expansion and appli-
cation of saline soil, numerous policies have been suggested
such as reclamation of saline soil and alteration of soil salin-
ity; yet these are temporary and expensive (Al Rubaye et al.
2021). Breeding-resistant crop cultivars have been studied
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as a means for developing salt-tolerance crops. However,
it is difficult, time-consuming and complex because of the
polygenic characteristics of salt resistance (Yan and Tong
2018). Grafting technology has been developed as a proving
solution to alleviate the influences of salinity in vegetable
crop plants. Grafting involves joining the tissue of a salt-
sensitive plant (scion) with a salt-tolerant rootstock to grow
as a single plant for vegetative propagation. In this method,
rootstocks or stock (lower plant part) used in the grafting
process are commonly nearby relatives or wilds (typically
in genera) of scion material, and have tolerance for biotic
(pathogens), abiotic stresses (salt, drought, low and high
temperatures, heavy metal, flooding, high and low nitro-
gen etc.) and plant vigor, while the scion (upper plant part)
has certain curious qualitative and quantitative horticultural
traits (Fig. 1). In the past, grafting at the vegetable plants
has been practiced in Cucurbitaceae (watermelon, melon,
and cucumber) and Solanaceae (tomato, eggplant, and pep-

Grafted plant

Dilution influences of Na* and
CI resulting from enhanced
shoot biomass

Reduced Na' and CI-
and increased K/Na
ratio in the leaf

Enhanced abscisic acid
and cytokine contents

Decline in ethylene
precursor concentration

Increase cytokine
biosynthesis

Excretion of Na™ and Cl-
from the root surface

Increased total root length
and root volume

Salty soil

per) families in the early 20th century (Ulas et al. 2025).
In late 1920, the first grafting of vegetables was performed
on watermelon with gourd rootstocks to control soilborne
diseases such as Fusarium wilt (Fusarium spp.) (Sibomana
et al. 2013). Nowadays vegetable grafting has also been
widely considered to mitigate adverse influences of sev-
eral abiotic stresses such as salinity, heavy metals; thermal
stress, nutrient absorption and translocation; water deficit
or drought, alkalinity, and as well as enhanced yield and
fruit quality as examined for different vegetable crops such
as watermelon, melon, cucumber, pepper, eggplant, pepino
and tomato (Han et al. 2018; Kumar et al. 2019; Ulas et al.
2019a, b, ¢, 2020a, b, 2021a, b, c; Xie et al. 2020; Ulas
2021a, b, 2022; Al Rubaye et al. 2021; Naik et al. 2021;
Adam and Ulas 2023).

The rootstock’s resistance to salinity helps to enhance
the overall salt tolerance of the plant, allowing the scion to
maintain healthy growth and productivity even under stress-

Increased yield and quality, like as
vitamins, organic volatiles, and
phytochemicals

Increased plant growth and
vigour

Enhanced of
osmoprotectant content

Increased antioxidant
activity

Comparmentation of toxic
ions in vacuoles of old leaves

Increased osmolyte accumulation
(proline and sugars)

Increased water use efficiency
and nutrient use efficiency

Enhanced uptake of water and
nutrients and translocation to shoot

Fig. 2 Physiological adaptive attributes to alleviate the influence of salt stress in grafted plants (Yiicel Y. C.)
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ful conditions (Lee 1994). This technique has been used
successfully to improve the resilience of various crops, in-
cluding tomatoes, cucumbers, and melons, to environmen-
tal problems like drought and salinity (Coskun 2023a; Ulas
et al. 2024). By vigorous root system of the rootstocks,
grafting technology can play an important role in improv-
ing crop tolerance to salt stress and increasing agricultural
sustainability. Physiological adaptive attributes to alleviate
the influence of salt stress in grafted plants are shown in
Fig. 2.

Many studies have reported that the use of salt-resistant
rootstocks in grafting improves plant to salinity tolerance
(Ulas et al. 2020a, b, 2024; Al Rubaye et al. 2021; Aydin
and Yetisir 2022; Aydin 2024; Tola et al. 2024; Alqardaeai
et al. 2024; Cela et al. 2024). For example, Sanwal et al.
(2022) demonstrated in tomato (cv. Kashi Aman) fruit yield
was increased grafted with eggplant rootstocks 1C-354557
and IC 111,056 than ungrafted control tomato plants at
salinity (EC 6 and 9dS m™). Salinity tolerance via graft-
ing was because of preservation of competent water status
as verified by increased relative water content (RWC) and
leaf chlorophyll index (SPAD) by per greater proline and
antioxidant enzyme activities (SOD, CAT and APX). Tol-
erant rootstocks facilitated the partitioning of toxic saline
ions in scions by stimulating greater Na+ accumulation
(24%) in the lower part of the plant’s leaves than the up-
per part of the plant’s leaves (14%) of grafted ones. Al-
Harbi et al. (2017) stated that salinity decreased vegetative
growth (i.e., diameter of the stem, stem length, and fresh
biomass) and yield of grafted and non-grafted tomatoes.
Though, there were no substantial decreased observed in
yield in grafted ones across Unifort rootstock at moderate
salinity level (3.76dS m"). At cucumber, greater expression
of CAT, SOD was stated via grafting at salinity (Aydin and
Yetisir 2022). In plants salinity results in an enhance in pro-
line at cucumber plants (Aydin and Yetisir 2022); aspartate
at tomato plants (Akladious and Abbas 2013); glutamate
at broad bean plants (Sadak et al. 2015); lysine at maize
plants (Wang et al. 2013) and methionine at maize plants
(Neto et al. 2009). Tola et al. (2024) studied the effect of
grafting on hydroponically grown tomato plants at salin-
ity (2.5, 6.0, and 9.5dS m™). The outcomes showed that
tomatoes can be effectively produce as hydroponically at
salinity till 6.0dS m~' without surrendering yield and qual-
ity. Madugundu et al. (2023) stated that utilizing a sufficient
nutrient recipe could alleviate the adverse influences of salt
stress at grafted tomato plants under hydroponic conditions.
In tomato, grafting salt-sensitive, high-yielding genotypes
with salt-tolerant or resistant rootstocks is sustainable tech-
nique of opposing salinity (Singh et al., 2020). Cela et al.
(2024) observed that salinity can improve nutritional qual-
ity and taste of Pisanello tomato. In this context, grafting
at the vegetable crops study to increase plant resistance to
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salt stress significantly influences a better interpretation of
the physiological and biochemical interactions between the
shoot and root. The purpose of the review is to explain
updated information of influences against salinity and to
explore how grafting technology can alleviate salt stress
in vegetable crops, focusing on the potential benefits and
applications of this technique in enhancing salt tolerance
in horticultural applications. This review will examine the
physiological, biochemical, and morphological responses
of grafted plants under saline conditions, along with the
challenges and opportunities for incorporating grafting into
modern agricultural practices. Through this investigation,
the paper aims to highlight the potential of grafting as a vi-
able solution to combat salt stress and promote sustainable
vegetable production.

Salt Stress
Impact of Salt Stress On Plants

Worldwide, more than 50% of irrigated agricultural soils
face salinization problems, which lead to a decline in plant
growth, development, and survival (Guo et al. 2022). There-
fore, salinization in agricultural soils threatens worldwide
food safety, and this concern is combined with our chang-
ing climate (Mukhopadhyay et al. 2021). Salinity is one
of the most critical challenges in horticulture. The impact
of salinity varies depending on crop species, stress levels,
and environmental conditions (Muhammad et al. 2024).
Under salinity, plants can generate a variation of physio-
logical and metabolic alterations in stressed crops at all
growing periods, initiated from germination, photosynthe-
sis, and other biosynthetic processes (Zhao et al. 2020;
Hasanuzzaman et al. 2021; Pandey et al. 2023). Salin-
ity negatively affects a type of physiological process in
crops, primarily by disrupting water and nutrient uptake
by roots, nonetheless disturbs the development of plants,
comprising germination, vegetative growth, and reproduc-
tive structures/tissues (Muhammad et al. 2024). Also, it ad-
versely influences morpho-physiological, anatomical, bio-
chemical, and molecular functions in plants. Nasri et al.
(2016) stated that in Arabidopsis, there is a decline in
phosphatase activity, preventing seed germination. When
soil or irrigation water salinity increases, plants cannot ab-
sorb adequate water due to reduced water potential, lead-
ing to dehydration and impaired physiological functions
(Munns and Tester 2008). One of the initial responses to
salinity is stomata closure to inhibit extreme water loss
through transpiration. However, this limits the uptake of
carbon dioxide (CO,), reducing photosynthesis rates (Zhu
2001). Extreme salt level leads to a decline in photosys-
tem II (PSII) action by splitting PSII response area and
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restricting quinone acceptors activity. Salt stress hinders
transpiration and decreases stomatal conductance; there-
fore, affecting less gaseous exchange and negatively af-
fecting photosynthetic electron transport chain (Cicek et al.
2018). The action of ribulose 1,5-bisphosphate carboxylase/
oxygenase (Rubisco) and photosynthetic attributes (PSII
maximum photochemical efficiency; Fv/Fm) are decreased
under salinity (Yan and Tong 2018). Consequently, a re-
duction in photosynthesis leads to lower sugar production,
impairing growth and energy reserves for the plant. Zhang
et al. (2016) stated that under salt stress conditions, pho-
tosynthesis is necessary physiological procedure, that de-
scribes tomato growth. Satti and Lopez (1994) emphasized
importance of leaf photosynthesis diomensions for observ-
ing crops at salinity, and there is indication that salinity
effects basic photosynthetic enzyme activities as well as
chlorophyll and carotenoid contents (Yang et al. 2021).
Salt stress also causes osmotic stress and ionic imbal-
ance in plant cells, as high salinity increases the external
osmotic potential, making it harder for the plant to maintain
internal turgor pressure (Marschner 2012). This results in
wilting, reduced leaf expansion, and overall stunted growth
(Shannon and Grieve 1999). Sodium ions (Na*) are com-
monly known to be the main toxic ions at high levels. Three
stress signaling pathways are involved under salt stress: os-
motic stress, ionic stress, and secondary stress (Sewelam
et al. 2014; Yang and Guo 2018a). High salt concentra-
tions enhance the osmotic pressure and decrease the water
potential of soil solutions, leading to water deficiency in
plants (Hasegawa et al. 2000). Na* in plant cells influences
the absorption of additional ions required for normal phys-
iological activities (Yang and Guo 2018b). Osmotic stress
and ionic stress initiate long-term secondary stresses, in-
cluding oxidative stress. Salt-induced oxidative stress leads
to the accumulation of reactive oxygen species (ROS) in
plant cells, including singlet oxygen ('O,), superoxide an-
ion (Oy"), hydrogen peroxide (H,O,), and hydroxyl radicals
(HO). Additional ROS initiate oxidative damage to DNA,
proteins, and lipids, affecting the integrity of plant cell or-
ganelles. In maize, extended salinity decreases leaf relative
water content, leaf water potential and rises MDA and H,O,
content (Kaya et al. 2018). Growth injury and nutrient mo-
bilization by salinity buildup cause plants more suscepti-
ble to soil-borne diseases (Egamberdieva 2011). Prolonged
salt exposure may lead to irreversible cellular damage, ulti-
mately causing plant death in severe cases (Flowers and Yeo
1995). Furthermore, salt-induced oxidative stress, depicted
by reactive oxygen species (ROS) accumulation, causes cel-
lular destruction to membranes, proteins, and DNA, com-
pounding overall stress impact (Gill and Tuteja 2010). It
can improve soluble sugar, starch, and abscisic acid (ABA)
contents and reduce gibberellin (GA) level, initiating de-
crease in germination rate. Furthermore, salt stress might

initiate harmful effects on yield. Numerous findings stated
that salt stress could decline stem biomass and length, root
length, total leaf area, yield, and quality (El-Tarabily et al.
2019; Zorb et al. 2019). Up to now it was observed by many
researchers that one of the standard fruit quality parameters
of tomato juice sugars increases as an increasing salinity
level (Moles et al. 2019; Egea et al. 2023; Botella et al.
2021; Krauss et al. 2006; Rosca et al. 2023). Costan et al.
(2020) and De Pascale et al. (2012) determined that the total
soluble sugars (TSSs) and citric acid (CA) concentrations
enhanced in tomato fruits under salt stress. Azarmi et al.
(2010) stated that salinity higher than 3.0dS m! increased
titratable acidity (TA) and TSSs in hydroponically grown
tomatoes at salt stress (2.5, 3.0, 4.0, 5.0, and 6.0dS m™).
According to Rouphael et al. (2018) salt stress increased
CA and TSS levels, indicating that salinity increases fruit
taste and flavour in tomato. Previous studies have been in-
formed of a positive correlation between high salt level and
little fruit production in tomato (Moles et al. 2019).

Under high salinity, ion concentrations in cell wall are
altered, that are identified by restricted sensors or recep-
tors like kinases (RLKs) and glycosyl inositol phosphoryl
ceramide (GIPC). These sensors may stimulate signaling
pathways like salt overly sensitive (SOS) pathway to re-dis-
tribute ions and achieve homeostasis. The Salt Overly Sen-
sitive (SOS) pathway is an important regulatory mechanism
for Na* exclusion from the cytosol and for alleviating long-
distance transport of toxic Na* from the root to the shoot
tissues (Shi et al. 2002; Olias et al. 2009; EI Mahi et al.
2019). The SOS pathway is composed of three parts: SOS3
(a calcineurin B-like (CBL) family Ca?*-binding protein),
SOS2 (a CBL-interacting protein kinase (CIPK) family ki-
nase), and SOS1 (a plasma membrane-localized NHX fam-
ily Na*/H* antipoter). The activation of the SOS pathway
under salt conditions contains various phases. In essence,
the salt stress triggers an enhance in the cytoplasmic Ca?
concentration (Kudla et al. 2018; Jiang et al. 2019; Stein-
horst and Kudla 2019; Chen et al. 2021); the change of the
Ca?* concentration is sensed by SOS3, and then SOS3 binds
and activates SOS2 (Halfter et al. 2000; Guo et al. 2004,
Séanchez-Barrena et al. 2007); the activated SOS2 phospho-
rylates and activates the Na*/H* antipoter SOS1 (Quintero
et al. 2011); the activated SOS1 pumps the excess Na* out
of the cell, therefore reducing cytosolic Na* concentration
(Qiu et al. 2002; Yang and Guo 2018a). The SOS pathway
promotes salt tolerance by mediating Na* regulation at var-
ious levels. For instance, it acts at the soil-cell interface to
pump Na* back into the soil (Shi et al. 2002; Yang and Guo
2018a); it promotes salt tolerance in shoot tissues probably
by reducing cytosolic Na* concentrations (Lin et al. 2009;
Yang and Guo 2018a); it also associates with the regulation
of root-to-shoot delivery of Na* (Shi et al. 2002). To min-
imize accumulation of Na* in shoots during salt stress, the
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control of net Na* loading into the xylem is as important as
Na*/H* exchanger-mediated Na* exclusion from roots and
sequestration in root vacuoles (Ismail and Horie 2017). Os-
motic potential systems from fluctuations in balance among
ion concentrations inside and outside of cell, procedure
that is observed by precise sensors like nicotinamide ade-
nine dinucleotide phosphate (NSCCs), via high-osmolarity
glycerol (HOG) pathway to adjust organic osmolytes (e.g.,
betaine and proline) synthesis. Osmotic homeostasis is ac-
complished through ion uptake. Crops create and gather
ROS via plasma membrane-bound nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase at salinity, that
accomplishes ROS homeostasis through secondary metabo-
lites (Wang et al. 2022). Extreme salt stress can increase
osmotic stress initiated by salt, potentially concerning ion
uptake in tomato (Meza et al. 2020; Zushi and Higashijima
2022; Rodriguez-Ortega et al. 2019).

Depending on salt tolerance, plants are categorized into
glycophytes (salt-sensitive plants) and halophytes (salt-
tolerant plants). Halophytes have progressed to thrive in
saline conditions, and identifying salt tolerance systems
may recommend important perceptions for horticulture
(Flowers Colmer 2015). Various physiological, biochemi-
cal, and anatomical adjustments enable halophytes to deal
with salinity. These variations might contain adjustments
in root construction, leaf anatomy, and vascular systems,
that simplify uptake of salt, transport, and storage while
lessening injury to vital tissues (Grigore and Toma 2017),
additionally to precise ion uptake and exclusion mecha-
nisms, osmotic adjustment, water uptake and retention, and
tissue tolerance to salt accumulation (Flowers and Colmer
2015). The process of salt resistance in halophytes is com-
monly categorized into two major classifications, i.e., salt
avoidance and salt tolerance (Sabovljevic and Sabovljevic
2007). The policy behind salt tolerance may involve specific
physiological and/or biochemical adaptations in the plants
that enable the plant to maintain the viability of protoplasm
during the accumulation of salt ions inside the cells. Salt
tolerance in halophytes can be accomplished either by salt
exclusion or salt inclusion, and salt-tolerant plants utilize
the energy for the exclusion of additional salt to defend
themselves from the toxic effects of excess salt (Ashraf
et al. 2006). Salt avoidance may involve some structural
and physiological adaptations so as to exclude salt through
the root membrane or minimize the salt concentrations
in the cell. This may involve passive exclusion of ions
through the permeable membrane or the active expulsion
of ions through ion channels. Furthermore, physiological
adaptation, halophytes also adjust some anatomical modi-
fications to cope with high external soil salinity (Ola et al.
2012). These modifications include an improvement in
the epidermal thickness and spongy tissue of the leaves
and a decline in the conducting tissue component of the
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stem and root, like xylem vessel (Hussein et al. 2012).
Halophytes possess more salt-tolerant genes than glyco-
phytes (Askari et al. 2006; Yu et al. 2011), which are
mostly involved in membrane transport, redox reactions,
signal transduction, and other processes (Zhang et al.
2008). Additionally, Mesembryanthemum crystallinum and
Chenopodium quinoa, which are salt-tolerant genotypes,
have the presence of salt-excreting glands in mangroves or
specified compositions such as bladder cells. These forms
facilitate salt-tolerant genotypes to vigorously eliminate
additional salt from their tissues, continuing beneficial ion
balance and cellular function in salinity (Yuan et al. 2016).
By exposing these adaptation mechanisms, investigators
might reveal approaches for increasing salt tolerance, thus
developing horticultural resilience in saline soils.

Susceptibility of Vegetable Crops to Salt Stress

Salinity is one of the highest critical issues in horticulture.
This issue mostly varies crop species and level of stress, as
well as environmental situations (Muhammad et al. 2024).
Different vegetable species exhibit varying degrees of sus-
ceptibility to salt stress. Factors such as plant species, culti-
var, and the rootstock used significantly influence a plant’s
tolerance to high salinity (Ulas et al. 2019b, 2020a, 2024).
For instance, vegetable species like tomatoes, cucumbers,
and lettuce are particularly sensitive to salt stress, showing
a sharp decline in growth and yield when exposed to high
salinity levels (Parida and Das 2005). On the other hand,
crops like spinach, mustard, and radishes are relatively more
tolerant to salinity, exhibiting better physiological adapta-
tion mechanisms like osmotic regulation and ion exclusion
(Flowers and Yeo 1995). Most vegetable cultivars with min-
imal salt tolerance are negatively influenced by soil salin-
ity. Even though there are minimal rates of salinity, most
vegetable genotypes suffer considerable yield failures at
salinity (Munns 2011). The difference in salinity tolerance
between species can be attributed to several factors, includ-
ing the plant’s ability to maintain osmotic balance, activate
stress-responsive genes, and enhance antioxidant defense
mechanisms (Zhu 2001). Moreover, the type of root sys-
tem and the ability to exclude or compartmentalize sodium
ions also play crucial roles in determining a plant’s resis-
tance to salt stress (Munns and Tester 2008). Understanding
these mechanisms is vital for selecting or breeding salt-tol-
erant vegetable crops that can thrive in saline conditions,
ensuring better productivity and food security in areas with
saline soil or brackish water. Destructive effects of salinity
on cucumber lead to reduced plant growth and productivity
(Haghighi and Pessarakli 2013; Sarwar et al. 2017; Gurmani
et al. 2018). Yildirim et al. (2008) observed that enhancing
salt stress level reduced the SPAD reading values in cu-
cumber leaves. The decline of chlorophyll contents under
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NaCl stress may be because of the closure of stomata, in-
hibition of chlorophyll synthesis, improved degradation of
chlorophyll by the elevated chlorophyllase enzyme activ-
ity, or damage to the photosynthetic apparatus (Sevengor
et al. 2011; Rahdari et al. 2012). Assimakopoulou et al.
(2015) studied the responses of tomato cultivars and hybrids
(Santorini Authentic, Santorini Kaisia, Chios, Cherelino F1,
Scintilla F1, Delicassi F1, and Zucchero F1) at three NaCl
levels (0, 75 and 150mM). They exposed that Chios culti-
var was the most influenced at 150mM and a high decline
in its total plant dry biomass occurred by 65.37% in com-
pared to other varieties/hybrids, growth inhibition was due
to the toxicity of Cl and Na* ions and to the nutritional
imbalance induced by salinity. Batista et al. (2021) studied
the production of cherry tomato plants in hydroponic con-
ditions and observed reductions with increments in nutrient
solution salinity above 2.5dS m~'. Samarah et al. (2021)
assessed the effect of different salinity levels (0, 5, 10, and
15dS m™') on tomato seedling growth. They showed that the
seedlings grown at 15dS m! had the lower length and dry
weights compared to other saline levels (0, 5, 10dS m™).
Herison et al. (2024) studied the effects of different salt lev-
els (0, 3750, and 7500 ppm NaCl) on hot pepper genotypes
(PBC396, Bogota, Ferosa, Kopay and Keriting Hitam) and
they observed that the ‘Keriting Hitam’ genotype showed
a tolerant response to salinity stress at 3750 ppm, while the
‘PBC 396’ genotype was relatively tolerant to salinity at
7500 ppm. NaCl level of 7500 ppm can prevent the plant
growth and yield of hot pepper up to 80%.

Grafting Technology

Grafting is a prehistoric practice where two plant fragments,
scion (the upper part that produces fruit bearing vegetable)
and rootstock (the lower part that provides support and nu-
trients), are linked together to grow as definite plant mate-
rial. The purpose of grafting vegetables is to combine the
desirable traits of both plant parts into one plant. Graft-
ing is an especially valuable technique in vegetable pro-
duction as it allows for the enhancement of rootstock pro-
perties like disease resistance, drought tolerance, and salt
tolerance, while maintaining the fruit quality of the scion
(Coskun 2023b). Common vegetable crops that are grafted
include tomatoes, cucumbers, peppers, eggplant, and water-
melons, particularly in regions where soil-borne diseases or
environmental stresses such as salinity, drought, or extreme
temperatures threaten horticultural crop productivity (Ulas
et al. 2025).

Grafting Methods

Several grafting methods have been used depending on the
type of plant and the desired outcome, including hole inser-
tion grafting, tongue approach grafting, splice grafting, tube
grafting, one cotyledon splice grafting, cleft grafting, and
pin grafting. Hole insertion hypocotyl grafting is ideal for
cucurbits. During the grafting process, gourd (scion) seeds
are seeded 5-7 days before watermelon (scion) seeds. The
scion and rootstock seedlings should be uniform and have
nearly similar stem diameters. The true leaf containing the
growing part must be gently and completely eliminated,
and a hole must be achieved with a bore at a slant angle to
a longitudinal way. The scion hypocotyl part is trained by
slant cutting to have a pointed end for simple attachment
(Lee et al. 2010) (Fig. 3a, b). The tongue approach grafting
method can be used for cucurbits and solanaceous plants.
Scion seeds (commonly watermelons, cucumbers, and mel-
ons) are seeded 5-7 days before than rootstock seeds. The
grafting process is done at the hypocotyl portion of root-
stock and scion of cucurbitaceous crops and at the lower
epicotyl portion in solanaceous plants. Rootstock is cut in
a down way, and scion is cut an up way at an angle of
30-40 to the perpendicular axis, and deep sufficient to per-
mit fusion of as many vascular bundles. Afterward, grafting
clips are placed to fix the scion and rootstock. The scion
lower hypocotyl of numerous trial seedlings is cut to as-
sess the degree of graft-take 1012 days after the grafting
process. Root and lower hypocotyl of scion are eliminated
from the grafted plant by simply cutting off at the desired
position, preferably at the closer position to grafted position
held grafting clip (Lee et al. 2010) (Fig. 3c). Splice graft-
ing is particularly popular for cucurbits and solanaceous
crops and is also called as one cotyledon splice grafting. It
is commonly chosen by commercial grafted seedling pro-
ducers (Fig. 3d, e, j). Main benefit is robust and vigorous
grafted seedlings cultivation while all scion vascular bun-
dles are fused with those of rootstock and graft formation is
effective sufficient to take all rough post-graft handling. For
Cucurbita rootstocks, one cotyledon and growing point are
cut. Once putting scion on to rootstock (Fig. 3d, e), clips are
done to install grafted position strictly together. For solana-
ceous crops, grafting is generally used at lower epicotyl and
fixed by using clips (Fig. 3j). Tube grafting is accomplished
by maintaining grafted situation together in a split flexible
tube (Lee et al. 2010). Cleft grafting is applied to solana-
ceous crops. This method involves pruning scion plants to
retain 1-3 true leaves. Firstly, stem is cut longwise, root-
stock is executed, and longitudinal cut is done in down way,
1-1.5cm long and 3/4 depth of stem diameter. The lower
stem is cut to slant angle to create a tapered wedge. After
putting scion into split made on rootstock, a clip is put to
hold in place till grafting formation (Fig. 3f, g). At the Pin
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Fig. 3 Grafting techniques in cucurbits and solanaceous vegetables: Hole insertion grafting (a, b); tongue approach grafting (c); splice graft-

ing (d, e, j); cleft grafting (f, g); pin grafting (h, i) (Lee et al. 2010)

grafting method, individually designed pins are employed
to hold the grafted point (Fig. 3h, i). Ceramic pin devel-
oped by Takii Seed Co., in Japan is almost 15Smm long
and 0.5mm in diagonal width of hexagonal cross-section.
Scientific outcomes observed that bamboo pins, rectangular
in cross-sectional shape, might effectively substitute expen-
sive ceramic pins with minimal cost (Lee et al. 2010).

Role of Grafting in Enhancing Salt Stress Tolerance

Grafting has proven to be an effective technique for im-
proving salt tolerance in vegetable crops, as it combines
the beneficial traits of both the scion and rootstock. The
rootstock, which is selected for its ability to tolerate high
salinity, helps protect the scion from the negative effects of
salt stress. This is particularly important in vegetable crops,
where high salinity can lead to stunted growth, declined
yields, and plant death (Rouphael et al. 2018).

Rootstocks used in grafting can improve salt tolerance
in several ways. They may limit the uptake of sodium ions,
enhance the plant’s ability to compartmentalize salt in vac-
uoles, or improve water and nutrient uptake efficiency un-
der saline conditions. For example, the use of salt-tolerant
rootstocks for tomatoes and cucumbers has been shown to
increase fruit yield and improve growth when subjected to
saline conditions (Zhao et al. 2016a). Additionally, grafting
can activate stress-responsive pathways in the plant, en-
hancing antioxidant enzyme activity and reducing oxidative
damage caused by salt stress. Grafting can develop several
procedures to survive at salinity. These are; (1) eliminating
salt in rhizosphere (selective ion uptake), (2) maintenance
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of salt in roots and incapability to transfer it to upper part
of plant, (3) keeping the potassium and calcium stability,
(4) keeping osmotic pressure, (5) antioxidant defense sys-
tems activation (6) counteracting stress situations thru hor-
monal regulation (Colla et al. 2010; Ulas et al. 2020a; Ay-
din and Yetisir 2022). Grafting has shown promising results
in vegetable crops such as tomatoes, cucumbers, and mel-
ons, making it a viable technique for sustainable agriculture
in regions where salinity poses a significant challenge. By
selecting the right combination of scion and rootstock, it
is possible to produce crops that are not only more resis-
tant to salt but also capable of thriving in saline environ-
ments. Some vegetable species that have shown improved
salt tolerance through grafting include tomatoes, cucum-
bers, melons, and eggplants. For example, in tomatoes, the
rootstock ‘Maxifort’ has been shown to enhance salt toler-
ance significantly, leading to better growth and yield under
saline conditions (Miao et al. 2024). Similarly, cucumbers
grafted onto the salt-tolerant rootstock ‘Becada’ exhibited
improved resistance to salt stress, showing enhanced root
development and better nutrient uptake (Chen et al. 2020).
Oztekin et al. (2006) stated that grafting might enhance
water use efficiency and tolerance to salt stress in tomato
plants. Grafted plants afford tolerance to salt stress by en-
hancing stomatal conductance, chlorophyll index and mem-
brane selectivity (Colla et al. 2012). In cucumber, root-
stock genotype of PS 1313 has exhibited inherent capac-
ity at salinity by supporting greater stomatal conductance,
chlorophyll index and membrane selectivity. Elsheery et al.
(2020) studied four rootstocks (bottle gourd, pumpkin, win-
ter squash, and Nubian watermelon) to examine biochem-
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ical, and physiological mechanisms of salinity stress toler-
ance using grafting and compared them with self-grafted
cucumber under three different salt levels (0, 50, 100 mM).
Grafted plants had better growth and yield parameters than
non-grafted plants, in addition to improve photosynthetic
activity and membrane stability. Grafting increased plant
hormones such as auxin, gibberellin, cytokinin, and sali-
cylic acid compared with non-grafted plants, while abscisic
acid was decreased under salinity stress. Bayoumi et al.
(2021) grafted cucumber hybrid Gianco F1 on to five var-
ious rootstocks (Ferro, Cobalt, VSS-61 F1, Bottle gourd,
and Super Shintoza) and tested under combined heat and
salinity to assess the growth, productivity, physiological,
and mineral composition. Grafting rootstock genotypes of
VSS-61 F1 and Ferro had maximum marketable yield, also
they had maximum scion vigor, lower flower abortion rates
and higher chlorophyll contents. A study examined by Zhu
et al. (2008) stated that in grafted cucumber, high salinity
tolerance is related to improved potassium level in leaves.
Cucumis sativus L. grafted on to fig leaf gourd (Cucurbita
ficifolia Bouche L.) enhanced yield and salinity tolerance
(Huang et al. 2009). These examples highlight how graft-
ing can improve the physiological resilience of vegetable
crops to saline environments, making it a practical solution
in regions affected by soil salinization.

Root Development and Nutrient Uptake

One of the most significant benefits of grafting for salt stress
tolerance is the improvement in root development. Root-
stocks used in grafting are often selected for their ability to
develop deep, extensive, and efficient root systems, which
are essential for accessing water and nutrients from deeper
soil layers under saline conditions. By grafting a salt-sen-
sitive scion onto a salt-tolerant rootstock, plants can ben-
efit from improved water uptake and nutrient absorption,
which are critical for maintaining growth in environments
with high salinity.

Rootstocks with better salt tolerance can also help reduce
accumulation of toxic ions like sodium (Na*) in the plant tis-
sues. In some cases, salt-tolerant rootstocks possess mecha-
nisms that compartmentalize sodium ions in vacuoles, pre-
venting them from interfering with metabolic processes in
the scion (Rouphael et al. 2018). This leads to improved
nutrient balance, as the plant is able to maintain higher lev-
els of essential nutrients like potassium (K*) and calcium
(Cay*) even under saline stress. Moreover, the enhanced root
system in grafted plants allows for better nutrient uptake,
which supports the overall growth and development of the
scion. As a result, grafting not only improves the plant’s
ability to withstand saline conditions but also ensures that
it can continue to thrive and produce high-quality yields
despite the challenging environmental stress (Zhao et al.

2016b). In a study by Tola et al. (2024), tomato plants
were grafted onto salt-tolerant rootstocks, such as Solanum
lycopersicum cv. ‘Maxifort’, which significantly enhanced
their tolerance to salinity. The grafted plants exhibited im-
proved root development and increased osmotic regulation,
resulting in enhanced photosynthesis and growth under salt
stress conditions. This study demonstrated that grafting can
be a viable solution for maintaining tomato production in
areas with high soil salinity.

The impact of root architecture in alteration of salinity
tolerance was studied in potato genotypes with salt sensi-
tivity or tolerance (Shaterian et al. 2005). Another success-
ful case is in watermelon (Citrullus lanatus), where graft-
ing onto salt-tolerant rootstocks, such as Cucurbita spp.,
has shown promise in improving salt stress resistance. In
a study conducted by Ulas et al. (2019b), grafted melon
plants exhibited enhanced salt tolerance, with a notable in-
crease in fruit yield and quality compared to non-grafted
controls. The rootstocks not only improved water and nutri-
ent uptake but also helped in minimizing the accumulation
of toxic salts in the plant tissues. This success story high-
lights the potential of grafting to improve salt tolerance in
cucurbit crops, which are often highly sensitive to salinity.

Similarly, research by El-Shraiy et al. (2011) focused
on cucumber (Cucumis sativus) grafted onto salt tolerance
rootstock (Shintosa Supreme pumpkin) to enhance salt tol-
erance. The findings demonstrated that grafted cucumbers
had improved root development, which allowed the plants
to access deeper water reserves and nutrients in saline soils.
Furthermore, grafted plants exhibited higher concentrations
of antioxidant enzymes, which helped protect the plants
from oxidative stress induced by salt. This research supports
the idea that grafting can provide a comprehensive solu-
tion for improving the tolerance of vegetable crops to envi-
ronmental stressors, particularly salinity. Ulas (2021b) ob-
served grafted pepino plants produced higher root biomass,
total root length, root volume and root diameter under salin-

ity.
Physiological and Biochemical Responses

Grafting can improve salt tolerance in plants by induc-
ing various physiological and biochemical changes that en-
hance the plant’s ability to cope with saline conditions. One
key physiological adaptation is the increased osmotic reg-
ulation in grafted plants. The rootstock plays a crucial role
in adjusting the osmotic potential of the plant, helping to
prevent water loss and improve water retention in the scion
(Rouphael et al. 2018). In response to salt stress, grafted
plants often show an increased accumulation of osmotic
regulators, such as proline, sugars, and soluble proteins,
which stabilize cellular structures and function under water
deficit conditions (Zhang et al. 2016). Additionally, graft-
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ing can promote the production of antioxidants, like SOD,
CAT, and peroxidases, which mitigate damaging effects of
ROS produced during salt stress. These antioxidants play
a critical role in protecting plant cells from oxidative dam-
age and maintaining overall plant health during prolonged
exposure to saline conditions (Zhao et al. 2016b).

Furthermore, grafting has been found to influence syn-
thesis of compatible solutes, like glycerol and betaine, that
help the plant adjust to the osmotic stress initiated by salt
accumulation in soil. By enhancing the accumulation of
these solutes, grafted plants are able to maintain their cel-
lular integrity and prevent dehydration, which is crucial for
survival in saline environments. In essence, grafting en-
hances the plant’s biochemical pathways responsible for
osmotic adjustment, antioxidant defense, and cellular pro-
tection, enabling it to better tolerate salt stress (Aydin 2024).

Recent research has highlighted the effectiveness of
grafting technology in improving salt tolerance in various
vegetable crops. One notable study by Al Rubaye et al.
(2021) explored the impact of grafting on pepper inbred
lines in saline conditions. The study showed that pepper
grafted onto different rootstock genotypes exhibited supe-
rior growth and development, with improved chlorophyll
content and increased shoot biomass. This research em-
phasized how grafting can mitigate adverse consequences
of salinity by increasing plant’s ability to absorb water
and maintain physiological functions at stress conditions.
Ulas et al. (2020a) stated that Cucurbita cultivars have
superior rootstock capability for melon, and their consid-
erable influences on salt tolerance were strongly correlated
with stimulating physiological and biochemical reactions
of scions.

The procedure of salt resistance at vegetable crops via
grafting are diverse pepper with tolerant rootstock (e.g.,
Capsicum chinense Jacq., Capsicum baccatum L.) may ac-
complish more plant productivity due to restricting of CI-
transfer to upper part of the plant by rootstock and decrease
of Na* fill in roots and leaves. This allocates uptake of ad-
ditional cations (i.e., K*, Cay*, Mg,*), for lesser osmotic
potential at lower energy cost (Penella et al. 2016). Nev-
ertheless, these influences cannot be widespread because
of extreme specificity of scion/rootstock interactions (Giuf-
frida et al. 2013; Serrano et al. 2017). The fruit quality
attributes in grafted pepper have been studied in a few re-
search (Kyriacou et al. 2017; Chavez-Mendoza et al. 2013).
These have stated a robust effect of rootstock on variations
in morphometric attributes, and biochemical composition of
fruit in pepper crops (Rouphael et al. 2010; Kyriacou et al.
2017), with many contradictory results (Colla et al. 2010;
Leal-Ferndndez et al. 2013; Ropokis et al. 2019; Gisbert
Domenech et al. 2010). In pepper, concentrations of soluble
sugars and total acid in fruits mostly do not be influenced
via grafting, though specific conflicting findings might be
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noticed in writings (Lépez-Marin et al. 2013, 2017). In
pepper, the polyphenols content of fruit was confirmed
not to be altered via grafting as functional combinations
(Chavez-Mendoza et al. 2013; Leal-Fernandez et al. 2013;
Sanchez-Torres et al. 2016). The ascorbic acid in pepper
fruit is of substantial consequence, though there are con-
flicting information in researches presently accessible, in
terms of alterations of ascorbic acid content in response to
grafting (Chdvez-Mendoza et al. 2013; Gisbert Domenech
et al. 2010; Lépez-Marin et al. 2017; Sanchez-Torres et al.
2016). It has been affirmed that greater genotype confidence
of ascorbic acid content in scions damages additional re-
stricted influences of rootstock in pepper (Kyriacou et al.
2017). Fullana-Pericas et al. (2018) have been assessed that
rootstock may encourage a modification in hormone bal-
ance in scions, as it causes modifications in scion features,
like plant hydraulics, and uptake of water and nutrients, that
are affected by vascular linking disruptions. In addition,
a study by Gupta and Huang (2014) studied the molecu-
lar mechanisms behind salt tolerance in grafted plants. The
study found that grafting increased the expression of genes
involved in ion homeostasis, osmotic regulation, and an-
tioxidant defense, contributing to improved plant resilience
under salt stress. This molecular insight provides a deeper
understanding of how grafting can enhance salt tolerance
at the genetic and biochemical levels, offering new avenues
for future research and application in crop improvement.

Biotechnological Approaches in Grafting

Trans-grafting process matches standard grafting technique
with genetic engineering at plants. Trans-grafting process
includes grafting of a non-genetically revised scion with
a genetically changed rootstock. Scion acquires advan-
tages and attributes conferred by transgenes in rootstock,
nonetheless finale results, like fruits, do not include trans-
gene and therefore are not genetically revised (Limera et al.
2017; Sidorova et al. 2021). This approach also enhances
genetic stability in salt-stressed plants by maintaining the
unaltered genetic structure of the scion while benefiting
from stress tolerance conferred by the rootstock (Coskun
2023a). An additional revolution is micrografting, that
includes in vitro grafting of tiny shoot apices or lateral
buds with decapitated rootstock (Chilukamarri et al. 2021;
Vidoy-Mercado et al. 2021). It is influential to understand
the molecular biology of grafting for knowledge the graft
compatibility. Although the vegetable grafting method has
been practiced since the 1920s, its molecular research has
been performed recently. Grafting induces the expression
of genes involved in defence, oxidative stress, vascular
growth, JA signalling, receptor kinase and pathogenesis-
related genes. They have suggested that the stress tolerance
in grafted plants is often due to graft induced molecular
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changes in rootstock. Transcriptome findings in different
grafted plants have been studied to identify the genes
that are essential for grafting compatibility and associated
stress tolerance imparted by rootstock to scions. Many
studies recommend that diverse plant hormones, proteins,
epigenetic events, and various styles of miRNA might be
accountable for alterations in scion (Tsaballa et al. 2021;
Sidorova et al. 2021; Vidoy-Mercado et al. 2021; Wang
et al. 2017; Thomas and Frank 2019; Rasool et al. 2020).

The combination of grafting with biotechnological and
genetic engineering techniques holds great promise in de-
veloping salt-tolerant vegetable crops. By using genetic
modification, scientists can develop rootstocks that pos-
sess enhanced salt tolerance traits, such as improved ion
compartmentalization or higher efficiency in water uptake
(Rouphael et al. 2018). In addition, biotechnological meth-
ods like gene editing, and transgenic approaches can be
used to modify the genetic makeup of the scion or root-
stock to express salt-tolerant genes, further enhancing graft-
ing outcomes. For example, researchers have successfully
introduced genes that regulate the synthesis of compatible
solutes like proline and glycerol in rootstocks, improving
their ability to withstand saline stress (Rodriguez-Ortega
et al. 2019). By integrating biotechnological advancements
with grafting, it is possible to produce crops that not only
exhibit salt tolerance but also maintain high yield and qual-
ity in saline environments, offering a sustainable solution
to salinity challenges in agriculture. Numerous experiments
have demonstrated that growth of grafted plants might be
modified in rootstocks and scion by modifying its gene
expression patterns (Prassinos et al. 2009). Experiment of
gene regulatory networks might recognize significant genes
in rootstocks, that might stimulate growth variations in
scion (Liu et al. 2017).

CRISPR-Cas12a’s attributes make it specifically efficient
for fine-tuning complex characteristics like nutrient intake
and stress resistance, both of that are valuable in grafting at
vegetable crops. Casl2a may enhance rootstock attributes,
indicating in greater nutrient absorption and resistance to
several abiotic stresses such as salinity, water stress, and
nutrient deficiencies. CRISPR-Cas12a might be applied to
alter rootstock genes implicated in ion transfer and com-
partmentalization, like HKT1 (controls sodium transport)
and NHX1 (regulates vacuolar sodium sequestration). Sci-
entists fine-tuned these genes to generate rootstocks that are
better able to handle extreme salinity, decreasing detrimen-
tal outcomes of additional sodium. For instance, in Cucumis
sativus, varied rootstocks with better sodium exclusion ca-
pability were exhibited to flourish in salty soils. Grafting
with non-edited scions, these rootstocks increase crops’
whole salt tolerance (Erdogan et al. 2023).

CRISPR-Cas9 knowledge has assisted in enhancing tol-
erances to drought and salinity by utilizing rootstocks that

are additional resistant to water and salt stress. CRISPR-
Cas9 might target genes like HKT1 and NHX1, that control
salt transport and sequestration in plants. CRISPR-Cas9 al-
ters these genes, permitting plants to better control ion bal-
ance and decrease detrimental outcomes of salinity. During
grafting process, rootstocks altered for better ion control en-
hance plant’s overall salinity tolerance (Munns et al. 2016;
Zhao et al. 2016a).

Numerous miRNAs, like miR169, miR395, miR398, and
miR399, have been found that respond to high salinity in
Arabidopsis thaliana (Liu et al. 2008), Glycine max (Ding
et al. 2009), and Populus euphratica (Li et al. 2013a).
A previous study observed that grafting can modify the
expression of miRNAs and their target genes; over 40 miR-
NAs were found to change in the leaves of watermelon
(Citrullus lanatus) when grafted onto bottle gourd (Lage-
naria siceraria) or pumpkin (Cucurbita maximax Cucur-
bita moschata) (Li et al. 2013b; Liu et al. 2013). Under salt
stress, the post-transcriptional effects of the miRNA target
network may be significant in graft-dependent. An exper-
iment showed that the expression levels of most miRNAs
in the leaves of pumpkin (Cucurbita moschata)-grafted cu-
cumber seedlings enhance after 6 and 24 h of salt stress than
self-grafted cucumbers (Li et al. 2016). Additionally, the
expression levels of most miRNAs in the roots of pumpkin
(Cucurbita moschata)-grafted cucumber enhance at salinity
(Xie et al. 2015).

Under salt stress conditions, in grafted plants, salt-
induced production of ROS normally persists quite low
than in non-grafted plants, as evidenced by a consid-
erable enhancement in the antioxidant activity in salt-
treated (grafted) tomatoes. While activities of SOD and
CAT tended to rise with an increase in salinity in grafted
plants, the converse was confirmed for non-grafted and
self-grafted plants (He et al. 2009). Furthermore, enzy-
matic antioxidants, a non-enzymatic antioxidant system
(ascorbate peroxidase, monodehydro ascorbate reductase,
reduced glutathione, etc.) is also recognized to eliminate the
additional ROS (Bartoli et al. 2017). Higher expression of
CAT mRNA, Cu/Zn-SOD, Mn-SOD and higher activities of
CAT, Cu/Zn-SOD, Mn-SOD and SOD have been found in
grafted plants under salt stress conditions (Gao et al. 2008).
In eggplant, grafted plants formed lower O,, H,O,, and
MDA than non-grafted plants at Ca(NOs), stress. Higher
activities of SOD, APX, and GR were also observed in
grafted than non-grafted plants (Wei et al. 2009). In toma-
toes, a widespread stress protein gene (SpUSP) cloned from
Solanum pennellii (a wild relative tomato) and function-
ally differentiated in commercial tomato genotype revealed
increased expression under salt stress conditions. About
15 primers were identified via fifteen salinity-responsive
candidate genes. The genotype UC82B showed the highest
vegetative growth and yield. Exploiting this identified geno-
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Table 1 Growth and yield performance of grafted plants under salt stress

Plant Scion Rootstock Salt Findings Reference
Species stress
level
Melon Rockmelon  Bottle gourd (Lagenaria sicer- 0, 25, Rockmelon/bottle gourd was categorized as Hassan
(Cucumis (Cucumis aria) var Mutiara and bitter 50 and slightest salt-sensitive and appropriate for fruit et al. (2024)
melo L.) melo L.) gourd (Momordica charantia) 75mM quality development
var. var Wira NaCl
Glamour
Pepper Gacela Creonte, Atlante, and Terran’ 35mM Pepper plants grafted onto Creonte and Atlante Galvez et al.
(Cap- (Capsicum (commercial rootstocks) NaCl produced drastically greater yield (by 60 and (2021)
sicum an- annuum) 75%, respectively) than non-grafted plants under
nuum L.) salinity
Pepper Adige NIBER® (Capsicum annuum X 70mM The hybrid NIBER®, a new salinity-tolerant pep- Lépez-
(Cap- (Capsicum Capsicum annuum) NaCl per rootstock, produced 32-80% higher yields Serrano
sicum an- annuum) than non-grafted plants et al. (2020)
nuum L.)
Cucumber Hesham C. maximax C. moschata, L. s. 709 and  The maximum yield per m? were recorded with Abdel-
(Cucumis commer- PI 534556 x L. s. PI 2.77dS m~! Kalabsha rootstock in the first season (15.83kg) ‘Wahab et al.
sativus L.) cial cu- 491365, Kalabshax L. s. PI EC and with Cucurbita maxima rootstock in the (2024)
cumber 491365, L. s. PI 534556 x L. s. levels second season (16.21kg)
cultivar PI 554556, Kalabshax L. s. PI
534556, L. s. P1 554556 x
L.s. PI 491365, L. s. PI
554556 x L. s. P1 534556, L. s.
PI 534556, L. s. P1 491365,
Kalabsha, L. s. PI 554556,
C. maxima, C. moschata
Tomato Ghandowra-  Maxifort, Unifort, Dynafort, 2.5, 6.0, Salinity reduced yield, also rootstock did not Tola et al.
(Solanum F1, Vivifort, and Beaufort and increase yield. Vivifort and Beaufort are appro- (2024)
lycoper- Forester- 9.5dS m™! priate for grafting under low and moderate stress
sicum L.) F1, and EC
Feisty-Red levels
Bell Pep- Vedrana Rocal F1 salt tolerant rootstock 20 and The fruit phenolic compounds were influenced Kacjan
per (Cap- 40mM by rootstock, and total phenolic content was en- Marsic et al.
sicum an- NaCl hanced with 40 mM NaCl. Fruit ascorbic acid (2021)
nuum L. content enhanced under salinity without media-
var. tion of rootstock
grossum
L)
Sendtn.)
Tomato Galaxy Six wild tomatoes SP3 1.5dS m™'  Salinity decreased the shoots (68.71%) and roots Aydin
(Solanum and H2274 [LA1269], SP4 [LA2914], and (23.59%) fresh matters, though increased H20> (2024)
lycoper- (S. ly- SP5 [LA1279] (S. pimpinelli- 8dSm™! content (93.90%) and MDA content (63.71%).
sicum L.) coper- folium), SH1 [LA1764], SH3 EC Salt stress in leaf tissues POD (204.49%), CAT
sicum L.) [LA1378], SH5 [LA2650] levels (83.87%), SOD (204.49%), GR (88.23%), GST
(8. habrochaites) and two hy- (100.16%), G6PD (32.85%), 6GPD (46.19%),
brid Lx SP5 [Lx LA1279] APX (157.29%) caused an increase in enzymes
(S. lycopersicum L. x and total amino acid content (160.57%)
S. pimpinellifolium) and L x
SH3 [Lx LA1378] (S. lycoper-
sicum L. X S. habrochaites)
Watermelon Watermelon  Hybrid Bottle Gourd (Lage- 1.8 and Salinity reduced shoot dry weight (63%), root Bagsak et al.
(Citrullus naria siceraria) Rootstock 10dS m™!  dry weight (43%), main stem diameter (18%), (2025)
lana- EC number of leaves per plant (41%), main stem
tus L.) levels length (68%), root length (45%), leaf K/Na

(100%), leaf Ca/Na (97%), leaf tissue IAA (3%),
ABA (63%), and root tissue IAA (28%), GA3
(32%), and SA (63%) content, but increased leaf
tissue GA3 (196%), SA (27%) and root tissue
ABA (47%) content
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Table 1 (Continued)

Plant Scion Rootstock Salt Findings Reference
Species stress
level
Melon Salt-sus- TLR-1 and TLR-2, which 0, and Under salt stress, declined in the shoot fresh (70 Kusvuran
(Cucumis ceptible are salt-tolerant melon geno- 200 mM and 33%) and dry (55 and 24%), root fresh (48 et al. (2021)
melo L.) melon types, and Albatros commer- NaCl and 26%) and dry weight (43 and 29%), and
genotypes, cial melon rootstock leaf area (82 and 26%) of ungrafted and grafted
SCP-1 and plants were observed. However, increased in the
SCP-2 SOD activity in the grafted plants, by about 35
and 115%, when compared with the ungrafted
salt-stressed plants
Cucumber Nagene Pumpkin rootstock (Cucurbita 0, 50, Se biofortification and grafting substantially in- Amerian
(Cucumis variety maxima) 100 mM creased salinity tolerance in cucumbers, leading et al. (2024)
sativus L.) NaCl to increased yield and growth. Grafting onto
pumpkin improved the salinity tolerance of
cucumber through a decline of Na uptake and
translocation to the scion
Tomato Tone Gui- Maxifort F1, X-218, X-238, 2.0, and Yield increased by 53% at low salt stress Algardaeai
(Solanum tar F1 and Alawamiya365 4.0dSm™" (2dS m™) at volcanic rock at the grafted plants et al. (2024)
lycoper- (commer- EC
sicum L.) cial scion) levels
Pepper Pepper in- Scarface 1.5, and Vigorous rootstock alleviated adverse influences Al Rubaye
(Cap- bred lines F1, 11B14, and Yaocali F1 8.0dS m™!  of salinity. Salt stress substantially reduced shoot et al. (2021)
sicum an- (ERU-462 EC dry matter (3.48 and 58.11%), root dry matter
nuum L.) and ERU- levels (6.36 and 38.07%) and photosynthesis (16.3
1227) and 41.2%) in ERU-462/11B14 and ERU 1227/
Scarface F1 plants compared to unstressed plants
Cucumber Cucumis Bottle gourd, pumpkin, winter 0, 50, The maximum enhancement in net assimilation Elsheery
(Cucumis sativus L. squash, and nubian water- 100mM rate (33.1%), stomatal conductance (25.4%), Chl et al. (2020)
sativus) cv 1010 melon NaCl a (46.8%), Chl b (45.2%), carotenoid (17.8%),
chlorophyll fluorescence parameters (Fv/Fm
(12.1%) and NPQ (39.4%)) were observed in
pumpkin compared with self-grafted plants un-
der salt stress. The maximum increase for total
phenols (2.9%), total sugars (48.2%), proline
(14.4%) and gibberellin (12.3%), cytokinin
(12.6%), and salicylic acid (55.1%) were ob-
served in pumpkin, while maximum total protein
(7.2%) and auxin (31.2%) were produced in bot-
tle gourd over self-grafted plants
Melon Citirex and Kardosa and Nun9075 1.5, and Salinity declined shoot (49.9%) and root growth Ulas et al.
(Cucumis Altinbas 8.0dSm™" (17.6%), shoot-to-root ratio (45.8%), leaf area (2020a)
melo L.) EC (49.1%), photosynthesis (9.1%), leaf chloro-
levels phyll (14.8%), and carotenoid contents (20.4%),
leaf K* concentration (20.1%). However, salt
stress enhanced substantially proline (59.1%),
MDA (31.3%) contents and leaf (56.8%) and root
(36.7%) ion leakages, leaf Na* (1137.5%), CI~
(1392.3%) and Ca** (353.3%) concentrations
Cucumber Cucumis Cucurbita ficifolia Bouché 0,5, 10, Under salinity, grafting increased the absorption Wang et al.
(Cucumis sativus cv. 20, and of K* and Ca?* in cucumber stems and leaves. (2021)
sativus) Deer No. 30mM L' However, it significantly reduced the accumu-
99 NaCl lation of Na* in those parts by 61.58-89.40%.

The 10mM L' Ca?* had the highest biomass,
compared with control and non-grafted, with an
increase of 49.95 and 20.47%, respectively, the
lowest sodium ion (Na*). At 11 days, compared
with 0mM L' Ca?* treatment, pro content was
increased by 4.70-25.31, and MDA content was
decreased by 1.08-4.90 times, respectively
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Table 1 (Continued)

Plant Scion Rootstock Salt Findings Reference
Species stress
level
Tomato Jiaxina Maxifort 0, and Salicylic acid, grafting, their combination (GSA) Miao et al.
(Solanum 150mM improved the plant height by 22.5%, 26.5%, (2024)
lycoper- NaCl and 40.2%; the stem diameter by 11.0%, 26.0%,
sicum L.) and 23.7%; the shoot fresh weight by 76.3%,
113.2%, and 247.4%; the root fresh weight by
150.9%, 238.6%, and 286.0%; the shoot dry
weight by 53.5%, 65.1%, and 162.8%; the root
dry weight by 150.0%, 150.0%, and 166.7%, and
photosynthesis by 4.0%, 16.3%, and 32.7%, with
GSA presenting the most pronounced positive
effect
Tomato Valouro- Maxifort 2.5, 6.0, The variations in transpiration rate, net photo- Al-Gaadi
(Solanum RZ and synthetic rate, stomatal conductance, chlorophyll et al. (2024)
lycoper- Ghandora- 9.0dS m™!  content of leaf, and yield between medium and
sicum L.) F1, and EC high salinity trials were reported at 3%, 5%, 9%,
Feisty-Red levels 5%, and 7.1%, respectively. In contrast, no sig-
commer- nificant differences were observed between low
cial tomato and medium salinities
cultivars
Tomato Izmir F1 Arnold, Dohkko, Emperador, 0, and Grafting enhances root architecture (root length, Balliu et al.
(Solanum He-man, Kaiser, and Suzuka 50mM specific root length, and root length ratio), which (2024)
lycoper- NaCl increases the capacities of grafted plants to ex-
sicum L.) ploit a larger volume of soil or enhance root den-
sity under root restriction conditions. Since the
root traits and nutrient concentrations in grafted
plants were less impacted by a change in the
salinity level, the study of rootstocks (Arnold,
Dohkko, Kaiser) could contribute to the constant
growth and yield of tomatoes under salt stress
Cucumber  Aramon Becada (Cucurbita moschata) 50mM In grafted cucumber, Cl- would accumulate to Chen et al.
(Cucumis (Cucumis NaCl a toxic level in leaves. Instead, mechanisms exist (2020)
sativus) sativus) to avoid overaccumulation. Mechanisms of Na*
exclusion and tissue tolerance vary independently
in selected cucumber cultivars
Tomato Ikram Charlotte (Solanum lycoper- 5.0dS m™!  Grafted plants produced 78.9% fruit yield of Parthasarathi
(Solanum (Solanum sicunt) NaCl tomatoes under the non-saline conditions. Under et al. (2021)
lycoper- lycoper- level salinity, the fruit TSS content of grafted (19.6%)
sicum L.) sicumn) and tomato (19.2%) plants was substantially
higher. The total tuber yields of the potato and
grafted plants were significantly reduced due
to a decrease in the number of tubers per plant
(18.2%) and average tuber dry mass (45.8%)
under salinity
Tomato Tom Tom 121 and Tom 174 50mM Under salinity, self-grafted plants of Tom 174 Coban et al.
(Solanum 121 and (Solanum lycopersicum) NaCl had an increase in fruit yield (16.6%), self- (2020)
lycoper- Tom 174 grafted plants of Tom 121 had a decrease in fruit
sicum L.) (Solanum yield (44.4%). In contrast, Tom 121/Tom 174
lycoper- graft combination decreased the fruit yield by
sicum) only 2.5%
Tomato Bark LA1995, LA2711, LA2485, 100, and Bark rootstock enhanced shoot (fresh weight, Abdeldym
(Solanum (Solanum and LA3845 (Solanum lycop- 200mM stem length, branch number), and root growth et al. (2020)
lycoper- lycoper- ersicum L.) NaCl (total root length, fresh and dry weight), yield
sicum L.) sicum L.) (total yield, fruit number and fruit weight) and

quality (Vitamin C, firmness and total soluble
solids). Three considers (molecular, physiolog-
ical and agronomical) showed that four geno-
types (LA1995, LA2711, LA2485 and LA3845)
showed excellent functioning at salt stress
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Table 1 (Continued)

Plant Scion Rootstock Salt Findings Reference
Species stress

level
Cucumber Jinchun Chaojiquanwang (Cucurbita 75mM Pumpkin roots enhance scion sensitivity to ABA Niu et al.
(Cucumis No. 2 moschata) NaCl transferred from roots to shoots and increase (2019)
sativus) (Cucumis osmotic tolerance at salt stress

sativus)
Eggplant Naomi and AGr703 (Solanum 6.0 and Grafting made plants more effective in avoiding Talhouni
(Solanum Artvin aethiopicum), Yula, and Vista 7.0dS m™'  Na* ions sent to plants’ upper parts and had max- et al. (2019)
melon- (Solanum incanum x Solanum NaCl imum SOD, CAT, and APX activity than self-
gena) melongena) levels grafted and non-grafted plants that developed
improved tolerance and plant growth

Eggplant Angela Maxifort (Solanum lycoper- 55.5mM  Maxifort rootstock had yield decreases of 6.8, Semiz and
(Solanum (Solanum sicum) Na* and 53, 66 and 80%, relative to the control, for salin- Suarez
melon- melon- 148 mM ity levels of -0.15, —0.30, —0.45 and —0.60 MPa, (2019)
gena) gena) CI- respectively. The yield alterations among Max-

ifort grafted and nongrafted plants were much
more obvious under moderate and high salinity,
with the yield differences at 3.98 and 8.26dSm™!
being 80.5 and 68.1%, respectively

type could be known for salt tolerance (Ja’afar et al. 2018).
Asins et al. (2015) reported that the genetic dissection of
rootstock influences scion characteristics under moderate
salinity in tomato plants. The rootstock HKT1 genotype
influences the Na* level in fruits, which was observed to
be bigger when the rootstock genotype was homozygote
for SpHKTI1. The 37 QTLs, which control the valuable
rootstock-mediated scion attributes like the leaf concentra-
tion of nutrients, harvesting time, fruit yield, and soluble-
solids content under moderate salinity, were detected. The
high amount of Na* can encourage a calcium signaling
cascade, activating the salt-overly-sensitive (SOS) pathway
and encouraging Na*/H* exchange (Zhao et al. 2016b). An
ER chaperone protein, Calreticulin, is considered a con-
trolling protein for the Ca?* homeostasis by binding to
Ca?. Salinity initiates the calreticulin to bind with the Ca?*
ions, which are later collected in the cell. The collected
calcium ions act as a secondary messenger for ABA, re-
sulting in the amelioration of salt stress (Mahajan et al.
2008). Wu et al. (2023) demonstrated the essential function
of WRKY transcription factors, PosF21 and xyloglucan
endotransglucosylase-hydrolases (XTHSs) in imparting salt
stress tolerance in grafted tomato seedlings through RNA-
seq analysis.

Peng et al. (2023) identified the key genes responsible
for salt stress tolerance in cucumber grafted on pumpkin
rootstock. They performed transcriptome analysis and func-
tional characterization of a candidate gene high-affinity K+
5;3(CsHAKS; 3). They stated that CsHAKS, 3 gene is the ma-
jor regulator of K* homoeostasis under salinity. Salt stress
responsive transcriptome and proteome profiling in bottle
gourd rootstock-grafted watermelon seedlings showed 3207
and 5255 genes as up- and down-regulated, respectively,

and 28 proteins with at least 1.5-folds change (Wang et al.
2023). The differentially stated genes involved transcrip-
tion factors such as MYB, WRKY, bHLH, and NAC fam-
ily and genes included in signal transduction pathway, al-
though the differentially stated protein included the proteins
involved in amino acid and protein synthesis, photosynthe-
sis, mitochondrial metabolism and carbon metabolism, and
stress defense. Furthermore, additional research on veg-
etable grafting technology and its molecular mechanism
of compatibility and stress responses by utilizing modern
omics and biotechnological approaches will help to exploit
this technology in crop breeding programs (Table 1).

Conclusions

Soil or water salinity is a significant problem for plant
growth and development and prevents plants from reach-
ing their genetic potential, which declines crop yield and
quality. To approach the negative impact of salinity on
vegetable plants, the plants involve specific processes that
enhance salinity resistance. Insight the enhancing salinity
conditions caused by climate change and their influence on
agricultural production underscores the growing importance
of vegetable grafting technology. Vegetable crops can be ef-
ficiently grafted onto suitable rootstocks to enhance produc-
tion, yield, and quality in Cucurbitaceous and Solanaceous
vegetables while reducing the sensitivity of the scion to salt
stress. By applying salt-tolerant vegetable rootstocks, graft-
ing increases the plant’s ability to withstand the negative
outcomes of salinity, like declined water uptake, ion toxic-
ity, and osmotic imbalance. This method not only increases
plant growth and development as well as root system de-
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velopment, allowing for better nutrient and water absorp-
tion, nevertheless also encourages biochemical responses,
including the activation of antioxidant systems and the reg-
ulation of osmotic pressure, which further contributes to
stress tolerance. Therefore, the study of this technique un-
der salinity has the ability to strengthen ecosystem sus-
tainability. Considering its various benefits, this innovative
technology has potential to become one of the major tools
in the coming years for enhancing vegetable productivity,
particularly under salt stress for sustainable agriculture.
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