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Abstract

Environmental stresses mainly drought and salinity are now becoming potential threats for global agricultural
production. Being a tropical crop, tomato is produced in warm and dry regions of the world, where salt stress is
limiting the yield potential of the crop. Plant defense response to salt tolerance is very complex in which many
morphological, physiological, and molecular modifications are enhanced. Although considerable effort has been
made in developing salt tolerant tomato cultivars through conventional breeding, it has met with limited success
due to the complex, multigenic nature of the trait and developmental stage regulated phenomenon of the salt
tolerance response. Genetic engineering is an alternative approach to understand the mechanisms of salinity
tolerance and apply the knowledge obtained to generate salt tolerant tomatoes. This review aims to highlight the
latest developments in biotechnological techniques of improving tomato tolerance to salt stress. Recently, there
have been many attempts to enhance tomato tolerance to salt stress including introduction and/or modifications of
various genes involved in regulatory, signaling pathways, detoxifying enzymes and genes encoding functional and
structural proteins. Plasma membrane Na"/H" antiporters (SOS) and vacuolar Na*/H" antiporters (NHXn),
Dehydrin (DHN), Choline Oxidase (codA), and ROS scavengers have been the major genes targeted in many
studies for developing salt stress tolerant transgenic tomato. Moreover, promising results have reported on the
identification and use of various abiotic stress responsive elements and/or transcription factors such as SIDREB2,
SL-ZH13, SI-ERF.B.3, AREB, NAC-Type and WRKY TFs, which positively regulate the expression of the
downstream genes in transgenic tomato with response to salt stress.
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1. Introduction

Environmental stresses especially drought and salinity are now becoming potential threats for global agricultural
production. About 70% of crop yield reduction is estimated due to environmental stresses (Acquaah, 2009). The
severity of such environmental stresses becomes more serious when two or more types of stresses occur
simultaneously. Scarcity of fresh water for irrigated agriculture might be a future challenge as the demand of food
production increased with human population (Yadav et al., 2013).

Tomato (Solanum Ilycopersicum) belongs to Solonacea family and is one of the most important vegetable
crops, which is produced for the fresh market and processed products such as tomato juice, paste, puree, ketchup,
sauce, and salsa. It is a major source of minerals, vitamins, and provides health benefits in human consumption
(Robertson and Labate, 2007). The tomato crop has wide climate adaptability ranging from the tropics to a few
degrees of the Arctic regions. Despite its economic value, the productivity of tomato is influenced by certain biotic
and abiotic factors. Though grown in a wide range of areas, the major share of tomato production is mainly
concentrated in a warm and dry regions including Mediterranean Sea, Southern and Western parts of USA and
Mexico (Foolad, 2004). However, due to frequent occurrence of soil and/or water salinity, the production of tomato
in such warm and dry areas is constrained by salt stress.

Most commercial tomato cultivars are sensitive or moderately sensitive to salt stress. Salt stress reduces leaf
fresh and dry weight, leaf area, leaf number and chlorophyll content in tomato (Rebah et al., 2018). Yield reduction
in tomato due to salt stress is mainly related to reduction in fruit weight and number of fruit under low and severe
salinity stress, respectively (Cuartero and Fernandez-Muiioz, 1998). On the other hand, it has been reported that
salinity enhances some quality parameters such as lycopene, total anthocyanins, and increased the differences in
color of different purees (Borghesi et al., 2011). This suggests the possibility of improving the synthesis of
secondary metabolites including carotenoids and anthocyanins by cultivating tomato in salt affected soil. Tolerance
or sensitivity of tomato to salt stress depends on the life cycle and developmental stage of the crop though most
studies are conducted at germination and early growth stage of the crop (Foolad, 2004). Thus, it is advisable that
researches should focus on at vegetative stage and reproductive stage since tomato is grown as transplanting
seedlings rather than direct sowing in the field.

The adverse effects of salinity stresses could be alleviated by different management aspects such as fresh
water irrigation and remediation of salt affected soil. However, in developing countries, where these technologies
are not easily available and expensive, development of resistant cultivars to salt stresses is an economic and
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efficient method to increase crop productivity (Ashraf and Wu, 1994). Therefore, researches are needed to identify
and deploy tolerance mechanisms that will allow crops to maintain productivity in adverse environment. Although
considerable effort has been made in developing salt tolerant tomato cultivars through conventional breeding, it
has met with limited success due to the complex, multigenic nature of the trait and the developmental stage
regulated phenomenon of the salt tolerance response (Cuartero et al., 2006). Therefore, genetic engineering is an
alternative approach to both understand the mechanisms of salinity tolerance and apply the knowledge obtained to
generate salt tolerant tomatoes. Several genes have been transformed in tomato to improve salt tolerance and
promising results have been reported.

The objective of this review is to highlight the latest developments in the field of biotechnological techniques
of improving salt stress tolerance in tomato. The review focus on salinity as a global challenge to agricultural
production, response mechanisms of crop plants to salinity, the role of plant growth regulators (phytophormones)
in salinity tolerance in cop plants, the different approaches used and various types of genes cloned and transferred
in tomato for improving salt stress tolerance.

2. Salt Stress as a Global Threat to Agricultural Crop Production

The world food production must increase largely to ensure food security for the over growing population. However,
food production is seriously threatened by various environmental factors. Salinization of soil and/or water is one
of the most serious environmental stresses, particularly in arid and semi-arid regions, causing huge yield loss in
many cultivated crops throughout the world. Salinity affects more than 800 million ha of land worldwide
(Rengasamy, 2010). And the problem of salinity is now becoming more serious due to poor agricultural practice
and other related problems. In general, there are two major causes of salinity i.e. natural processes and human-
aided. In arid and semiarid regions, most of the salt affected lands are due to the accumulation of salts in soil or
water surface overtime from weathering of parental rocks containing soluble salts of Na*, Mg?*, and Ca?" chlorides
(Szabolcs, 1989). The deposition of oceanic salt carried in wind and rain is another cause of natural salinity.
Salinity might also occur from the groundwater. When there is high accumulation of salt ion in the ground water,
it moves upward through capillary force and remains at the soil surface while water is evaporated. Moreover,
significant amount of cultivated land is also becoming saline due to human practice such as land clearing and
irrigation. More than 20% of irrigated land in the world is salt affected and the trend is increasing due to climate
change and excessive application of irrigation water (Hasanuzzaman et al., 2013).

Salinity affects almost every aspect of the physiology and biochemistry of plants and causes significant yield
reduction (Foolad, 2004). The detrimental effects of salinity are mainly reduction of water potential resulting in
osmotic stress, Na' and CI- toxicity on physiological and biochemical process of plants, and disruption of nutrient
availability (Munns, 2002). In moderately saline condition, plants are facing difficulty for absorbing water hence
low water absorption causes wilting, slow growth, and finally yield reduction. Plants maintain lower water
potential to uptake water for growth and cell turgidity. However, as the salt concentration of the soil increases and
water potential decrease, water moves from the root cells into the surrounding soil solution due to concentration
gradient so that plants suffer stress due to loss of water from their tissues. In general, the major effects of salinity
on plants includes altered water uptake, inhibition of germination, growth retardation, inhibition of photosynthesis,
oxidative stress, and ultimately yield reduction (Hasanuzzaman et al., 2013). Except for the biochemical
disturbances, morphological alterations, such as reduction in leaf area, stomata closure, and reduction in stomata
conductance, reduce the rate of photosynthesis.

Thus, the significant effect of salinity on agricultural productivity has to be tackled either by improving
agricultural practices and/or remediating salt affected land. However, developing salt tolerant cultivars through
traditional breeding and/or genetic engineering approach seems the best strategy from sustainable management
perspectives. To do so it is crucial that the morphological, physiological, and molecular response of plants to salt
stress is well understood.

3. Mechanisms of Salt Tolerance in Plants
Plant defense response to salt tolerance is very complex in which many morphological, physiological, and
molecular modifications are enhanced. Plants have different mechanisms to tolerate high level of salt.
Morphological response is the first adaptive mechanism of plants under salt stress. Similar to drought, salt stress
limits photosynthesis due to closure of stomata and low CO, intake. Hence, slow growth rate is an adaptive
response which enables plants to save energy and combat stress (Zhu, 2001). In Arabidopsis, the DELLA proteins
are reported to hinder plant growth under adverse environment by integrating hormonal signals (Achard et al.,
2006). Thus, smaller plants survive better under stress conditions because of less surface area and efficient resource
allocations. Reduced in stomatal density which enhance low transpiration rate allows plants to tolerate high salinity.
Low stomatal density and reduction of transpiration rate in salt tolerant strawberry cultivar suggest low
accumulation of toxic ions in the leaves, reducing dehydration and osmotic adjustment (Orsini et al., 2012).

Ton exclusion and inclusion are the two main types of tolerance mechanisms of plants to survive in saline
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condition (Munns, 2002). Salt excluders, most glycophytes, restrict salt ion movement to the shoot by controlling
ion influx at the root xylem. Whereas, halophytes (salt includers) uptake high salt ions and accumulate in
intracellular or vacuolar compartment to reduce the toxic effect of Na* as sodium is mainly accumulates in
transpiration stream of the leaf blade part. The capacity of plants to maintain high K*/Na® by excluding or
restricting entrance of Na* in to the cells and/or compartmentalization of Na™ in the vacuoles is one of the key
strategy of plants to maintain ion homeostasis.

Na* enters to the root cells passively as water moves through the root cortex or with the involvement of Na*
transporters (Munns and Tester, 2008). The Arabidopsis Na* - H' co- transporter AtHKT1 has shown as a mediator
in selective Na* transport and to some extent K* transport (Uozumi et al., 2000). Its expression was higher in roots
while low transcript has observed in flowers, leaves and stem parts. Even though AtHKT1 is known in Na* influx
to plant cells, its members such as AtHKT1;1 have shown to be involved in reducing Na* influx to the shoot parts
by removing Na* from the transpiration stream (Munns and Tester, 2008). Once Na* entered to the transpiration
stream of root, it transported to the shoot parts through xylem vessels. Thus, one attribute of plants to tolerate long
term effect of salinity is exclusion of Na* from the root, transpiration stream or from the shoot parts. The SOS
(Salt Overly Sensitive) signaling pathway suggested having critical role in Na® exclusion from roots and
maintaining ion homeostasis (Shi et al., 2002b). Not only from the roots the plasma membrane SOS has also
significant role in Na* exclusion from the transpiration stream and shoots. The SOS1-overexpression transgenic
Arabidopsis plants showed low level of Na* concentration in the xylem sap compared to control plants after one
day of 100mM NaCl treatment (Shi et al., 2002a). In another study, high accumulation of Na* in stem tissue rather
than leaf and no senescence after high salt treatment in tolerant potato cultivars suggest stem tissues have a role in
salt accumulation in resistant plants (Jaarsma et al., 2013).

Vacuolar compartmentalization of Na* is a principal mechanism of plants to reduce Na" toxicity and osmotic
effect of high salinity. The vacuolar membrane Na'/H" antiporter NHX1 plays crucial role in transporting Na* into
the vacuoles and reduce ion toxicity (Sottosanto et al., 2007). The role of the vacuolar Na*/H* transporter NHX1
in salt tolerance has been confirmed in different plant species including Arabidopsis, Beta vulgaris, and tomato
(Apse et al., 1999; Xia et al., 2002; Zhang and Blumwald, 2001).

The other most important salt tolerance mechanism of plants is increasing the synthesis of compatible solutes
or osmolytes; organic compounds such as sucrose, proline, and glycine betaine to balance the osmotic pressure
(Munns and Tester, 2008). Thus, these compounds prevent water efflux from the plant cell, maintain cell expansion,
and reduce oxidative stress to make plants tolerant to salt stress. In salt tolerant potato cultivars, the concentration
of proline and enzymes responsible for synthesis of proline, PSCS1 (Delta 1-pyrroline-5-carboxylate synthase)
and P5CR (Delta 1-pyrroline-5-carboxylate reductase), have been increased when treated with high concentration
of NaCl (Jaarsma et al., 2013). Moreover, significant reduction in proline catabolism gene expression, PDH
(proline dehydrogenase) in leaf and stem suggests the correlation between PSCR concentration and PDH
expression.

When plants are exposed to certain environmental stresses including salt stress, the formation of reactive
oxygen species (ROS) such as hydroxyl radical, hydrogen peroxides, singlet oxygen ('O2), and superoxide radical
are enhanced. Under salt stress, the imbalance between photosynthetic light capture and utilization of the fixed
CO; changes the redox state causing photo-inhibition, which led to the formation of highly toxic ROS. ROS cause
oxidative damage such as enzyme inactivation, lipid peroxidation, and protein damage.

Plants have developed antioxidant defense system to protect cells from oxidative injury. Enzymatic and non-
enzymatic antioxidants are involved in scavenging active oxygen species and reduce oxidative stress (Vranova et
al., 2002). Superoxide dismutase (SOD), peroxidase (POX), glutathione reductase (GR), catalase (CAT), and
ascorbate peroxidase (APX) are the most important antioxidants in scavenging ROS (Yang et al., 2013). In wheat,
the enhancement of catalase, peroxidase and ascorbate peroxidase, and glutathione reductase activities under salt
stress tolerant cultivar suggest the involvement of these enzymes in detoxifying reactive oxygen species to reduce
damage to cell membrane (Mandhania et al., 2006).

4. Phytohormones in Salinity Tolerance
Plant hormones such as ethylene (ET), salicylic acid (SA), gibberellins (GA), jasmonic (JA), and abscisic acid
(ABA) are naturally occurring endogenous substances involved in plant growth and development, fruit ripening,
and regulating various stress related processes. Phytohormonal activity induces alteration of morphological and
physiological process at cellular and molecular level that enables plants to survive under stress conditions.
Besides to regulating key processes related to seed germination and plant development, ABA is considered
as major stress hormone because of its rapid accumulation and playing pivotal role in response to biotic and abiotic
stresses (Lee and Luan, 2012). Upon stress, ABA regulates water status of plants by regulating opening and closure
of stomata. In soybean, the level of ABA in leaves significantly increased with increasing salt concentration. This
increment in ABA caused stomata closure and lower photosynthesis which finally led to hindering plant growth.
Its level is controlled by the balance between ABA biosynthesis and ABA catabolism. The 9-cis- epoxycarotenoid
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dioxygenase (NCED) play key role in ABA biosynthesis. In Arabidopsis, the AtNCED3 gene was highly up
regulated under drought condition and the disruption of AtNCED3 caused decrease in ABA level which results in
high transpiration rate in AtNCED3 mutants Arabidopsis plants (Tuchi et al., 2001).

It has been reported that exogenous application of phytohormones induces tolerance in response to salinity.
Exogenous application of 100 uM ABA before and during salt stress enhanced salt tolerance in both salt susceptible
and resistant rice cultivar by inducing OsP5CS1 gene expression (Sripinyowanich et al., 2010). Moreover, the
expression of calmodulin gene (OsCaml1-1) was up-regulated in resistant rice cultivar. Thus, the expression of
OsP5CS1 and OsCaml-1 suggests high accumulation of proline as osmo-protectant. Ethylene is another stress
hormone involved in development and biotic and abiotic stress related processes. It acts as membrane receptor,
components in cytoplasm, and nuclear transcription factor in signaling pathways. Gibberellin is another plant
growth hormone regulated by developmental and environmental factors. Application of GA3 in soybean
significantly increased plant height, fresh and dry weight under salt stress condition (Hamayun et al., 2010b).
Further phytohormonal analysis showed that the level of bioactive gibberellins (GA1 & GA4) and jasmonic acid
was significantly increased, while the endogenous SA and ABA level declined in GA3 treated plants, suggesting
GA3 reduce the adverse effect of salt stress by regulating the level of endogenous phytohormones. Similar study
showed that salinity reduces growth performance of Arabidopsis through modulating GA metabolism pathways
(Achard et al., 2006). In another study, salt stress decreased the endogenous GA and SA, while ABA and JA
significantly increased in salt stressed soybean plants (Hamayun et al., 2010a). It was concluded that salinity induce
growth retardation and yield reduction in soybean by interfering with endogenous growth hormones.

5. Transgenic Approach to Improve Tomato Salt Tolerance

Several studies have been conducted for the enhancement of salt tolerance in transgenic tomato through either
overexpression of endogenous or foreign genes that are supposed to be involved in the process of salt tolerance.
Recently, attempts have been done to enhance tomato tolerance to salt stress including introduction and/or
modifications of various genes involved in ion transport, antioxidant enzymes, regulatory and signaling pathways
(Table 1).

5.1 Genes Encoding Ion Transport Proteins
Sodium can be sensed by membrane receptor, membrane proteins or by any sodium sensitive enzymes in the
cytoplasm. Ion transporters (NHX proteins) have been reported to be important candidates for salt tolerance by
promoting accumulation of Na* or K* inside vacuoles and ion homeostasis. One way of biotechnological method
of tomato improvement to tolerance stress is modifying genes encoding ion transport proteins. The Arabidopsis
vacuolar Na*”H* antiporter (AtNHX1) was the first candidate gene in which the transgenic plants showed higher
ability for vacuolar sequestration of Na" to avoid toxic accumulation in the cytoplasm. This was clearly
demonstrated in transgenic tomato plants overexpressing Na*/H" (AtNHX;) from Arabidopsis, which performed
better under 200mM NaCl as compared to the WT tomato plants (Zhang and Blumwald, 2001). There was no
variation in number of fruits per plant. Although the fruits from the transgenic plants grown in 200 mM NaCl were
a bit smaller, no significant difference was observed in their water content or total soluble solids content. Moreover,
accumulation of high concentration of salt in the leaves rather than fruit was shown and does not interfere with
fruit quality suggesting the potential use of this transgenic tomato in saline soil. Studies have confirmed that
differences exist between domesticated and wild- relative species of tomato with regard to salt stress response
(Albaladejo et al., 2015). Generally, wild tomato species are suggested to be more salt tolerant than cultivated
species mainly due to high accumulation of Na* in aerial parts (Galvez et al., 2012). This was confirmed as salt
stress induced the expression of LeNHX3 and LeNHX4 isoforms in salt tolerant wild species of tomato. The NHX
genes enhanced Na* accumulation in aerial parts of the wild tomato species when grown in the presence of NaCl.
Therefore, overexpression of AtINHX1 and related NHX proteins from various sources have been shown to
improve salt tolerance in tomato. This has been observed, for instance, in overexpressing wheat Na*/H" antiporter
gene (TaNHX;) in tomato (Yarra et al., 2012a). The TaNHX5-overexpression transgenic tomato lines showed
better germination rate, growth performance, flowering and set viable seeds under 100 or 150 mM NaCl. Moreover,
significantly high leaf water content (LWC) and chlorophyll content has been observed in transgenic tomato lines
as compared to WT plants. Similarly, Bhaskaran and Savithramma (2011) demonstrated that co-expression of
PgNHX1 and AVPI genes in tomato improves salt tolerance in transgenic tomato plants. The transgenic lines
showed salinity tolerance up to 300 mM NaCl concentrations, whereas wild-type plants died at 200 to 250 mM
NaCl. The result suggests that antiporter PeNHX1and AVPI1 effectively sequestered excess Na* and H* into
vacuole. Accumulation of high levels of proline maintain a good K* /Na* ratios, high retention of chlorophyll,
soluble sugar and water content during stress, in addition to high germination percentage conferred better tolerance
to salinity stress. Other study reported that NHX proteins are candidates for the H*-linked K* transport that is
thought to facilitate active K* uptake at the tonoplast, and the partitioning of K™ between vacuole and cytosol
without necessarily Na* compartmentalization in the vacuole (Leidi et al., 2010). AtNHX1 overexpressing
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transgenic tomato lines had a greater capacity to tolerate different salt concentration compared to control plants.
Moreover, K* content was consistently higher in transgenic lines under all growth conditions tested with minor
impact on the capacity for Na* sequestration inside vacuoles when plants were subjected to salinity stress. This
tolerance mechanism was suggested due to the role of AtNHX1 antiporter in K™ homeostasis by capturing K™ in
the vacuoles, as well as the simultaneous increment of compatible solutes (free sugars and proline) in the cytosol
(Leidi et al., 2010).

Most NHXSs are essential for Na* detoxification via sequestration of Na* within the vacuole, while the SOS
signaling pathway is reported to be involved in exporting Na* out of the cell. The plasma membrane Na*/H*
antiporter (SOS1) plays significant role in Na* extrusion and in controlling long-distance Na* transport from the
root to shoot (Pardo, et al., 2007). Overexpressing SISOS2 improves the growth performance, early flowering, and
high yield production compared to non-transformed tomato (Huertas et al., 2012). Overexpression of SISOS2 up
regulate the expression of plasma membrane Na'/H" antiporter (SISOS1) and vacuolar Na'/H" antiporters
(LeNHX2 and LeNHX4). LeNHX2 is previously reported as essential K*/H" antiporter for normal plant growth
and development, and plays an important role in the response to salt stress through improving K* accumulation.
Gisbert et al. (2000) reported that the yeast HAL1 gene conferred salt tolerance in transgenic tomato both in vitro
and in vivo conditions. The higher K*/Na ratio in the transgenic plants suggests HAL! facilitate the accumulation
of high K™ and decreasing intracellular Na* concentration under salt stress. This suggests HAL genes reduced the
movement of Na* from roots to shoots under salt stress.

5.2 Genes Encoding Antioxidant & Other Protective Proteins

One of the major effects of abiotic stresses including salinity is over accumulation of Reactive Oxygen Species
(ROS) such as superoxide (02, hydrogen peroxide (H20,), nitric oxide (NO) and OH. ROS are normally produced
in different cellular compartments during normal physiological processes and serve as signaling molecules.
However, they are highly toxic and cause damage to proteins, lipids, carbohydrates, DNA, and membrane function
in plant cells if they are produced in high rate (Gill and Tuteja, 2010). To combat these highly toxic substances,
plants have antioxidant response proteins such as superoxide dismutase (SOD), ascorbic peroxide (APX), catalase
(CAT) and other non-enzymatic antioxidants. Enzymes such as glyoxalases are involved in detoxification of
methylglyoxal. Studies reported that tomato transgenic lines overexpressing glyoxalase I (Glyl) and glyoxalase 11
(Glyll) genes showed reduced lipid peroxidation and the production of H,O» in leaf tissues compared with the WT
under 800 mM NaCl concentration (Viveros et al., 2013). Enhanced tolerance of tomato overexpressing Gyl and
GlyIl was related to reduction in oxidative stress in transgenic lines. Moreover, the overexpressed transgenic lines
showed higher chlorophyll a +b as compared to the WT.

Melatonin (N-acetyl-5-methoxytryptamine) is another antioxidant having a powerful role in ROS scavenging
activity and improves tolerance to various stresses. The melatonin bio-synthesis related gene (SICOMTI)
overexpressing transgenic tomato showed higher melatonin content under 800 mM salt stress (Liu et al., 2019).
The level of superoxide and hydrogen peroxide were decreased while proline content was increased in SICOMT1
transgenic tomato plants. Other study reported that transgenic tomato (Solanum lycopersicum cv. ‘Moneymaker’)
with the choline oxidase gene (codA) targeted to both chloroplast and cytosol results high accumulation of
glycinebetaine (GB), which leads to alleviate salt-induced potassium efflux. The codA-transgenic tomato plants
and exogenously treated WT with GB enhanced salt tolerance by increasing Na* exclusion and decreasing the K*
efflux so as maintaining Na”/K* homeostasis in salt stress. Moreover, high accumulation of GB in the leaves
enhances the activities of antioxidant enzymes, which scavenge ROS and decrease the levels of ROS in leaves,
which in turn alleviate the effects of salt stress on the photosynthetic machinery (Wei et al., 2017).

Salt stress tolerance can also be improved through modification of various genes involved in stress response
and tolerance. Liu et al. (2015), for instance, demonstrated that overexpression of a dehydrin gene (ShDHN) from
Solanum habrochaites improves the growth performance of transgenic tomato seedlings to salt stresses. The result
from this study indicated that the growth attributes such as fresh weight, primary root length, and number of lateral
roots per seedling of the transgenic tomato lines were significantly higher than the WT under 150 mM NacCl. To
further elucidate the molecular mechanisms of stress tolerance mediated by ShDHN, the expression of genes
related to ROS generation and scavenging, sugar metabolism, proline and JA biosynthesis pathways, and other
stress-responsive genes were analyzed both in ShDHN-overexpressing lines and WT plants grown normal
condition. Genes coding for SOD and glutathione S-transferase (GST), were significantly up-regulated, while
genes encoding peroxidase and lipoxygenase gene (LOX) was down-regulated in the transgenic lines compared to
the WT. Similarly, the overexpression of a dehydrin gene (tas/4) improves tomato tolerance to salt and drought
stress without any pleiotropic effect (Mufioz-Mayor et al., 2012). The transgenic tomato showed increased Na*
accumulation only in adult leaves, whereas K* and sugars more accumulated in young leaves. This result suggests
that the transgenic plants overexpressing tasi4 gene are able to distribute the Na* accumulation between young
and adult leaves. The transgenic lines accumulated more ABA in leaves during short-time periods.

Mannitol is a type of sugar alcohol play significant role in stress adaptation through scavenging of free-
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radical, storage of energy and osmoregulation. It is bio-synthesized from fructose in plants through the action of
mannitol-1-phosphate dehydrogenase (mt1D). Its involvement in abiotic stress response was demonstrated through
overexpressing a bacterial mannitol-1-phosphate dehydrogenase (mt/D) gene under control of the CaMV 35 S
promoter conferred tolerance to various abiotic stresses including low temperature, drought, and salt stress to the
transgenic tomato plants (Khare et al., 2010). The mt1D transgenic tomato plants showed significant reduction in
electrolyte leakage, increased lipid peroxidation with enhancing antioxidant enzymes (SOD and catalase) and
relative water content (RWC) compared to WT.

5.3 Transcription Factors (TF) and Signaling Proteins

Regulatory proteins such as transcription factors and signaling proteins are expected to modulate the expression
of wide range of downstream genes involved in salt stress responses. Transcription factors such as ABRE,
MYC/MYB, CBF/DREBs, NAC and WRKY have been genetically engineered to improve tolerance to abiotic
stress in various crops (Wani et al., 2016). Members of different plant hormone response transcriptional factors
also play important roles in regulating gene expression in response to biotic and abiotic stresses. For instance,
constitutive expression of abscisic acid responsive element binding factor (AREB) conferred salt and drought
tolerance in transgenic tomato through activating the expression of several stress associated genes (Orellana et al.,
2010). Studies also demonstrated that the Ethylene Response Factor (EFR) TFs are involved in tomato salt stress
tolerance. Klay et al. (2014) demonstrated that tomato Ethylene Response Factor (S/-ERF.B.3) antisense transgenic
plants exhibited a salt stress dependent growth inhibition or higher salt stress sensitivity compared to the WT. This
inhibition was significantly enhanced in shoots but reduced in roots, leading to an increased root to shoot ratio.
The dehydration responsive element binding proteins (DREBs) are other TFs, which are found only in plants and
involved in the induction of abiotic stress-associated genes. A tomato dehydration-responsive element-binding 2
(SIDREB?2) is identified as a salt stress regulated transcription factor (Hichri et al. 2016). Its overexpression in
Arabidopsis and tomato improve plant tolerance to salinity. SIDREB2 enhanced plant tolerance to salinity by
improving K*/Na' ratio, efficient regulation of protecting molecules such as proline, polyamines synthesis and
hormonal contents, especially ABA. Moreover, it regulates the down-stream genes involved in stress response,
osmoregulation and hormones biosynthesis/signaling. The tomato DREB1A (Dehydration-responsive element-
binding protein 1A) gene and AVP1 (a vacuolar H(+)- pyrophosphatase) are also shown to be associated with salt
tolerance in Solanum pimpinellifolium (Rao et al., 2015).

SL-ZH13 is one of the transcription factors reported to be involved in regulating tomato salt stress tolerance
(Zhao et al., 2018). Silencing of SL-ZH13 resulted in immediate wilting of the transgenic pants compared to the
WT treated with similar salt concentration. The activities of superoxide dismutase, peroxidase, and proline content
were lower in SL-ZH13-silenced plants as superoxide dismutase, peroxidase, and proline content were lower in
SL-ZH13-silenced plants as compared to the WT plants after different time interval of salt treatment. Moreover,
the accumulation of H>O; and O- in leaves was much higher in SL-ZH13-silenced plants than control plants.

Plant-specific NAC transcription factors are reported to have significant role in response to abiotic stress. Zhu
et al. (2014) examine the response of SINAC4-RNAi and WT tomato to salt and drought stress. The result
demonstrated that SINAC4-RNAI transgenic tomato plants showed reduction in shoot and root growth as compared
to the WT at post-germination stage. The SINAC4-RNAI transgenic lines were less tolerant to salt and drought
with lower levels of water and chlorophyll contents, and higher rate of water loss from the leaves. Moreover,
down-regulation of stress related genes in the transgenic line suggests a positive regulation of SINAC4 stress-
responsive transcription factor to abiotic stress.

Similarly, the tomato ARS1 (altered response to salt stress 1) gene encodes a MYB transcription factor that
contributes to reduced transpiration water loss under salt stress mediated by ABA (Campos et al., 2016).

WRKY proteins are another transcription factors, which are known to be involved in regulating diverse
functional processes such as growth, development, hormone-mediated pathways, biotic and abiotic stresses
(Ramamoorthy et al., 2008). They are a superfamily of transcription factors containing one or two highly conserved
WRKY domains, 60 amino acid region comprising conserved WRKYGQK sequences at N-terminal together with
zinc-finger-like motif at its C-terminal (Eulgem et al., 2000). The WRKY domain binds to W-box binding motif
(T/CTGACC/T) of the target gene promoter region and activates or represses the expression of downstream genes.
Compared to biotic stresses, the function of WRKY transcription factors in abiotic stresses is not well explored
and thus not well understood. However, several studies showed that the expression of WRKY genes is induced by
various environmental factors such as wounding, drought, salt, heat and cold stresses, and phytohormone
treatments (Hara et al., 2000; Jiang and Deyholos, 2009; Wei et al., 2008).

Based on the genome wide investigation of WRKY genes in tomato, a total of 81 WRKY members were
identified (Huang et al., 2012). Microarray analysis of these members showed significant change in expression
pattern in response to biotic and abiotic stresses. Further expression analysis of selected SIWRKY in real-time
quantitative RT-qPCR showed that majority of the tested SIWRKY genes were up-regulated in response to drought,
salt, and pathogen invasion, while down regulation has also observed for some of the SIWRKY genes. Transgenic
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tomato overexpression SIWRKY3 improved multiple aspects of salinity tolerance at 125mM NaCl (Hichri et al.,
2017). Plant growth attributes such as shoot and root biomass and photosynthesis including stomatal conductance
and chlorophyll a content were maintained in transgenic plants, which have lower Na* contents in leaves with
higher accumulation of K* and Ca*".

Moreover, several stress-related genes including genes coding for antioxidant enzymes, ion and water
transporters were up-regulated in transgenic tomatoes as confirmed from microarray analysis. Similarly,
SIWRKY39 enhanced resistance to multiple stress factors in tomato. Transgenic plants over-expressing
SIWRKY39 improved resistance to multiple stress factors including PstDC3000, salt and drought (Sun et al.,
2015). The transgenic plants showed accumulation of higher level of proline and lower malonic dialdehyde
compared to the wild type due to up-regulation of genes related to environmental stress (e.g. SIRD22, SIDREB2A)
and pathogenesis-related genes (SIPRI and SIPRIal).

6. Concluding remarks

Salinity is one of the most important abiotic factors reducing agricultural crop production globally and is also
expected to be a major challenge for the coming years. Efforts have been made both in model and other cultivated
crops including tomato to improve salt stress through conventional breeding. However, the complex and
multigenic nature of the trait makes low achievement in developing salt tolerance cultivars through traditional
breeding. Biotechnological technique (genetic engineering) is a powerful tool in this regard to understand the
molecular response mechanisms of salt stress and several successful results have been reported with regard to
identification, isolation and cloning of genes involved in salt tolerance in tomato. Furthermore, the
biotechnological technique helps to understand the molecular mechanisms of tolerance of the cloned and/or over-
expressed candidate genes. Plasma membrane Na*/H" antiporters (SOS) and vacuolar Na*/H" antiporters (NHXn),
Dehydrin (DHN), Choline Oxidase (codA), and ROS scavengers have been the major genes targeted in many
studies for developing salt stress tolerant transgenic tomato. Moreover, promising results have reported on the
identification and use of various abiotic stress responsive elements and/or transcription factors such as SIDREB2,
SL-ZH13, SI-ERF.B.3, AREB, NAC-Type and WRKY TFs, which regulate the expression of several downstream
genes in transgenic tomato with response to salt stress. These transcription factors trigger cascades of gene
expression that respond to various stress stimuli. Thus, modification of transcription factors could be an alternative
option to enhance tolerance towards different environmental stress factors simultaneously. This is indeed a faster
way and could be an option to reduce the growing global problem of salinity in major tomato producing areas.
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