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Abstract: Salinity in soil or water is a serious threat to global agriculture; the expected acreage affected
by salinity is about 20% of the global irrigated lands. Improving salt tolerance of plants through
breeding is a complex undertaking due to the number of traits involved. Grafting, a surgical mean of
joining a scion and rootstock of two different genotypes with the desired traits, offers an alternative to
breeding and biotechnological approaches to salt tolerance. Grafting can also be used to circumvent
other biotic and abiotic stresses. Increasing salinity tolerance in tomato (Solanum lycopresicum L.),
a highly nutritious and economical vegetable, will have greater impact on the vegetable industry,
especially in (semi) arid regions where salinity in soil and water are more prevalent. Besides, plants
also experience salt stress when water in hydroponic system is recycled for tomato production.
Grafting high yielding but salt-susceptible tomato cultivars onto salt-resistant/tolerant rootstocks is a
sustainable strategy to overcome saline stress. Selection of salt-tolerant rootstocks though screening
of available commercial and wild relatives of tomato under salt stress conditions is a pre-requisite
for grafting. The positive response of grafting exerted by tolerant rootstocks or scion-rootstock
interactions on yield and fruit characteristics of tomato under saline conditions is attributed to several
physiological and biochemical changes. In this review, the importance of tomato grafting, strategies to
select appropriate rootstocks, scion-rootstock interaction for growth, yield and quality characteristics,
as well as the tolerance mechanisms that (grafted) plants deploy to circumvent or minimize the effects
of salt stress in root zones are discussed. The future challenges of grafting tomato are also highlighted.

Keywords: Tomato grafting; salinity tolerance; rootstock; physio-biochemical mechanisms;
Solanum lycopresicum L.

1. Introduction

Salinity in soil or water is a serious threat to plant growth that prevents plants in achieving their
genetic potential. Salinity annually damages about 20% of the world’s crops grown under irrigation [1].
The high salt content of productive arable lands could render half of this land unusable for agriculture
by 2050 [1]. In the world’s arid and semiarid areas, less rain, high evaporation, saline irrigation
water and inefficient management of water leads to salinity problems. Approximately 20% of the
total cultivated lands and 33% of the irrigated agricultural lands worldwide are afflicted by high
salinity and such areas are increasing at a rate of 10% per year [2]. It is estimated that about 3 ha
of productive land per minute is lost due to salinity [3]. Thus, it is imperative to take appropriate
measures timely to improve the salt tolerance of crops [4], especially tomato (Solanum lycopersicum
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L.), which enjoys the prime position worldwide among different vegetables owing to having high
nutritional and economical significance.

Tomato is a member of the nightshade family and cultivated for fresh and processing purposes as
an annual crop [5]. Additionally, this crop is used as a model plant to study physiology to molecular
genetics and genomics in the angiosperms [6,7]. Salinity represents a substantive threat to tomato
production [8]; it causes considerable reductions in tomato growth and yield [2]. Most commercial
cultivars of tomato are considered to be moderately sensitive to salt stress, which affects seed germination
and the vegetative and reproductive stages of growth [5,9,10]. Ongoing efforts to improve salt tolerance
in tomato using plant breeding, biotechnological approaches and other management practices have
met with limited success due to the genetic and physiological complexity of the traits involved in salt
tolerance [4,7,10,11]. According to Rao et al. [12], improvement of salt tolerance using plant breeding is
an intricate task because of the high number of traits involved, their quantitative nature, epistatic gene
action, low to moderate heritability and high sensitivity to the environment. Genetic engineering has
been used to increase salt tolerance in plants and has claimed some success [11,12], but its commercial
success is still to be witnessed.

An environmentally friendly, sustainable and effective method is grafting that enables to exploit
the benefit of resistant genotypes (as rootstocks) to improve the performance of commercial cultivars
(as scion) that are susceptible to (a)biotic stresses [13]. Grafting offers an alternative to breeding
and biotechnological approaches to rapidly enhance salt tolerance in vegetable plants [8,11,14–16].
This technique in woody perennial fruit plants has been a routine practice in Asia for more than
2000 years [14]. In herbaceous vegetables, grafting initially was practiced in 1920s in watermelon to
increase resistance to soil-borne diseases [17]. After the first scientific publication about grafting [14,17],
use of the technique spread to other cucurbitaceous and solanaceous vegetable crops to address
soil-borne diseases and other environmental stresses [18,19]. Commercial tomato grafting became
popular in the 1960s in East Asia, Europe and later in North America [20,21]. Application of vegetable
grafting has spread in many countries by the end of the 1990s, but it got momentum only after
the banning of methyl bromide (MB) in the Montreal protocol in 2005, particularly in developed
countries. Although, the protocol was authorized until 2015 in developing countries, with the efforts
of United Nations Industrial Development Organization (UNIDO), United Nations Development
Program (UNDP), World Bank and lateral agencies from Europe, many developing countries (some
of Latin America, Africa, Middle East and Asia) were able to control the use of MB well before
2015, and started using grafting as an alternative to MB [18]. MB was the most commonly used
soil fumigant against deadly soil borne pathogens prevailing in intensive vegetables production
in protected cultivation [22]. Besides, being a sustainable practice, grafting is a useful component
of organic vegetable production, particularly of tomato. In recent pasts, the horizon of grafting
use expanded to abiotic stresses too and among which, salinity got the most priority. For instance,
watermelon produced in countries like Japan, Korea, Turkey, Greece and parts of Spain and Italy
with almost 100% grafted seedlings, and the use of grafted plants is also increasing immensely in
other vegetables like tomato, eggplant, pepper, cucumber and melons across the world [23]. In major
countries where grafting is a popular technique, out of the total tomato cultivation proportion share of
grafted tomato seedlings use is around 1% in China, though it also ranks first in the number of grafted
seedlings used, 25% in Korea, 33% in Vietnam, 40% in Japan, 50% in France and 75% in Netherlands.
In other countries like the USA, Italy, Morocco and Spain the uses of grafted seedlings were available
in numbers, i.e., 18, 15.1, 44, 72.8 and millions [24,25]. In this review, we present an outline of the
potential of a grafting tool to enhance salt tolerance in a tomato based on recent researches done across
the world. We also propose a strategy for future research as well as adoption for its better exploitation
for the growth of the agriculture sector.
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2. Effect of Salinity on Tomato Plants

Salinity is the most serious of all environmental stresses [26] and poses a great threat to agricultural
sustainability [27]. It occurs when there is an excessive accumulation of salts (especially high Na+,
Cl− and SO4

−) in the soil [28] or irrigation water [11,16]. The elevated level of salts generally causes a
reduction of water potential in the root medium, thereby leading to a water deficit within plants [5,29],
besides their excess level can cause ion-toxicity and nutrient imbalance, especially of K+, Ca2+ and
Mg2+ by disturbing their uptake and/or transport to the shoots [30].

In general, the main factor of inhibiting growth of salt stressed plants is elevated levels of Na+ and
Cl−; with roots remaining the primary sites for stress perception [31] and the subsequent responses at
the cell, organ or whole plant levels [32]. According to the two-phase model of salt-induced growth
reduction, plants suffer initially due to osmotic stress impairing their ability to absorb sufficient water,
and then from salt specific injuries ascribed to, in general, toxic levels of Na+ and Cl− interfering with
key cellular processes and causing damage to the cell membranes and organelles; altering nutrient ratios,
endogenous growth regulator concentrations and enzymatic activities and suppressing photosynthetic
assimilation and causing plant death in the extreme cases [33]. In fact, the second phase of salinity
stress, i.e., ion-specific toxicity, is a long-term process and depends on the intracellular salt ion levels,
which mostly tend to increase with an increase in the magnitude and duration of salinity stress.

Salinity has been reported to disturb plants physiological and biochemical processes and induce
changes in morphological characteristics that finally lead to losses in yield [2,27,28,34]. Salt stress causes
decrease in plant height, shoot and root biomass and root length in tomato plants [35]. According to
Najla et al. [36] salinity adversely affected plant height and leaf area, and the overall development
process of tomato plants. However, the salinity induced decrease in plant height was more related to
reduced internodal length than the number of nodes, and lower plant growth rate was associated with
a decrease in leaflet growth and the number of leaflets per leaf in salt stressed plants [36]. The adverse
effects of salinity on shoot and root morphology were the result of an alteration of plant physiology
that includes altered absorption of water and nutrients, hormonal production and disrupted root to
shoot signals [37]. Salt induced inhibition in photosynthesis and oxidative stress has been widely
documented. Salt stress can also alter leaf metabolites concentrations as have been reported by
Khavari-Nejad and Mostofi [38]. They observed a notable decrease in the level of chlorophyll and
β-carotene contents, along with an increase of soluble sugars and total saccharides in the leaves of
tomato plants treated with 100 mM NaCl. In addition, aggregated chloroplasts and distorted and
wrinkled cell membranes were also noticed in tomato leaves by these researchers. In spite of inhibiting
plant height and shoots and roots dry matter contents, excess salt concentration in water reduced
water use efficiency (WUE) and amount of K+ and K/Na ratio in all studied tomato cultivars [39].
The accumulation of monovalent and bivalent Na+, K+ and Ca2+ ions in foliage and roots under
saline conditions was, though, genotype-dependent [40]. Further, salinity affects almost all the plant
growth stages, but the severity depends on the growth stage, salinity level and cultivar [35]. However,
despite the inhibitory effects of salinity on growth and yield, the enhancement of some fruit quality
characteristics (i.e., higher levels of sugars and organic acids) in tomato have been reported [41].
An increase of up to 40% carotenoid content in fruits of tomato plants exposed to moderate salinity has
also been observed (4.4 dS m−1) [42].

3. Grafting to Improve Salt Tolerance in Tomato

3.1. Growth and Yield

The persuasive response of grafting on plant growth and yield characteristics under saline
conditions can vary; this can be the result of intrinsic characteristics of scion, rootstock and their
functional interactions, and severity of saline stress. A wide range of studies suggests that the adverse
effects of salt stress on vegetable plants can be mitigated by grafting. Improved plant growth and yield
performance of susceptible tomato cultivars under salt stress is the manifestation of positive response
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of grafting; these ascribed to the right choice of scion-rootstocks combination [11]. Concerning the
response of scion-rootstock combination on tomato growth and yield, grafting ‘Cuore di Bue’ scion
onto ‘Arnold’ rootstock was found superior to either non-grafted or those grafted onto other rootstocks
(‘Maxifort’ and ‘Armstrong’) under a moderate salinity level (20 mM NaCl), while the response of
rootstock grafting was not evident at higher NaCl concentration (40 mM) [43]. The response of different
rootstocks to salt susceptible scion ‘Moneymaker’ varied for yield and fruit parameters under saline
conditions; graft combination involving ‘Beaufort’ and ‘He-man’ rootstocks was more productive under
a mild saline condition. However, between two, only ‘He-man’ rootstock could provide sustenance to
susceptible scion ‘Moneymaker’ for fruit yield under a high level of salinity. Contrarily, ‘HPG’ and
‘Energy’ rootstocks grafted tomatoes showed negative effect and produced lower yields [15].

Salt stress decreased both vegetative growth (i.e., stem diameter, plant height and shoot fresh
weight) and fruit yield of both grafted and non-grafted plants. At this salinity level (3.76 dS m−1),
no significant decrease in fruit yield was noticed in grafted plants (‘Faridah’ scion onto ‘Unifort’
rootstock) [10]. Concerning scion-rootstock combinations, a significant variation in plant growth
(e.g., stem growth rate) was observed under saline conditions by Balliu et al. [44], who revealed
that ‘Charlotte’ grafted onto ‘Cyndia’ exhibited higher mean stem growth rate than non-grafted
plants. However, no difference in this parameter was noted between grafted and non-grafted tomato
plants under normal (non-saline) condition. These authors, further stated that ‘Bona’ plants grafted
onto ‘Energy’ rootstock produced higher mean yield compared to non-grafted plants, while this
combination displayed lowest stem growth rate. The other scion, ‘Charlotte’, gave the maximum
yield with rootstock ‘Prospero’ under saline conditions. The performance of salt sensitive cultivar
‘Moneymaker’ improved in terms of both plant growth and fruit yield under salt stress (50 mM NaCl),
when it was grafted onto the salt tolerant rootstock ‘Pera’ [45]. Santa-Cruz et al. [46] reported that the
‘UC-82B’/‘Kyndia’ (scion/rootstock) combination showed a tolerance response to excess salt (100 mM
NaCl) by producing higher shoot growth and fruit yield than the rest of the other graft combinations.
Among yield-contributing traits, fruit weight was found to be the single factor to determine yield,
while the number of fruits affected was not significantly affected by salt stress; as also was obvious in
this study where graft combination ‘UC-82B’/‘Kyndia’ exhibited higher fruit weight. Al-Harbi et al. [10]
concluded that tomato could be grown successfully with a satisfactory yield by grafting onto suitable
rootstock under salt stress (EC 3.76 dS m−1). While comparing the response of tomato grafting onto
different rootstocks under saline conditions in indoor or outdoor grown plants, Voutsela et al. [47]
revealed that tomato fruit yield was significantly higher in grafted plants than non-grafted plants
in both indoor and outdoor grown plants under salt stress (6.0 mS/cm). The benefit of grafting for
increased fruit yield over non-grafted plants under salt stress was more pronounced in indoor condition
(from 208% to 259%) than outdoor condition (from 0% to 149%). These workers have also reported
significantly higher fruit yield in salt stressed self-grafted plants than non-grafted plants regardless of
growing conditions. However, Iseri et al. [48] stated that enhanced salt tolerance and adaptive response
of tomato scions was rootstock dependent rather than graft-induced changes per se. These reports
indicate that selection of rootstocks and scion cultivars to be made reasonably for harnessing the benefit
of grafting in tomato under saline conditions.

3.2. Fruit Quality

Despite the reduction of the fruit yield, enhancement of fruit quality traits is a general response
of mild stress (i.e., water and salt); these are due to the accumulation of more metabolite contents
under stress conditions. The interaction between grafting and salinity for fruit quality traits may be
positive, negative or even neutral under stress conditions. The response of grafting on growth and fruit
yield was positive when tomato cultivar ‘Cuore di Bue’ grafted onto ‘Arnold’ rootstock, whereas no
obvious effect of grafting was observed in this graft combination on fruit quality traits (i.e., total soluble
solids, fruit dry matter percentage, titratable acidity and TA) at any of the levels of NaCl (i.e., 0, 20 or
40 mM) added medium [43]. Similarly, grafting ‘Durinta’ onto ‘He-man’ rootstock showed promising
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response for yield traits, especially under high saline medium (8.8 dS m−1), but the fruits of this graft
combination had low titratable acidity content [15]. Turhan et al. [49] have also reported a reduction in
the tomato fruit quality in grafted plants than non-grafted plants under salt stress. Contrary to these,
findings of Balliu et al. [44] reported positive response of both grafting and salinity level; the fruit
quality characteristics namely fruit dry matter percentage, vitamin C and total soluble solids contents
increased in grafted plants with the increase of NaCl concentration from 0 to 5 mM. Flores et al. [50]
noticed that grafting ‘Moneymaker’ onto ‘UC82B’ did not increase fruit yield either under optimal or
saline condition, fruit yield rather decreased in grafted plants, but fruit quality parameters (i.e., soluble
solid content and titratable TA) were higher in grafted plants, more conspicuously under salt stress
condition (50 mM). However, grafting ‘Moneymaker’ onto ‘Radja’ rootstock was found as promising as
both fruit yield and quality were increased in this graft combination under a saline condition (25 and
50mM NaCl) [50]. The inference drawn from these is that the combination of scion and rootstock
should be selected carefully to get the maximum benefit of the grafting technique.

4. Mechanisms of Salt Tolerance in Grafted Plants

In order to overcome the harmful effects of salinity, grafted tomato plants employ certain adaptive
strategies such as salt exclusion or retention, osmotic adjustment, activation of antioxidant defense
system, nutrient homeostasis, plant hormonal balances and a gene expression led favorable response.
Roots being the primary plant organ have to face any soil related stress (e.g., salinity); their intrinsic
characteristics would determine overall plants performance.

4.1. Morpho-Physiological Traits

4.1.1. Root System Architecture and Salt Tolerance

Performance of grafted plants compared to non-grafted or self-grafted plants under a stressful
condition is often dependent on the rootstock’s root system characteristics; a vigorous root system
could be the most important criterion for increasing salt tolerance [44]. The rootstock’s root systems
architecture specified by root length and density, root hairs and root surface area plays a critical role in
ion and water uptake, thus determining salt tolerance of grafted plants [11,51]. A vigorous root system,
for instance, produced more cytokinins and transported water to the shoot system by xylem sap, which
positively affected plant growth and crop yield [44,52]. Furthermore, hydraulic conductivity of the
roots may control plant growth by manipulation of the water supply to epigeous plant parts [53];
however, this process is still not clear. Roots being the primary organ exposed to salt stress, salt
induced inhibition of root growth is quite obvious. For instance, salt stress (100 and 150 mM NaCl)
invariably reduced root growth of both control and grafted tomato plants, but the rate of root dry mass
reduction was lesser in grafted plants (on ‘ZhezhenNo.1’ rootstock) than non-grafted plants. However,
no effect of grafting was observed on either epigeous or hypogeous dry mass under non-saline (0 mM
NaCl) conditions [51]. Martínez-Rodríguez et al. [54] studied tomato rootstocks ‘Radja’ and ‘Pera’
for salt tolerance and they found that ‘Radja’ had a unique root genotype for salt tolerance with the
ability to decrease salt ion transportation to the shoot system, as indicated by a lower ion concentration
in the leaves. ‘Pera’ has the ability to improve salt tolerance in plants cultivated at any salt stress
level. Tomato scion (cv. ‘Faridah’) grafted onto rootstock ‘Unifort’ was less affected by excess salt
than the non-grafted scion; reflecting that ‘Unifort’ roots had a better capacity to limiting the transport
of Na+ and Cl− to above-ground parts [10]. Similar results were also recorded in cucumber grafted
onto a figleaf gourd differing in their ability to regulate water and salt absorption and subsequent
translocation to the scion [55].

4.1.2. Plant Water Relations

Plant water relations can be measured through root hydraulic conductance by estimating the
nutrient and water uptake in grafted plants [56]. Rootstocks confer to grafted plants a stronger
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and larger root system, which provide an increase in minerals and water uptake in comparison to
non-grafted plants [57]. Rootstocks mainly set roots physical characteristics, such as its enhanced
uptake capacity or vertical and lateral expansion, rendering water uptake more facilitated. Water and
nutrients uptake have been found more efficiently in a vigorous rootstock than scion roots [58].
Root hydraulic conductance was higher in grafted plants due to higher resistance of the graft union to
water-flow [59]. Shalhevet et al. [60], Munns and Passioura [61] and Evlagon et al. [62] reported that
hyperosmotic stress and ionic imbalance caused by the high apoplastic concentrations of Na+ and Cl−.
The decrease in root hydraulic conductance could be closely related to the decrease in the activity or
concentration of aquaporins in the root plasma membrane due to increased salinity [63]. An experiment
conducted by Estañ et al. [64] on tomato illustrated that, in order to exclude salts, various tomato
genotypes’ roots were used as rootstocks for a commercial tomato hybrid (cv. ‘Jaguar’). Estañ and his
collaborators noted that especially at 50 and 75 mM NaCl, the ‘Jaguar’/’Jaguar’ combination plants
demonstrated equal or paradoxically higher leaf water contents than the other grafting combinations,
indicating that the ‘Jaguar’ rootstock was capable in salinity conditions to maintain water uptake.
The rootstock–scion vascular connection played an important role in determining water and nutrient
translocation, which mainly depends on the rootstock’s vigorous root system [58,65], enhanced
production of endogenous-hormones [66] and enhancement of scion vigor [67].

4.1.3. Ion Uptake

Studies have shown that rootstocks protect the scion shoots from salt damage mainly by reducing
the ionic stress, and to some extent, by increasing the translocation of K+, Ca2+ and Mg2+ to the shoots
and leaves; whereas they have little role in reducing the osmotic stress [68,69]. Reduced translocation
of Na+ and/or Cl− to the shoot system is achieved either by exclusion or restricted absorption by the
roots [54,64]. Pérez-Alfocea et al. [70] opined that depending on the salt source plants employ its
intrinsic potential to exclude Na+ and/or Cl− from shoots by maintaining energy consuming the root
toxic ion efflux. The positive effects of grafting on salt tolerance in a tomato was widely attributed to
restricted entry of Na+ and Cl- ion in epigeous biomass [10,64,71], though grafted plants were able
to accumulate more nutrient elements (e.g., Ca2+ and K+) in the leaves than normal plants under
saline stress [10]. Similarly, tomato cultivars ‘Fanny’ and ‘Goldmar’ grafted onto rootstock ‘AR-9704’
showed differential accumulation of Na+ and Cl−, with Cl− and Na+ concentrations being significantly
higher in non-grafted than in grafted plants in both the cultivars and ‘Fanny’, respectively [72].
Semiz and Suarez [73] reported improved performance of tomato scion cv. ‘Big Dena’ grafted onto
‘Maxifort’ rootstock across five tested salinity levels; the positive response of grafting was attributed
to a lesser concentration of Na+ in the leaves of a grafted tomato than non-grafted plants. However,
these researchers could not find any relation between Cl− in irrigation water and yield in a tomato.
Apart from osmotic balance and root exclusion or restricted root-to-shoot translocation of the toxic
ion (i.e., Na+), the third strategy that plants employ is ion accumulation and subsequent partitioning
among the plant organs or compartmentalization in cellular organs such as vacuoles that eases toxic
effects of salts. For instance, tomato scions grafted onto rootstock ‘Arnold’ tended to partition a bulk
of shoot Na+ into older leaves and thus reduced Na+ levels in the actively growing younger leaves.
This allowed the grafted plants to maintain favorable K+/Na+, Ca2+/Na+ and Mg2+/Na+ ratios in
actively growing leaves [43].

The response of salt stress varies widely among Solanum species [37], besides salt concentration
and exposure period also exert a severity response [64,74] In contrast to cultivated tomatoes
(Solanum lycopersicum L.) that are moderately sensitive to salt stress, certain wild species are reportedly
salt resistant. Unlike the cultivated tomato that generally excludes the salt ions [2,54,75,76], most of the
wild types (e.g., S. peruvianum [77], S. cheesmaniae [78], Lycopersicon pimpinellifolium, L. hirsutum and
L. pennellii [79]) accumulate higher concentrations of Na+ and Cl− in the leaves. However, there are
some salt tolerant tomato ecotypes (e.g., ‘Edkawy’ and ‘Pera’) [75,80,81] that exhibit a pronounced salt
inclusion capacity similar to the salt-loving wild species. This implies that tolerance or sensitivity to
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salt would depend on the ability of a genotype (excluder or includer) to maintain benign ion levels
through mechanisms like root exclusion, phloem recirculation and dilution such that physiological
homeostasis is not disturbed [82]. If ion levels exceed the critical threshold, salt tolerance capacity
diminishes, adversely affecting growth and fruiting. Use of salt tolerant types as rootstocks can protect
the sensitive types from deleterious effects of salinity [54,64].

He et al. [51] found that with the enhancement of NaCl concentration, the Na+ levels in leaves and
roots increased considerably. They estimated that non-grafted, self-grafted and plants of scion-rootstock
combinations elicited the same levels of Na+ in leaves and roots under similar salt concentrations,
whereas K+ concentration in both leaves and roots decreased considerably with higher NaCl levels.
Nevertheless, the roots of scion-rootstock grafted plants showed more K+/Na+ ratio and water use
efficiency (WUE) at 150 mM NaCl concentration than non-grafted and self-grafted plants.

In another study, Santa-Cruz et al. [46] selected tomato cultivars ‘Moneymaker’ (indeterminate
growth habit, shows excluder character under salt stress) and ‘UC-82B’ (determinate growth habit
and shows includer behavior) as scions, and tomato hybrid ‘Kyndia’ as a rootstock for the study of
grafting behavior under 50 and 100 mM NaCl salt stress. Grafting had a positive effect on salt tolerance
of scion ‘UC-82B’ grafted onto ‘Kyndia’ rootstock in terms of the shoot biomass at a 100 mM NaCl
concentration. The same combination was noted for higher water content in leaves under salt stress
compared to self-grafted ‘UC-82B’ plants. Accumulation of Na+ and Cl− ions in leaves varied with the
graft combination. Lower Na+ and similar Cl− concentration was found in the ‘Moneymaker’ and
‘Kyndia’ combination as compared to self-grafted ‘Moneymaker’ plants. However, this response was
different for the ‘UC-82B’ and ‘Kyndia’ combination, which elicited lower accumulation of both Na+

and Cl− ions. Na+/K+ ratio in leaves of this combination decreased three times compared to self-grafted
plants of ‘UC-82B’. The toxic effect of ions was mitigated by the ‘UC-82B’ and ‘Kyndia’ combination.

The improvement in salt tolerance of tomato plants was related to a high leaf K+ content in many
studies [51,83,84], though the direct relationship between leaf K+ homeostasis and salinity tolerance
of grafted plants has not been yet adequately worked out [11]. Studying the response of tomato cv.
‘Faridah’ onto ‘Unifort’ rootstock under saline conditions, fruit yield, Ca2+

and K+ ions were noticeably
higher in grafted plants compared to non-grafted plants. Besides, accumulation of Na+ and Cl− was
lower than in non-grafted tomato plants, under salt stress condition [10].

4.2. Gas Exchange Attributes

One of the early responses of glycophytes to salt stress is manifested as a reduction in leaf growth
that seems to be caused by a decrease in stomatal conductance in tomato [85]. Stomatal factors decrease
the photosynthetic rate in salt treated grafted and non-grafted plants by adversely affecting CO2

diffusion into leaves as a result of impaired stomatal and mesophyll conductance [86]. Salt stress blocks
photosynthesis by suppressing the electron transport chain, which leads to the photoinhibition of
photosynthesis. The inhibition of photosynthesis causes a reduction in the plant growth. In previous
reports, it is established that grafting of salt tolerant rootstocks can enhance the photosynthetic rate by
protecting the structure of chloroplast and alleviating the oxidative damage, which ultimately leads to
the delay in the rate of photoinhibition [87,88].

The rate of net photosynthesis under salt stress was higher in tomato plants (cv. ‘Durinta’)
grafted onto ‘Energy’, ‘He-man’ and ‘Resistar’ rootstocks, though no significant effect of grafting on
epigeous dry matter was noticed [15]. High photosynthetic rates as well as WUE were reported by
He et al. [51] in tomato plants (cv. ‘Hezuo903’) grafted onto ‘Zhezhen No.1’ rootstock under severe salt
stress. However, comparing the response of four tomato cultivars (‘Jenin1,’ ‘Hebron,’ ‘Ramallah’ and
‘Maramand’) under four salinity levels (0, 50, 100 and 150 mM NaCl), Sholi [5] reported that the higher
salt tolerance (up to 100 mM NaCl) in cultivar ‘Ramallah’ was attributed to the highest photosynthesis
rate along with K+/Na+ ratio than the others.

Two commercial hybrid tomato cultivars, ‘Belle’ and ‘Gardel’ scions grafted on two interspecific
hybrids, ‘Beaufort’ and ‘Maxifort’ rootstock showed no significant effect on net photosynthesis and
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stomatal conductance when exposed to NaCl compared to the non-grafted plants [89]. Feng et al. [90]
also found that salinity treated tomato scion grafted on wolfberry (Lycium chinense) rootstock displayed
higher net photosynthesis, transpiration, stomatal conductance, Fv/Fm and electron transport rate in
comparison with non-grafted tomato plants.

4.3. Molecular Responses

Salt stress sets in motion a chain of events—reduced stomatal conductance, decreased
photosynthetic electron transport and increased production of harmful reactive oxygen species
(ROS)—that lead eventually to plant damage and death. ROS (e.g., hydrogen peroxide and superoxide
radicals), by causing oxidative damage to the proteins, nucleic acid and lipids, disturbs the plant
metabolism. Both enzymatic (i.e., ascorbate peroxidase (APX), catalase (CAT), superoxide dismutase
(SOD), monodehydro ascorbate reductase, dehydro ascorbate reductase and glutathione reductase
(GR)) and non-enzymatic (i.e., reduced glutathione, reduced ascorbate, carotenoids and tocopherols)
antioxidant systems are activated by the plants to minimize ROS-induced oxidative damage. In grafted
plants, salt-induced production of ROS generally remains quite low than in non-grafted plants as
evidenced by a significant increase in the antioxidant activity in salt-treated (grafted) tomatoes.
While SOD and CAT activities tended to increase with an increase in salinity in grafted plants,
the reverse was true for non-grafted and self-grafted plants [51]. Besides enzymatic antioxidants,
a non-enzymatic antioxidant system (ascorbate peroxidase, monodehydro ascorbate reductase, reduced
glutathione, etc.) is also known to remove the excess ROS [91]. Higher expression of CAT mRNA,
Cu/Zn-SOD, Mn-SOD and higher activities of CAT, Cu/Zn-SOD, Mn-SOD and SOD have been observed
in salt stressed grafted plants [92]. Grafted eggplant produced lower O2-, H2O2 and MDA compared
to non-grafted seedlings when subjected to Ca(NO3)2 stress. Higher activities of SOD, APX and GR
were also seen in grafted than in non-grafted seedlings [93]. Ruiz et al. [94] explored a salt tolerance
ability in another solanaceous species: tobacco (Nicotiana spp.) and a tomato–tobacco (scion–rootstock)
combination (named as ‘Tomacco’ by Yasinok et al. [95]). Tobacco roots, in fact, were able to restrain the
concentration of Na+ and Cl-, and lipid peroxidation in their leaves, besides inducing an accumulation
of proline and sucrose concentrations under saline conditions [94]. The ability of tobacco roots in
conferring better adaptive responses to salt stress in comparison to tomato was supported by the
upregulation of proline and antioxidant enzymes (APOX and CAT) levels in grafted plants [48].

The commercial cultivars of tomato show more or less sensitivity to salt stress [96] and undergo
drastic losses due to salts [97]. The genetics of this trait specific in tomato have also been discussed
nicely by Cuartero et al. [34]. In tomato, a universal stress protein gene (SpUSP) cloned from S. pennellii,
which is a wild relative of tomato and functionally characterized in commercial tomato genotype
revealed enhanced expression under stress conditions such as dehydration, salt, oxidative and abscisic
acid (ABA) treatment. About 15 primers were synthesized using fifteen salinity responsive candidate
genes. The results from these primers displayed that the genotype UC82B showed the maximum
vegetative growth parameters and yield, so, exploitation of this identified genotype could be as used
for the salt tolerance [97]. Most recently in 2020, Yveline et al. [98] noticed that the salinity tolerant
accessions collected from the Islands of Galapagos use different mechanisms to survive under salt stress
conditions, which exhibited natural diversity among the Galapagos tomatoes for high salinity tolerance.
They found some accessions namely LA0317, LA1449 and LA1403, which showed significantly higher
tolerance under salt stress at the seedling stage. Their tolerance mechanism at the genetic and molecular
level need to be studied intensively and comprehensively so that it could be helpful to develop salt
tolerant commercial tomato cultivars to sustain tomato production under changing climate scenario
across the globe. Such identified genotypes can be used as rootstocks in tomato grafting to raise
the salinity tolerance of commercial scion cultivars after investigating their graft compatibility and
subsequent effects on fruit characteristics.

Asins et al. [99] reported the genetic dissection of tomato rootstock effects on scion traits under
moderate salinity. They documented that the rootstock HKT1 genotype affects the Na+ level in fruits,



Agronomy 2020, 10, 263 9 of 22

which was found higher when the rootstock genotype was homozygote for SpHKT1. Along with
this, they found the 37 QTLs, which controls the important rootstock-mediated scion traits such as
the leaf concentration of nutrients, fruit yield, soluble-solids content of fruits and harvest time under
moderate salinity.

In the salt-tolerance mechanism, it is now well established that calcium has an important role.
The exogenous application of calcium can protect the plant from the negative effect of salinity [100].
The high amount of Na+ can induce a calcium signaling cascade, which leads to the activation of the
salt-overly-sensitive (SOS) pathway and stimulation of Na+/H+ exchange [101]. An ER chaperone
protein, Calreticulin, is considered as a regulating protein for the Ca2+ homeostasis by binding to
Ca2+. Salt stress causes the calreticulin to bind with the Ca2+ ions, which later accumulated in the cell.
The accumulated calcium ions act as a secondary messenger for ABA resulting into the ameliorations
of salt stress [102]. Shaterian et al. [103] reported the effect of grafting and ABA on calreticulin gene
expression in a potato. They observed an increase in the expression of calreticulin in salt stressed
grafted plants and showed a positive association in the presence of abscisic acid.

4.4. Growth Regulators

During the past few decades, the role of phytohormones in modulating the union between
shoot (scion) and root (rootstock) components in grafted plants has become a focal point of research:
in addition to regulating key metabolic processes at the graft union, endogenous plant bio-regulators
(e.g., auxins, gibberellins, cytokinins and ethylene) are also involved in signal transduction across
the graft union [104]. Functions of some important phytohormones in grafted plants are briefly
summarized in the following sections:

Auxins: While other phytohormones play minor roles, auxins, both alone and in interaction with
other phytohormones, remain central to vascular tissue regeneration and connection, and thus to
the growth and development of vascular tissues [105]. Two main protein families (PIN-FORMED
auxin transport proteins (PINs) and proteins of ATP-binding cassette subfamily B (ABCB)) regulate a
process called ‘polar auxin transport’ (PAT) that ensures the maintenance of adequate auxin levels for
the proper development of xylem tissues [106]. For example, increased expression of CcPIN1b and
CcLAX3 genes encoding the efflux carriers for PAT was found to induce graft union development in
Carya cathayensis [107]. Similarly, Sauer et al. [108] found higher PIN1 expression at damaged stem
portions to activate the process of xylem cell differentiation in pea (Pisum sativum). Transcriptome
analysis of grafted Torreya grandis plants indicated that auxins modulate the key MAPK signaling
pathway during graft development [109]. Auxins are also believed to enhance graft union by
regulating metabolic pathways linked to phenylpropanoids, cytochrome P450 and carbohydrates.
Available evidence suggests that besides promoting the formation of lateral roots, auxins also regulate
xylem development and cambium growth, processes critical to the success of grafting in plants [104].

Cytokinins: The significant role of cytokinins (CKs) in callus proliferation at the graft union can
be ascribed to their increased biosynthesis during the process of wound healing and to the elevated
zeatin riboside levels at the graft unions [105]. CKs are known to stimulate the regeneration of vessels
and sieve tubes. Moreover, CKs interact with the auxins to promote the vascular differentiation and
increase the phloem/xylem ratio [110]. Increased levels of CKs in the rootstock xylem tend to induce
auxin translocation from the aerial parts that in turn promotes the development of graft union [111].
Exogenously applied CKs accelerate the graft union and growth by enhancing the callus formation,
phloem regeneration and soil nutrient supply to the scion [112,113]. While CKs alone are often
less effective in modulating the development of vascular tissues, they act synergistically with other
phytohormones (e.g., auxins) to enhance the cell division, xylem fiber development, cambium activity
and regeneration of phloem/xylem tissues at the site of injury [114].

Since salinity stress decreased plant CK status, increasing root-to-shoot CK transport by using
a rootstock overexpressing the CK biosynthesis genes such as isopentenyltransferase improved
tomato salt tolerance by increasing vegetative and fruit growth and also delaying leaf senescence and
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maintaining stomatal conductance and PSII efficiency, thereby avoiding or delaying the accumulation
of toxic ions [115].

Gibberellins: Gibberellins (GAs) are known to regulate the processes like cambium activity, xylem
fiber differentiation and expansion, and secondary growth. Frequent movement of GAs across the
graft union is believed to contribute to the union of shoot and root components, and to the normal
development of vascular tissues; as evidenced by their involvement in the reunion of cortex in cucumber
and tomato [116,117]. Since they hasten xylogenesis, GAs might also trigger vascular bundles formation
at the graft union [118]. Experiments with mutants lacking GA-biosynthetic enzymes and wild type
pea plants pointed to the role of GAs in regulating the normal growth of vascular tissues, induce the
processes of wood formation, xylem expansion and cambial activity [119]. Development of a particular
vascular tissue also depends on the ratio of auxins and GAs; while a higher IAA:GA ratio hastens
xylem formation, low IAA:GA ratio promotes phloem formation [120]. These two hormones also act
synergistically to regulate the cell division and secondary growth of the vascular tissues. For instance,
GAs stimulate PAT by up-regulating the key auxin transporter PIN1 in the cambial region [119].
Up-regulation of the expression of GA20OX, a gene involved in GA-biosynthesis, points to increased
biosynthesis of GAs at the site of graft union. Up-regulation of Cla015407, a gene encoding enzyme
gibberellin 3-beta-hydroxylase involved in the conversion of GA20 to GA1, in grafted watermelons
also supports the positive role of GAs in the growth and development of composite plants [121].

Abscisic acid: There is little evidence for any direct role of ABA in the growth and development
of grafted plants; however, ABA seems to be indirectly involved in the processes of wound formation
and vascular differentiation: abiotic stresses in general including wounding tend to hasten ABA
biosynthesis [122]. In contrast to ABA-deficient mutants, wild type plants display increased
expression of wound-activated genes in response to ABA application [122,123]. Salinity enhances ABA
concentration in shoot limiting water loss through transpiration (by inducing stomatal closure) and
maintaining leaf water relations in plants grown under saline conditions. Chen et al. [124] reported
that the scion genotype, and its ABA level, played the major role in the growth of grafted plants,
regardless of the rootstock genotype and the salinity of the growth medium. Although ABA has
been suggested to restrict the synthesis of the potential growth inhibitor ethylene, thus maintaining
growth, in other circumstances such as citrus leaf abscission under salinity, ABA apparently stimulates
1-aminocyclopropane-1-carboxylic acid (ACC) synthesis [85]; these authors also reported that ratios
between CKs and the ethylene precursor ACC were most closely correlated with both leaf biomass
and PSII efficiency (Fv/Fm) of tomato grown under saline conditions whereas the ratio ACC/ABA was
negatively correlated with leaf biomass.

Ethylene: Although ethylene signaling is implicated in tissue reunion in the wounded stems,
it is hardly of any significance in the grafted hypocotyls, suggesting that differential roles of ethylene
might be due to the differences in tissue age and type. Transcriptomic analyses of grafted Arabidopsis
hypocotyls showed that ethylene biosynthesis genes are activated at the point of graft union [125].
However, mutating ANAC071 reduced the formation of vascular tissues at the graft junction [126].
Under salinity, ethylene production is quickly stimulated in plant tissues [127]. Ungrafted tomato
genotype cv. Boludo F1 had 40% higher ACC concentration in the xylem sap in comparison with
plants grafted onto some low and high vigor rootstocks (derived from the recombined inbred line
(RIL) population of Solanum lycopersicum × Solanum cheesmaniae) after growing for 50 days under
moderate salinity (75 mM NaCl). Accumulation of the ethylene precursor ACC indicated the onset
of salt-induced oxidative damage in the leaves, preceding leaf senescence induction and leaf growth
impairment under salinity [85].

A summary of the main agronomic effects and physiological and molecular mechanisms of tomato
grafted plants in comparison to non-grafted or self-grafted plants grown under non-saline and saline
conditions is reported in Table 1 and Figure 1.
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Table 1. Selected examples of grafting combinations to improve salt stress tolerance in tomato.

Tomato
(S. lycopersicum L.)
Scion Cultivar and
Commercial source

Rootstock
Species/Cultivar and
Commercial Source

Salt Treatments Growing
Conditions Effects of Grafting

Key Mechanisms of
Grafted Plant

Tolerance
Reference

‘Faridah’
(Golden Valley Seed)

‘Unifort’ (S.
lycopersicum × S.

habrochaetes)
(DeRuiter Seed)

Fresh water (0.52
dSm−1) and brackish
water (3.76 dS m−1)

Soil medium under
greenhouse

High growth and
yield

Na+ and Cl-

exclusion; high Ca+2

and K+
Al-Harbi et al. [10]

‘Boludo’
(Seminis Vegetable

Seeds)

RILs derived from
cross S. lycopersicum ×

S. cheesmaniae

75 mM NaCl (8.6
dSm−1) designated as

moderate saline

Nutrient solution
culture using

rockwool substrate, in
greenhouse

(long-term, 120 d)

High yield, leaf fresh
weight, Fv/Fm,

High K+

concentration and
K+/Na+ ratio, and

cytokinins

Albacete et al. [84]

‘Boludo’
(Seminis Vegetable

Seeds]

RILs derived from
Solanum lycopersicum
× S. pimpinellifolium

75 mM NaCl
(8.94 dS m−1)

Open soilless system
in coco fiber substrate,

in greenhouse
(long-term, 234 d)

High yield, fruit
quality and delay

fruit maturity
Asins et al. [99]

‘Charlotte’ (NA),
‘Bona’

(Clause Seeds)

‘Cyndia’ (Lycopersicon
spp.) (NA)

0.0, 2.5 and
5.0 mM NaCl

Natural soil and
Klasmann grow bags

as substrate under
greenhouse

High growth and fruit
size but not yield.
Soluble solids and
ascorbic acids also

increased.

Vigorous root system,
high growth. Balliu et al. [44]

‘Cuore di Bue’ (Vita
Sementi Italian Seeds)

‘Arnold’ (S.
lycopersicum × S.

habrochaites)
(Syngenta Seeds)

NaCl concentrations
0, 20 and 40 mM

Nutrient solution
culture in pots
(perlite–peat

substrate; 3:1, v/v), in
greenhouse

(long-term; 130 d)

High marketable
yield (23–33%)

Shoot Na+

partitioning to older
leaves (maintenance

of higher K+/Na+,
Ca2+/Na+,

and Mg2+/Na+ ratios)

Di Gioia et al. [43]

‘Jaguar’
(Ramiro Arnedo S.A.)

‘Radja’, ‘Pera’,
‘Volgogradskij’

(S. lycopersicum L.)
(NA)

Control, 25, 50 and
75 mM NaCl

corresponding to EC
of 2.3, 4.8, 4.8, 7.3 and

9.1 dS m−1,
respectively

Nutrient solution
culture in pots

(siliceous sand), in
greenhouse

High yield Na+ and Cl- exclusion Estañ et al. [64]



Agronomy 2020, 10, 263 12 of 22

Table 1. Cont.

Tomato
(S. lycopersicum L.)
Scion Cultivar and
Commercial source

Rootstock
Species/Cultivar and
Commercial Source

Salt Treatments Growing
Conditions Effects of Grafting

Key Mechanisms of
Grafted Plant

Tolerance
Reference

‘Boludo’
(Seminis Vegetable

Seeds)

RIL’s of cross S.
lycopersicum × S.
pimpinellifolium

75 and 125 mM NaCl,
corresponding EC
value of 8.6 and

13.7 dS m−1,
respectively

Nutrient solution
culture in fiber

coconut
coast, in greenhouse

(long-term, 120 d)

High fruit yield
Useful QTL’s favoring

salt tolerance to
rootstocks

Estañ et al. [6]

‘Fanny’, ‘Goldmar’
(NA)

‘AR-9704’
(S. lycopersicum) (NA) 0 and 75 mM NaCl

Hydroponic system,
in controlled

condition (short
duration, 10 d salt

treatment)

Similar hydraulic
conductance Na+ and Cl- exclusion Fernández-García et

al. [59]

‘Fanny’ (NA) ‘AR-9704’
(S. lycopersicum) (NA)

0, 30 and 60 mM NaCl
corresponding EC of

2.3, 5.3 and
8.3 dS m−1,
respectively

Nutrient solution
culture- in perlite sacs,

in greenhouse

High growth and
stomatal conductance

Na+ and Cl- exclusion
by shoot

Fernández-García et
al. [72]

‘Kyndia’,
‘Moneymaker’ (HL),

‘Boludo’ (Seminis
Vegetable Seeds)

‘UC832B’, Pera, Radja
(S. lycopersicum) and

RILs of cross S.
lycopersicum × S.
cheesmaniae (NA)

0, 20, 50 and 75 mM
NaCl corresponding
EC 2.2, 4.5, 7.0 and

9.5 dSm−1,
respectively

Nutrient solution
culture in pots
(coconut fiber
substrate), in
greenhouse

Fruit yield and
especially the fruit

quality (soluble solids
and titratable acidity)

- Flores et al. [50]

‘Hezuo903’ (Jiangsu
Seed)

‘Zhezhen No. 1’
(S. lycopersicum) (NA)

0, 50, 100 and 150 mM
NaCl concentration

Nutrient solution
culture in pots, in

controlled condition
(short duration;

2-weeks)

High plant growth

High photosynthetic
and antioxidant

activities; but similar
Na+ and Cl-

He et al. [51]
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Table 1. Cont.

Tomato
(S. lycopersicum L.)
Scion Cultivar and
Commercial source

Rootstock
Species/Cultivar and
Commercial Source

Salt Treatments Growing
Conditions Effects of Grafting

Key Mechanisms of
Grafted Plant

Tolerance
Reference

‘Elazig’
(LC)

‘Hasankeyf’
(Nicotiana tabacum);
‘Samsun’ N. rustica)

0.2, 0.4 and 0.6 M
NaCl

In pots, in control
condition (short

duration; 10 d salt
treatment)

High shoot growth
(stem elongation and

leafing)

High proline content
and antioxidant

activity (ascorbate
peroxidase (APX) and

catalase (CAT))

Iseri et al. [48]

‘Moneymaker’ (HL) ‘Radja’, ‘Pera’
(S. lycopersicum) (NA)

0, 25 and 50 mM (I
expt.) and 75, 150 and

225 mM (II expt.)
NaCl

Nutrient solution
culture in pots under

greenhouse
High fruit yield Na+ and Cl-

exclusion
Martínez-Rodríguez

et al. [54]

‘Durinta’
(Western Seeds)

‘He-man’
(Syngenta seeds)

2.8 (control) and
8.8 dS m−1 by adding

NaCl

Open soilless system,
in pots (sand
substrate), in
greenhouse

High fruit yield High net
photosynthesis Martorana et al. [15]

‘Gokce (191)’ (Zeraim
Gedera)

‘Vigomax’ (De Ruiter
seed) ‘ Yedi’

(L. esculentum × L.
hirsutum) (Rijk

Zwaan)

50, 100, 150, 200, 250
and 300 mM

Nutrient solution
culture on Styrofoam,
in greenhouse (15 d

salt treatment)

Least leaf damage
and high leaf number,

stem thickness

High antioxidant
activity (CAT, POX)

Oztekin and Tuzel
[52]

‘Moneymaker’
(HL)

‘Pera’
(S. lycopersicum) (NA)

50 mM NaCl (EC,
6.5 dSm−1), without

control

In soil with
fertigation system
under greenhouse

(long term)

High fruit yield and
fruit number

High Na+ and Cl-,
but similar osmotic

potential and high K+

Santa-Cruz et al.
[45]

‘UC-82B’
(Tecni seeds/Starke

Ayres seeds)

‘Kyndia’
(S. lycopersicum) (NA)

0, 50 and 100 mM
NaCl

Nutrient solution
culture without (short

duration, 35 d) or
with substrate

(siliceous sand, long
term, 90 d) in
greenhouse

Fruit yield and fruit
weight, shoot biomass

Na+ and Cl-
exclusion; low
Na+/K+ ratio

Santa-Cruz et al.
[46]
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Table 1. Cont.

Tomato
(S. lycopersicum L.)
Scion Cultivar and
Commercial source

Rootstock
Species/Cultivar and
Commercial Source

Salt Treatments Growing
Conditions Effects of Grafting

Key Mechanisms of
Grafted Plant

Tolerance
Reference

‘Belladona’
(Hazera seeds)

‘He-man’ (S.
lycopersicum × S.

habrochaites),
(Syngenta seeds)

‘Resistar’ (Hazera
Seeds)

0.3 (control), 22 and
45 mM NaCl,

corresponding to EC
of 2.5, 5.0 and

7.5 dS m−1,
respectively

Recirculating nutrient
solution in channel, in

greenhouse (long
term, 6 moths)

High yield, fruit
number and least leaf

chlorosis
Low Na+ Savvas et al. [128]

‘Big Dena’ (Syngenta
seeds)

‘Maxifort’ (S.
lycopersicum L. × S.

habrochaites)
(De Ruiter Seed)

Salinity levels: 0.03,
–0.15, –0.30, –0.45 and

–0.60 MPa osmotic
pressure that were

correspond to EC 1.2,
4.0, 8.5, 12 and

15.8 dS m−1,
respectively

Sand tank fed by
nutrient solution of

different EC
High absolute yield Na+ exclusion Semiz and Suarez

[73]

‘Farida’
(Golden Valley Seed)

‘Unifort’ (S.
lycopersicum L. × S.

habrochaites)
(De Ruiter Seed)

Non-saline (EC, 1.2
dSm−1) and saline

water (EC, 4.5 dSm−1);
these were applied at
100%, 75%, 50% etc.

In soil plots (area, 8
m2) under

greenhouse

High vegetative
growth, yield and

WUE

Na+ and Cl-
exclusion Wahb-Allah [129]

HL: Heirloom; LC: Local; NA: Not available in literature
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5. Potential Use of Wild Tomato Species as Rootstocks for Improving Salt Tolerance in Tomato

Selection of salt-tolerant rootstocks is an important strategy to enhance salt tolerance. Testing and
screening of available commercial and wild relatives under salt stress conditions is a prerequisite
for grafting. Natural genetic variation with specific root characters can be utilized effectively
through grafting [14]. Various wild tomato/Solanum species including S. cheesmaniae, S. chmielewskii,
S. habrochaites, S. pennellii, S. pimpinellifolium and S. peruvianum demonstrate salt tolerance [12,85].
Due to incompatibility in crossing and linkage drag, it is cumbersome to transfer salt tolerant genes from
wild to cultivated tomato cultivars [12]. However, these wild species could be exploited as salt-resistant
rootstocks for grafting susceptible but high yielding commercial tomato cultivars. Compared to
commercially grown tomato (S. lycopersicum) that usually excludes toxic ions [47], several wild relatives
possess an ionic inclusion mechanism. These genotypes have the capability to accumulate higher Na+

and Cl− concentrations in the leaves [85]. Breeding new rootstocks with tolerance or resistance to a
spectrum of biotic and abiotic stresses is a focus of the private [19] as well as public sectors [11].

Use of interspecific hybrids as rootstocks for salt tolerance is well documented [6,64,85]. In this
technique, recombinant inbred lines (RILs) created from interspecific crosses are directly used as
rootstocks to enhance salinity tolerance. Evaluation of RILs as rootstocks derived from interspecific
crosses under salt stress was demonstrated by Albacete et al. [85]. A commercial tomato hybrid
cv. ‘Boludo’ was used to graft onto rootstocks (RILs derived from the cross of S. lycopersicum and
S. cheesmaniae) and grown on soil with 75 mM NaCl salt concentration. These RILs showed good
performance under salt stress by affecting growth, and target ionic and hormonal factors in the leaves.
They displayed the correlation of rootstock-altered leaf area with 20% more fruit yield compared to
self-grafted plants of the scion hybrid under salt pressure, but not under the control [7,75], indicating
that canopy development only limited yield under salt stress [14]. For high salt tolerance, rootstock
plants should capable of decreasing the salt load in the foliage cells by excluding the salt ions or
accumulating salt in the roots, resulting in a reduction of salt transportation to the shoot system of the
plant [21].

While intraspecific grafting is a common practice, efforts also have been made to use interspecific
grafting to alleviate wide-spectrum pathogen and environmental pressure without affecting scion
fruit yield and quality. Accessions of wild tomato species S. pimpinellifolium were screened for salt
tolerance by Rao et al. [12], who suggested the species could be a potential salt tolerance source for
tomato breeding and at the same time be used for interspecific grafting to enhance salt tolerance in
commercial cultivars. Their results indicated that shoot dry weight and the ratio of K+ and Na+ are the
two most critical factors for survival, while fruit number is critical for yield per plant under saline
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conditions. Two genotypes exhibited high survival rates and produced more fruit under salt stress,
and these accessions showed tolerance to 40 dS m−1 EC level.

6. Conclusions and Challenges Ahead

Climate change, water scarcity and human activities are increasing soil salinity and depleting
arable land. High salinity in soil or water is a serious threat to plant growth and prevents plants from
reaching their genetic potential, which reduces yields and threatens food security. Grafting can reduce
the negative effects of salinity on tomato scions and thus provides an alternative way to enhance salt
tolerance and maintain fruit yield and quality under salt stress. The selection of salt-tolerant rootstocks
is an important strategy for enhancing salt tolerance. Testing and screening of available commercial
cultivars, landraces and wild relatives, and inbred lines or hybrids involving a resistant parent under
salt stress conditions is a prerequisite for successful grafting. This technique can cause both positive
and negative effects on yield and fruit characteristics when tomatoes are grown under saline conditions.
Weather, salinity level, soil type, cultural practices and consumer preferences also vary in different
locations or countries, so the combination of scion and rootstock should be selected carefully at plants
morphometric, physio-biochemical and molecular planes to get the maximum benefit from grafting.
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