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Abstract: This study aims to determine grafting’s efficiency to improve tomato growth and production
under salinity stress conditions. A commercial tomato hybrid (cv. Bark) and eight wild tomato
accessions were evaluated at molecular, physiological and agronomic levels. At the molecular level,
two robust gene-targeting marker systems (Conserved DNA-Derived Polymorphism; CDDP and
Start Codon Targeted Polymorphism; SCoT) were employed. Bark cv. was grafted as a scion onto the
four tomato genotypes’ roots as stocks. The rootstocks effect was evaluated by growing plants at 0,
100 and 200 mM NaCl. Our results showed that grafting enhanced plant shoots and roots growth
(plant height, number of branches, plant fresh weight, root length, and root fresh and dry weight),
fruit yield (total yield, number and weight of fruits) and fruit quality (Vitamin C, firmness and total
soluble solids) in Bark on most tested rootstocks. A significant interaction between salinity levels
and rootstocks for all measured hormones, antioxidants and proline was observed. In conclusion,
our consistent results from the three approaches (molecular, physiological and agronomical) revealed
that the four genotypes (LA1995, LA2711, LA2485 and LA3845) were found to be grouped and
exhibit better performance under salinity stress conditions. Furthermore, grafting could be a low-cost
alternative method to improve salt tolerance in sensitive tomato genotypes.
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1. Introduction

Tomato (Solanum lycopersicum L.) is considered one of the most important vegetable crops grown
worldwide due to its economic and health importance. According to a statement by the FAO in 2018
(http://faostat.fao.org/), the world production of tomato was 182,258,016 tons, which was harvested from
4,762,129 hectares. The importance of tomato fruits is related to its considerable level of antioxidants,
including lycopene pigment, vitamins such as Vit C and several minerals, which can reduce the
progression of various types of dangerous human diseases such as prostate, colon and breast cancers [1].
Recently, the salinity of soil and water became a severe universal problem restricting the growth,
productivity and quality of most crops [2–4]. In the coming few decades, the percentage of affected
land will increase due to a reduction in the quantity and quality of available irrigation water and
global climate change [5]. Nearly twenty percent of the global cultivated lands and 33% of the irrigated
agricultural lands suffer from high salinity [6].
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Two theories have explained plant growth inhibition by salinity, either through ion toxicity or
disruption of osmotic functions [7]. It was reported that salinity reduce many physiological processes
in plants including reduce water absorption [8], inhibit nutrient uptake [9], reduction in photosynthetic
rate [10] and reduce yield [6]. Numerous commercial cultivars of tomato range from moderately
sensitive to sensitive to saline stress. Creating a new irrigation system or producing phenotypes
resistant to adverse conditions are two principal strategies for controlling salinity stress. Many previous
techniques were evaluated to reduce the adverse effect of salinity, such as the using of compost
and vermicompost [11,12], application of plant growth-promoting bacteria [13], aeration of soil by
the improvement of root growth, photosynthetic rate, water infiltration rates, as well as nutrient
absorption [14,15], foliar application of indole-3-acetic acid [16] and root and foliar application of
salicylic acid [17].

Hence, it is essential to develop novel effective methods to reduce the salinity stress of tomato.
One of these treatments for reducing the adverse effect of salinity of tomato is grafting on resistance
rootstocks. Moreover, grafting is a sustainable technique and environmentally friendly. Recently,
the grafting procedure has been commonly used to cover soil-borne diseases and abiotic stress
conditions such as salinity, drought, chilling stress, the poison of heavy metal and alkalinity of soil [18].
The benefits of grafting to enhance tomato plant growth and production under salinity stress were
recorded [19]. Some cultivars, such as the local Egyptian cultivar, Edkawi, show greater salt tolerance
by demonstrating greater stability in growth with increasing salinity. Moreover, high salt tolerance has
been reported for various wild tomatoes, such as Lycopersicon peruvianum and Solanum pennelli, which
are salt-tolerant relatives of cultivated ones [20].

Molecular evaluation of the genetic diversity among crop germplasm is a key for breeding and
conservation of genetic resources. It is especially helpful as a general guide for selecting parents for
breeding hybrids [21]. The conservation of numerous collections of plant genetic resources represents
the backbone of plant breeding programs; therefore, this genetic variability is considered the raw
material for the crop breeding business, which relies on choices to evolve new superior genotypes.
Molecular markers have been widely employed during the last decades for each assessment of original
material and exploration of valuable plant phenotypes.

The conventional plant taxonomy relies on shared phenological, biochemical and ecological
characteristics. In the past few years, many powerful molecular marker techniques were developed
and applied in various research studies. The development of those techniques is principally the result
of invasiveness in genomic studies. It has been initiated as a modern trend to develop a group of
gene-targeting markers more powerful and effective than Random markers [22]. As a result of the
massive availability of genomic databases, the progress in developing efficient markers positioned
inside or close to specific genes has become more straightforward [3]. These gene-targeting markers
have several applications, such as genetic diversity, molecular ecology, molecular phylogeny, genetic
resources conservation and developmental biology. In 2009, Collard and Mackill developed two of the
foremost effective gene-targeting molecular marker techniques in plants. These techniques are called
Start Codon Targeted Polymorphism (SCoT) and Conserved DNA-Derived Polymorphism (CDDP).

The SCoT technique theory depended on the conserved regions flanking the start codon (ATG)
in plant genes. The SCoT system was highly reproducible because of the utilization of an 18-mer
single primer with a relatively high annealing temperature (50 ◦C) [23]. SCoT is dominant, like the
inter-simple sequence repeats (ISSR) and random amplified polymorphic DNA (RAPD) techniques.
During the last decade, SCoT was effectively used in different applications such as genetic analyses,
QTL-mapping and bulk segregant analysis. SCoT markers showed particularly significant success in
diversity studies and fingerprinting in potato, grape, peanut and medicinal plants [24].

Meanwhile, the CDDP technique was developed to produce DNA markers based on
sequence-mining of short conserved amino acid parts within plant proteins. CDDP employed a
singular primer within a length ranging from 15 to 19-mer and a Ta of 50 ◦C [25]. In fact, gene-targeted
marker systems such as CDDP and SCoT were evolved to join the traditional practices of random
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marker systems with powerful workflow through combining promoter or gene sequences in their
primers [26]. These characteristics of gene-targeted markers give it some advantages, such as improved
resolution and good reproducibility.

In nature, plants evolve their non-enzymatic and enzymatic antioxidation mechanisms to
counteract the adverse effects of salinity. The enzymatic antioxidation mechanisms include various
enzymes such as peroxidase (POD), ascorbate peroxidase (APX) and dehydroascorbate reductase
(DHAR). In contrast, the non-enzymatic antioxidation mechanisms include compounds such as proline
and vitamin C [27]. Thus, the previous compounds could be serving as an indicator of salinity stress.

Therefore, the current study aimed to evaluate growth performance, yield parameters, bioactive
compounds, plant hormones (peroxidase (POD), ascorbate peroxidase (APX) and dehydroascorbate
reductase (DHAR)), antioxidant enzymes and proline of different wild genotypes and commercial
tomato hybrids under different salinity stress conditions. Additionally, to perform a molecular
phylogeny and characterization of nine tomato cultivars/hybrids using two robust gene-targeting
markers toward assessing their salinity tolerance.

2. Materials and Methods

2.1. Plant Material

The seeds of eight wild tomato accessions (LA1995, LA2711, LA2485, LA3845, LA1310, LA3120,
LA3847 and LA2661) with known salinity tolerance characteristics were obtained from the International
Tomato Genetic Resource Center in the USA. Also, one local hybrid with known tolerance characteristics
was implemented in this study. Initially, the few seeds obtained for each cultivar were propagated to
be used in the salinity tolerance evaluation experiment.

2.2. Molecular Analysis

2.2.1. Extraction of Tomato DNA

DNA was extracted from young fresh leaves (100 mg) of each cultivar/hybrid via a DNeasy
Plant Mini Kit (QIAGEN, Santa Clarita, CA, USA), according to the manufacturer’s protocol.
The concentrations of DNA were assessed using the Qubit® 3.0 Fluorometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA). For subsequent molecular analyses, DNA concentrations were normalized
to 10 ng/µL in all samples.

2.2.2. CDDP Analysis

The CDDP PCR was performed according to Collard and Mackill-a [28]. Twelve CDDP primers
were applied on the nine tomato samples. The PCR reaction volume was 25 µL including 1X PCR
reaction buffer, 1.5 mM of MgCl2, 1 µM of primer, 0.2 µM of dNTPs mix, 1 unit of G2 Go-Taq Flexi
polymerase (Promega) and 25 ng of DNA. A PCR program was done as follows: an initial denaturing
at 94 ◦C for 3 min, and then 35 cycles of 94 ◦C for 1 min, 50 ◦C for 1 min and 72 ◦C for 2 min; the final
elongation was carried out for 5 min. The electrophoresis of all PCR products was done on 1.5%
agarose gels, then visualized using the Gel Doc XR+ Gel Documentation System (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

2.2.3. SCoT Analysis

The SCoT PCR amplification was performed according to Collard and Mackill-b [29]. Eight SCoT
primers were applied on the nine DNA tomato samples. The PCR reaction mixtures were 25 µL
including 1X PCR reaction buffer, 1.5 mM of MgCl2, 0.2 µM of dNTPs mix, 1 µM of primer, 1 unit
of G2 Go-Taq Flexi polymerase (Promega) and 30 ng of DNA. A PCR program was set as follows:
an initial denaturing at 94 ◦C for 3 min, and then 35 cycles (94 ◦C for 1 min, 50 ◦C for 1 min and
72 ◦C for 90 s) and a final elongation step at 72 ◦C for 7 min. The PCR products were resolved using



Agronomy 2020, 10, 1948 4 of 26

1.5% agarose gel electrophoresis, then visualized using the Gel Doc XR+ Gel Documentation System
(Bio-Rad Laboratories, Inc.).

2.2.4. Data Analysis

For the molecular data analysis, only the clear and distinguishable amplicons were visually scored
to minimize the errors. The amplicons were scored as (1) for present or (0) for absent to construct
a binary data matrix. The percentage of polymorphism was computed by dividing the number of
polymorphic bands by the total number of amplicons for each primer or primer mixture. To determine
the genetic similarity levels, Jaccard’s coefficient was used [30]. The UPGMA-based phylogenetic
tree was constructed for the two gene-targeting marker techniques and finally visualized using the
Interactive Tree of Life (iTOL) online tool [31]. Principal component analysis (PCA) was calculated
using a D center module [32].

2.3. Greenhouse Experiment

2.3.1. Growth Conditions

Tomato plants were transplanted in plastic to a greenhouse (6 × 40 m) in 6 L black plastic pots
filled with a 1:1:1 mixture of peat moss, vermiculite and perlite during 2017/2018 and 2018/2019 winter
seasons at the Faculty of Agriculture, Cairo University, Giza, Egypt. Nutrients in kg ha–1 (315 N,
225 P, and 450 K) required by tomato plants were provided during growth season. The average
temperature during plant growth was 26/19 ◦C (day/night), and the mean relative humidity was
65–75%. The average photon flux density was 800–1000 µmol m−2 s−2 during the two growing seasons.

2.3.2. Salinity Treatments

Twenty days after transplantation, the three levels of saline treatments which contained 0, 100 and
200 mM NaCl (El-Nasr pharmaceutical chemical company, Obour, Egypt) were applied with a nutrient
solution. The application of saline treatments was continued until the end of the experiment (160 days
after seedling transplantation). The mean electrical conductivities (ECs) of the nutrient solution
(containing salt) for 0, 100 and 200 mM NaCl were 1.1, 7.2 and 13.8 dSm−1. Two factorial experiments
with two factors (three levels of saline water and five lines) were conducted. A completely randomized
design was used for the treatments and each treatment was replicated six times.

2.3.3. Plant Growth and Yield

Tomato growth parameters; including plant height, plant fresh, leaf number and dry weight,
and chlorophyll content using a SPAD meter (SPAD 502 Minolta Co, Osaka, Japan), were measured
40 days after the salt treatment application. The height of the tomato plant was measured from the soil
surface to the highest growing tip. Three SPAD readings were taken around the tomato’s fourth leaf
and the average was calculated. Fruits were harvested at the red color stage. The total fruit yield per
plant was calculated.

2.3.4. Determination of Chlorophyll A and B and Ascorbic Acid

Ten fruits of tomato were selected randomly to measure the following chemical compositions.
Chlorophyll a (Chl a) and b (Chl b) were measured according to Strain and Svec [33]. Ascorbic acid (AA)
content of red-ripe fruits was assayed using a titrimetric method with 2, 6-dichlorophenol indophenol
according to Association of Official Analytical Chemistry 967.21. The results were expressed as mg
equivalent/100 g fresh weigh (mg 100 g−1 FW).

2.3.5. Determination of Total Soluble Solid Content and Firmness

Total soluble solid (TSS) of tomato juice extract was estimated using a digital refractometer (model
PR101, Co. Ltd., Tokyo, Japan. Firmness was determined in ripe fruits using a Force Gauge Model
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M4-200 (ELECTROMATIC Equipment Co., Inc. Cedarhurst, NY, USA) with a 1-mm diameter flat
probe. Firmness readings of tomato fruits were taken at two opposite points of the equatorial region
and expressed in Newtons. Four fruits per replicate were selected to determine the firmness.

2.3.6. Determination of Minerals

After 40 days of salt treatments, the fifth leaf of five tomato plants was selected randomly and
was ground in liquid nitrogen and then conserved in −80 ◦C freezer for chemical analysis.

Essential elements (N, P, K, Ca, Mg, Fe, Zn, and Na) were assessed on the freeze-dried tomato
leaves. The acidic digestion of 0.5 g tomato leaves with mixed solutions consists of sulfuric and
perchloric acids. The mixture was heated at 50 ◦C for 10 min. 0.5 mL perchloric acid was added and
heating continued till a clear solution was obtained. The total nitrogen content of the dried leaves was
assessed using the Kjeldahel method, according to A.O.A.C (1990). Phosphorus (P) in leaf tissue was
assessed colorimetrically using the chlorostannous molybdophosphoric blue color method in sulfuric
acid. Potassium (K) content were determined using the flame photometer apparatus (CORNING M
410, Essex, UK). The content of Ca, Mg, Fe, Zn and Na were estimated using an Atomic Absorption
Spectrophotometer with air-acetylene fuel (Pye Unicam, model SP-1900, US).

2.3.7. Leaf Proline, Gibberellic Acid, and Abscisic Acid Content

Proline content was assessed according to Bates et al. [34] method. 1 g of freeze-dried samples
was homogenized in 10 mL 3% (w/v) Solphosalicylic acid. The solutions were filtered through filter
paper (Whatman, No.1). Next, 2 mL ninhydrin acid agent and acetic acid were added to a filtered
solution. Tubes were boiled in a water bath at 100 ◦C for 1 h. Then, 4 mL toluene was added and kept
in tubes for 20 s. The colored fractions were read at a wavelength of 520 nm. Praline concentration was
measured using a standard curve and expressed as µg.Kg−1 FW.

The concentration of gibberellic acid and abscisic acid content in tomato leaves was determined
by the method described by Fales et al. [35]. Freeze-dried tomato samples were powdered and then
fine material was mixed with methanol (80% v/v, 15 mL/g) and butylated hydroxy toluene at 4 ◦C in
darkness. Further details of the extraction, determination and quantification of Gibberellic acid (GA)
and abscisic acid (ABA) are reported elsewhere [8,9].

2.3.8. Antioxidant Enzymes

The activity of POD (peroxidase, EC 1.11.1.7) and APX (ascorbate peroxidase, EC 1.11.1.7) were
measured using the García-Limones method [36]. The enzymes in freeze-dried leave samples were
extracted according to the procedure described by Wang et al. [37]. The concentration of soluble protein
in the leaf samples was determined according to the Bradford method. Dehydroascorbate reductase
(DHAR, EC 1.8.5.1) activity was assessed spectrophotometrically (Hitachi U-1100 spectrophotometer,
Japan) at 265 nm according to the method reported by Baier et al. [38].

2.4. Statistical Analyses

The data were statistically analyzed by ANOVA using the SPSS software program (version 16.0
for Windows, Chicago, IL, USA). Two factors were considered (salt treatments and rootstocks) for
analysis. An ANOVA test was performed to assess the main effect of each factor and their interactions.
Means were separated by Tukey’s multiple range test at a 5% significance level.

3. Results

3.1. Analysis of CDDP and SCoT

Investigation of the genetic diversity and evaluation of the degree of polymorphism between
the nine tomato genotypes was done using twelve CDDP (Table S1) and 8 SCoT primers (Table S2).
For CDDP analysis, a total of 239 amplicons were obtained, 67 of which were polymorphic (28%).
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The total number of amplicons per primer ranged from 17 (primer CDDP–5) to 23 (primer CDDP–10).
The total number of polymorphic amplicons per primer ranged from 3 (primer CDDP–11) to 7 (primers
CDDP–2, 4 and 7), with percentages of polymorphism ranging from 16.7% (primer CDDP–11) to 35%
(primers CDDP–4 and CDDP–7). The average number of amplicons/primer was 19.9, while the average
number of polymorphic amplicons/primer was 5.6 (Table 1).

Table 1. Primer code, total number of bands, number of polymorphic bands and percentage of
polymorphism in the Start Codon Targeted Polymorphism (SCoT) and Conserved DNA-Derived
Polymorphism (CDDP) primers.

Code
Number of Bands % of Polymorphism

% of Polymorphism
Total Polymorphic

CDDP

CDDP-1 21 5 23.8
CDDP-2 22 7 31.8
CDDP-3 19 6 31.6
CDDP-4 20 7 35.0
CDDP-5 17 5 29.4
CDDP-6 21 6 28.6
CDDP-7 20 7 35.0
CDDP-8 19 4 21.1
CDDP-9 20 6 30.0
CDDP-10 23 5 21.7
CDDP-11 18 3 16.7
CDDP-12 19 6 31.6

Total 239 67 28
Average 19.9 5.6

SCoT

SCoT-1 23 11 47.8
SCoT-2 17 9 52.9
SCoT-3 16 8 50.0
SCoT-5 20 9 45.0
SCoT-6 22 10 45.5
SCoT-7 15 9 60.0
SCoT-9 13 6 46.2

SCoT-10 18 9 50.0
Total 144 71 49.3

Average 12.0 5.9

For SCoT analysis, a total of 144 scorable bands were obtained, 71 of which were polymorphic
(49.3%). The total number of amplicons per primer ranged from 13 (primer SCoT-9) to 23 (primer
SCoT-1), while the total number of polymorphic amplicons per primer ranged from 6 (primer SCoT-9)
to 11 (primers SCoT-1) with percentages of polymorphism ranging from 45.0% (primer SCoT-5) to
60.0% (primers SCoT-7). The average number of amplicons/primer was 12.0, while the average number
of polymorphic amplicons/primer was 5.9 (Table 1).

3.2. Molecular Phylogeny Analysis

Phylogenetic trees based on UPGMA analysis of SCoT, CDDP and combined data were developed
for the nine tomato cultivars/hybrids. For CDDP analysis, the phylogenetic tree comprised three main
clusters. The first and second clusters included accessions LA3847 and LA2661, respectively. The third
cluster split into two main sub-clusters; the first sub-cluster comprised only the LA3120 accession,
while the second sub-cluster divided into two branches. The first branch includes only the LA1310
accession, while the second branch contains the last five accessions g(LA1995, LA2711, LA2485, LA3845
and Bark) that were the most genetically similar (Figure 1B). Furthermore, the PCA analysis exhibited
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comparable results to the dendrogram. The PCA layout revealed that the most genetically similar
accessions (LA1995, LA2711, LA2485, LA3845, and Bark) were grouped similarly to those shown in the
cluster analysis (Figure 1B,E).
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Figure 1. Cluster analysis based on Jaccard’s similarity coefficient of the combined analysis (A);
CDDP and SCoT), CDDP analysis (B) and SCoT analysis (C) of the nine tomato genotypes. Principal
Component Analysis (PCA) of the combined data analysis (D); CDDP and SCoT), CDDP analysis (E)
and SCoT analysis (F) of the nine tomato genotypes showing the two-dimensional plot (PC1 and PC2).

For SCoT, the dendrogram comprised three main clusters; the first and second clusters included
accessions LA3120 and LA1310, respectively. The third cluster divided into two main sub-clusters.
The first sub-cluster involved only the LA2661 accession, while the second sub-cluster divided into two
branches. The first branch includes only the LA3847 genotype, while the second branch contains the
last five accessions (LA1995, LA2711, Bark, LA3845 and LA2485) that were the most genetically similar
(Figure 1C). The PCA analysis of SCoT data exhibited similar results to the SCoT dendrogram. The PCA
topology indicated that the most genetically similar accessions (LA1995, LA2711, Bark, LA3845 and
LA2485) remained similarly grouped to those shown in the cluster analysis (Figure 1C,F).

For the combined data (CDDP and SCoT), the molecular phylogeny analysis of the nine tomato
genotypes using the two marker systems revealed that two dendrograms exhibiting different topologies
with high similarities. The scoring data from CDDP and SCoT were merged and analyzed to show
deeper relationships based on more comprehensive genome coverage. The combined dendrogram
comprised three main clusters with a topology that highly matched the CDDP dendrogram. The first
and second clusters included accessions LA2661 and LA3847, respectively. Moreover, the third cluster
divided into two main sub-clusters; the first sub-cluster comprised only the LA3120 accession, while
the second sub-cluster divided into two branches. The first branch involved only the LA1310 accession,
while the second branch included the last five accessions (LA1995, LA2711, LA2485, LA3845 and Bark)
that were the most genetically similar (Figure 1A). Furthermore, the PCA developed based on the
combined data exhibited comparable results to the cluster analysis. The topology of the combined data
PCA showed consistent results with CDDP, in which the most genetically similar accessions (LA1995,
LA2711, LA2485, LA3845, and Bark) remained grouped (Figure 1A,D).

On the other hand, the binary scoring generated from CDDP, SCoT and combined analysis were
used to calculate Jaccard’s similarity matrices (Tables 2–4, respectively). The values within the CDDP,
SCoT and combined similarity matrices ranged from 65 to 100%, 64 to 100% and 65 to 100%, respectively.
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Table 2. Similarity matrix based on the CDDP analysis of the eight wild accessions and hybrid of tomato.

LA1995 LA4285 LA2711 LA3845 LA1310 LA3120 LA3847 LA2661 Bark

LA1995 100% - - - - - - - -

LA4285 82% 100% - - - - - - -

LA2711 85% 80% 100% - - - - - -

LA3845 79% 77% 78% 100% - - - - -

LA1310 75% 75% 74% 70% 100% - - - -

LA3120 73% 73% 73% 68% 69% 100% - - -

LA3847 71% 70% 70% 65% 67% 68% 100% - -

LA2661 70% 71% 70% 66% 66% 67% 70% 100% -

Bark 78% 79% 78% 79% 68% 65% 66% 66% 100%

Table 3. Similarity matrix based on the SCoT analysis of the eight wild accessions and hybrid of tomato.

LA1995 LA4285 LA2711 LA3845 LA1310 LA3120 LA3847 LA2661 Bark

LA1995 100% - - - - - - - -

LA4285 77% 100% - - - - - - -

LA2711 85% 75% 100% - - - - - -

LA3845 80% 78% 80% 100% - - - - -

LA1310 71% 76% 72% 70% 100% - - - -

LA3120 70% 74% 70% 69% 70% 100% - - -

LA3847 75% 79% 75% 75% 67% 66% 100% - -

LA2661 73% 77% 73% 71% 68% 67% 70% 100% -

Bark 82% 76% 82% 80% 65% 64% 65% 64% 100%

Table 4. Similarity matrix based on the combined data analysis (CDDP + SCoT) of the eight wild
accessions and hybrid of tomato.

LA1995 LA4285 LA2711 LA3845 LA1310 LA3120 LA3847 LA2661 Bark

LA1995 100% - - - - - - - -

LA4285 85% 100% - - - - - - -

LA2711 81% 80% 100% - - - - - -

LA3845 78% 78% 76% 100% - - - - -

LA1310 75% 75% 74% 70% 100% - - - -

LA3120 73% 73% 74% 68% 68% 100% - - -

LA3847 71% 70% 69% 66% 66% 68% 100% - -

LA2661 70% 71% 70% 66% 66% 68% 70% 100% -

Bark 77% 76% 76% 78% 70% 65% 66% 65% 100%

3.3. Plant Growth

All measured plant growth parameters were significantly affected by the salt treatments and
rootstocks (Table 5). No significant interactions between salt treatments and rootstocks were observed
except plant fresh weight. Significant reductions occurred in plant height, the number of branches, SPAD
reading, plant fresh weight and plant dry weight by increasing salinity levels (Figure 2A–D). As shown
in Figure 2A–C, plants grafted onto all tested rootstocks (LA2711, LA1995, LA3845, and LA4285) have
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higher values of plant height, number of branches, and SPAD reading than plants grafted on themselves
(control plants, Bark hybrid). Rootstocks LA1995 and LA4285 showed 44% and 40% higher plant dry
weight than Bark hybrid (Figure 1D). Besides, no significant differences were recorded between the
other two rootstocks (LA2711 and LA3845) and the Bark hybrid. Plant fresh weight was significantly
affected by salinity levels, rootstocks, and their interaction (Table 6). Plants grafted onto all rootstocks
recorded significantly higher fresh weight at the low and high salt concentrations (100 and 200 mM
NaCl) than Bark hybrid.
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Figure 2. Effect of salt treatments and rootstocks on (A) plant height, (B) number of branches, (C) SPAD
reading, and (D) plant dry weight. Different letters indicate significant differences between treatments
(Tukey test at p < 0.05).
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Table 5. Analysis of variance (mean square) of tomato growth attributes.

Source df Plant
Height (cm)

Number of
Branches SPAD Plant Fresh

Weight (g)
Plant Dry
Weight (g)

Salinity (S) 2 1371.99 *** 100.69 *** 1541.80 *** 35465.29 *** 440.74 ***
Rootstock (R) 4 361.55 *** 17.45 *** 465.46 *** 2022.27 *** 208.07 ***

S × R 8 56.55 ns 3.79 ns 75.28 ns 820.15 *** 30.09 ns

ns, *** non-significant, significant at p ≤ 0.001, analysis of variance.

Table 6. Fresh weight attribute as affected by Salinity × Rootstock interaction.

Rootstock 0 mM 100 mM 200 mM

LA2711 40.97 ± 1.96 e 22.30 ± 1.01 gh 8.27 ± 1.94 k
LA1995 85.16 ± 2.89 a 38.21 ± 2.48 e 18.32 ± 2.20 i
LA3845 53.24 ± 1.94 c 26.41 ± 1.54 g 13.96 ± 2.60 j
LA4285 71.58 ± 2.91 b 29.92 ± 1.16 f 11.26 ± 1.67 j

Bark 48.09 ± 2.4 dc 17.24 ± 1.96 i 7.30 ± 0.92 k

Values followed by the same letter are not significant according to Tukey test (p ≤ 0.05%).

All measured tomato roots parameters were significantly affected by the salt treatments and rootstocks,
while their interaction was not statistically significant (Table 7). Root length, fresh weight and dry weight
were significantly decreased by increasing salt concentrations (Figure 3A–C). Plants grafted onto all tested
rootstocks have a taller root length and higher root fresh weight than the Bark hybrid. Rootstocks LA1995
and LA4285 showed higher root dry weight than other rootstocks and Bark hybrids.

Table 7. Analysis of variance (mean square) of tomato root attributes.

Source df Root Length Root Fresh Weight Root Dry Weight

Salinity (S) 2 1154.20 *** 122.27 *** 53.38 ***
Rootstock (R) 4 346.85*** 9.70 *** 5.53 ***

S × R 8 36.65 ns 3.66 ns 0.90 ns

ns, *** non-significant, significant at p ≤ 0.001, analysis of variance.
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Figure 3. Effect of salt treatments and rootstocks on (A) root length, (B) root fresh weight, and (C) root
dry weight. Different letters indicate significant differences between treatments (Tukey test at p < 0.05).

3.4. Yield and Its Compounds

Fruit number, the main fruit weight and total yield per plant were significantly decreased with
increasing salinity levels (Table S3). Plants grafted onto all rootstocks recorded significantly higher
fruit numbers than the Bark hybrid. Rootstocks LA3845 and LA4285 recorded the highest mean fruit
weight and total yield per plant without significant difference. On the other hand, neither rootstock
LA2711 nor LA1995 were significantly different in mean fruit weight and total yield per plant in
comparison with Bark hybrid. No significant differences among rootstocks in the number of fruits
were observed using 0 and 100 mM NaCl, while Bark hybrid showed the lowest values using 200 mM
NaCl (Figure 4A). The highest mean fruit weight was recorded in rootstocks LA4285 and LA3845
at the salinity level of 0 and 100 mM NaCl (Figure 4B). Also, under the 200 mM level, all rootstocks
showed higher mean fruit weight than Bark hybrid except rootstock LA1995. Plants grafted onto
rootstocks LA1995, LA3845 and LA4285 had a higher total yield per plant, whereas at 100 and 200 mM,
all rootstocks recorded higher values than Bark hybrid (Figure 4C). The lowest number of fruits was
observed in Barak rootstock at 200 mM NaCl (Figure 4A). The highest mean fruit weight was recorded
in rootstock LA4285 in non-saline water, while the lowest values were recorded in rootstocks Bark
and LA1995 in 200 mM NaCl (Figure 4B). The highest total yield per plant was obtained from plants
grafted on rootstocks LA3845 and LA4285 and irrigated with non-saline water (Figure 4C). On the
other hand, Bark rootstock showed a lower total yield at 200 mM NaCl level.
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Figure 4. Effect of salinity levels × rootstocks interaction on (A) number of fruits, (B) mean fruit weight
(g), and (C) total yield per plant (g). Vertical bars represent standard errors of means (n = 3); in each
bar, values followed by different letters differ significantly at p = 0.05 according to Tukey test.

3.5. Quality of Tomato Fruits

Vitamin C, TSS, and firmness of tomato fruits were significantly influenced by salinity levels,
rootstocks and their interaction (Table 8). Vitamin C and TSS were increased dramatically by increasing
salt levels. The firmness of fruits was increased by increasing salt level until 100 mM NaCl and then
decreased at 200 mM NaCl level. Tomato fruits harvested from rootstocks LA2711 and LA1995 showed
significantly higher vitamin C content than other tested rootstocks. The higher TSS content was recorded
from rootstock LA3845 compared with other rootstocks. Related to fruit firmness, no significant
differences were recorded among rootstocks. Interactions were marked by a higher vitamin C for
rootstock LA2711 and TSS for rootstock LA3845 at 200 mM NaCl than other rootstocks (Figure 5A,B).
Firmer fruits were recorded for rootstock LA1995 (at non-saline water) and both rootstocks LA1995
and LA3845 at 100 mM NaCl (Figure 5C).
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Figure 5. Effect of salinity levels × rootstocks interaction on (A) Vit. C, (B) TSS and (C) firmness.
Vertical bars represent standard errors of means (n = 3); in each bar, values followed by different letters
differ significantly at p = 0.05 according to Tukey test.
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Table 8. Effect of salinity treatments, rootstocks and their interactions on fruits quality.

Vit. C (mg.100 g−1 fw) TSS (Brix◦) Firmness (n)

Salinity (S)

0 mM 17.61 ± 1.6 b 7.43 ± 0.75 c 2.10 ± 0.04 b
100 mM 21.21 ± 1.20 b 9.30 ± 0.57 b 2.80 ± 0.03 a
200 mM 29.94 ± 1.98 a 11.73 ± 0.08a 2.11 ± 0.03 b

Rootstock (R)

LA2711 27.71 ± 1.60 a 9.28 ± 0.47 b 2.10± 0.03 b
LA1995 25.03 ± 1.57 a 9.47 ± 1.10 b 2.86 ± 0.03 a
LA3845 17.42 ± 1.17 b 11.05 ± 0.48 a 2.15 ± 0.04 ab
LA4285 22.75 ± 2.40 ab 8.55 ± 0.29 b 2.43 ± 0.06 ab

Bark 21.69 ± 1.60 ab 9.09 ± 0.24 b 2.14 ± 0.04 ab

Analysis of variance

S *** *** **
R *** *** *

S × R ** *** ***

Values followed by the same letter are not significant according to Tukey test (p ≤ 0.05%). *, **, *** Significant at
p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, analysis of variance.

3.6. Mineral Content in Tomato Shoots

All associated mineral characteristics were significantly affected by the salinity treatments, rootstocks
and their interactions (Tables 9 and 10). NaCl stress significantly decreased N, P, K, Ca, Mg, Fe and Zn
concentrations in tomato shoots while the Na concentration was increased. Plants grafted onto all tested
rootstocks accumulated more minerals (except Na) than Bark rootstock. No significant difference was found
in Na concentration for all tested rootstocks (Table 10). Meaningful interactions were found between salinity
levels and rootstocks for all measured minerals (Figures 6 and 7). At zero NaCl treatment, plants grafted
onto rootstock LA2711 had higher shoots minerals concentration. In comparison, rootstock Bark had a
lower concentration of measured minerals at 200 mM NaCl than all other rootstocks.
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Values followed by the same letter are not significant according to Tukey test (p ≤ 0.05%). *, **, *** 

Significant at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, analysis of variance. 
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Figure 6. Effect of salinity levels × rootstocks interaction on (A) N, (B) P, (C) K and (D) Ca. Vertical
bars represent standard errors of means (n = 3); in each bar, values followed by different letters differ
significantly at p = 0.05 according to Tukey test.

Table 9. Effect of salinity treatments, rootstocks and their interactions on the minerals of the
tomato shoots.

N (%) P (%) K (%) Ca (%)

Salinity (S)
0 mM 3.17 ± 0.19 a 0.34 ± 0.005 a 3.37 ± 0.160 a 0.89 ± 0.130 a

100 mM 2.72 ± 0.04 b 0.26 ± 0.006 b 2.45 ± 0.178 b 0.76 ± 0.032 b
200 mM 2.32 ± 0.044 c 0.21 ± 0.005 c 2.02 ± 0.056 c 0.48 ± 0.024 c

Rootstock (R)
LA2711 3.06 ± 0.006 a 0.30 ± 0.006 a 3.28 ± 0.121 a 0.78 ± 0.014 a
LA1995 2.73 ± 0.034 b 0.28 ± 0.005 a 2.53 ± 0.049 c 0.75 ± 0.027 a
LA3845 2.74 ± 0.067 b 0.26 ± 0.005 b 2.79 ± 0.089 b 0.72 ± 0.027 a
LA4285 2.80 ± 0.037 b 0.29 ± 0.005 a 2.63 ± 0.087 bc 0.76 ± 0.012 a

Bark 2.3 ± 6 0.039 c 0.21 ± 0.003 c 1.84 ± 0.042 d 0.54 ± 0.013 b

Analysis of variance
S *** *** *** ***
R *** *** *** ***

S × R *** *** *** ***

Values followed by the same letter are not significant according to Tukey test (p ≤ 0.05%). *** Significant at p ≤ 0.001,
analysis of variance.
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Figure 7. Effect of salinity levels × rootstocks interaction on (A) Mg, (B) Fe, (C) Zn and (D) Na. Vertical
bars represent standard errors of means (n = 3); in each bar, values followed by different letters differ
significantly at p = 0.05 according to Tukey test.
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Table 10. Effect of salinity treatments, rootstocks and their interactions on the minerals of the
tomato shoots.

Mg (%) Fe (ppm) Zn (ppm) Na (%)

Salinity (S)
0 mM 0.43± 0.011 a 58.70 ± 0.005 a 37.25 ± 3.830 a 0.80 ± 0.022 c

100 mM 0.32 ± 0.006 b 54.24 ± 0.027 b 25.47 ± 1.332 b 1.62 ± 0.1701 b
200 mM 0.24 ± 0.005 c 46.20 ± 0.019 c 25.62 ± 0.840 b 2.56 ± 0.0420 a

Rootstock (R)
LA2711 0.37 ± 0.005 a 60.47 ± 0.038 a 34.86 ± 1.801 a 1.67 ± 0.0621 a
LA1995 0.33± 0.066 b 56.07 ± 0.018 b 30.11 ± 1.746 b 1.61 ± 0.066 a
LA3845 0.33 ± 0.066 b 55.24 ± 0.034 b 29.88 ± 0.660 b 1.68 ± 0.1431 a
LA4285 0.34 ± 0.0015 b 58.01 ± 0.018 ab 30.17 ± 0.593 b 1.59 ± 0.2751 a

Bark 0.28 ± 0.009 c 35.42 ± 0.016 c 22.21 ± 0.635 c 1.76 ± 0.1210 a

Analysis of variance
S *** *** *** ***
R *** *** *** ***

S × R *** *** *** ***

Values followed by the same letter are not significant according to Tukey test (p ≤ 0.05%). *** Significant at p ≤ 0.001,
analysis of variance.

3.7. Plant Hormones and Antioxidant Enzymes in Tomato Shoots

Since NaCl and grafting treatments induced a different change in the chemical composition
and the number of minerals in tomato plants’ tissues, we then studied changes in the activity of the
most important hormones and antioxidant enzymes, including GA3, ABA, APX, POD and DHAR in
response to NaCl stress and grafting (Table 11). GA3 content was higher in salt-treated plants than
that in control. Also, rootstock Bark had the lowest GA3 content. ABA content showed no significant
change at the control and high salt level (200 mM), whereas it increased at 100 mM NaCl. Higher
activity of APX was recorded at 100 and 200 mM NaCl compared with non-saline water (control).
There was a significant interaction between salinity levels and rootstocks for all measured hormones,
antioxidants and proline (Figure 8).
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Figure 8. Effect of salinity levels × rootstocks interaction on (A) GA3, (B) ABA, (C) APX, (D) POD,
(E) DHAR and (F) proline. Vertical bars represent standard errors of means (n = 3); in each bar, values
followed by different letters differ significantly at p = 0.05 according to Tukey test.

Moreover, rootstock LA2711 had lower APX activity than other rootstocks. POD activity was
increased by salt treatment. Besides, there were no significant differences in POD activity between the
low and high salt levels. Moreover, rootstock LA2711 had lower POD activity than other rootstocks.
The activity of DHAR in tomato shoots increased with increasing NaCl concentration. Moreover,
rootstock LA2711 had lower DHAR activity than other rootstocks.

3.8. Proline Content

The content of proline increased with increasing NaCl stress (Table 11). Rootstocks LA2711 and
Bark had lower proline than other rootstocks (Figure 8F).
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Table 11. Effect of salinity treatments, rootstocks and their interactions on hormones of tomato shoots.

GA3 µg.g−1 fw ABA µg.g−1 fw APX Unit.min−1.g−1 fw POD Unit.min−1.g−1 fw DHAR Unit.min−1.g−1 fw Proline mmol.g−1 fw

Salinity (S)
0 mM 57.99 ± 0.81 c 44.36 ± 0.26 b 5.98 ± 0.18 b 5.69 ± 0.14 b 6.38 ± 0.19 c 7.70 ± 0.27 c

100 mM 65.93 ± 1.34 b 60.34 ±1.46 a 9.51 ± 0.29 a 7.83 ± 0.19 a 7.48 ± 0.11 b 11.09 ± 0.20 b
200 mM 70.60 ± 0.61 a 44.25 ±1.01 b 9.62 ± 0.33 a 7.78 ± 0.25 a 8.22 ± 0.12 a 12.19 ± 0.35 a

Rootstock (R)
LA2711 86.39 ± 3.27 a 43.95 ± 3.53 c 6.88 ± 0.34 c 5.07 ± 0.03 d 5.84 ± 0.14 d 8.81 ± 0.44 b
LA1995 62.30 ± 1.72 b 49.41 ± 0.46 b 9.18 ± 0.37 a 6.92 ± 0.09 c 7.64 ± 0.03 b 10.81 ± 0.26 a
LA3845 60.80 ± 1.66 b 49.86 ± 2.06 b 8.57 ± 0.33 ab 7.79 ± 0.14 b 7.72 ± 0.09 b 11.25 ± 0.19 a
LA4285 63.17 ± 0.65 b 48.65 ± 0.21 b 9.05 ± 0.21 a 8.80 ± 0.18 a 8.55 ± 0.22 a 11.43 ± 0.34 a

Bark 51.54 ± 0.70 c 56.37 ± 0.47 a 8.15 ± 0.37 b 6.92 ± 0.34 c 7.06 ± 0.18 c 9.45 ± 0.34 b
Analysis of variance

S *** *** *** *** *** ***
R *** *** *** *** *** ***

S × R ** *** *** *** *** **

Values followed by the same letter are not significant according to Tukey test (p ≤ 0.05%). **, *** Significant at p ≤ 0.01, p ≤ 0.001, analysis of variance.
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4. Discussion

For the first time in this study, the genetic diversity between wild accessions and commercial
cultivars/hybrids of tomato in terms of their salinity tolerance was analyzed using two modern
functional markers (SCoT and CDDP). Genome-wide conserved regions across diverse plant species
have sped the development of several functional markers such as CDDP and SCoT. These marker
systems employ longer primers (15- to 19-mer) with higher annealing temperatures, which gives
them more reproducibility and reliability than other random marker systems such as DAF or RAPD.
Furthermore, they focus on coding regions, which makes them preferable over random markers in
genome mapping applications [29]. Collard and Mackill-b [30] used conserved regions within groups
of well-known plant gene families mainly involved in response to abiotic and biotic stresses or plant
developmental stages to design CCDP primers. Conclusively, several reports advised employing the
CDDP and SCoT markers in genetic analyses because they were developed based on functional regions
of the genome with great expectations to be highly useful in crop improvement programs [39].

Based on the obtained results, the two marker systems successfully differentiated between the
nine tomato genotypes, although the percentage of polymorphism for ScoT was higher than CDDP
(49.3% and 28%, respectively). Although, these results indicated that SCoT was more capable of
discriminating between the tested genotypes than CDDP. Simultaneously, in terms of salinity tolerance,
the CDDP was found to be more precise to cluster the five accessions (LA1995, LA2711, LA2485,
LA3845, and Bark) characterized by better performance under salinity condition. This relatively
high degree of precision may be because CDDP utilizes conserved regions of well-known plant gene
families mainly involved in response to abiotic and biotic stresses. Our obtained results agree with the
findings of two independent studies on durum wheat and chickpea, which also reported that CDDP
markers proved superior over SCoT in studying genetic diversity across different durum or chickpea
accessions [40,41]. Also, Poczai et al. [42] reported that the CDDP marker had higher reproducibility
than other traditional arbitrary markers. The technique could easily generate functional markers
related to a given plant phenotype.

The tomato plant is classified as a moderate salt-tolerant crop. There are many considerable
variations among its genotypes. Plant growth is an ideal index for evaluating various abiotic stresses
on the plant. In the current study, shoot and root measured growth parameters of tomato plants
decreased with increasing salt stress. Similar results have been obtained in previous studies [5,43].
Our results, in Figure 3, indicated that root growth was negatively affected by salt stress, which affects
foliage growth, in Figure 2, plus water and ion uptake [44]. All tested grafted rootstocks showed higher
values of plant and root growth compared with the commercial hybrid. These rootstocks have the
capability to enhance the salt tolerance of grafted tomato plants.

The harmful effects of saline stress on vegetative and root growth of plants might be due to the
presence of some ion toxicity such as Na+ and Cl−, which create an ionic imbalance inside the plant
cells (Chaichi et al. 2017 and our results in Table 10), restriction of plant growth [45] and a reduction
in photosynthesis [46]. In this study, the high concentration of Na+ recorded in the shoots of tomato
plants under salt stress may be due to an increase in Na+ accumulation in cellular vacuoles to achieve
osmotic balance and allow the ideal photosynthesis operation of the tomato leaves [47].

In the current study, the highest number of fruits, mean fruit weight, and total yield per plant
was obtained with the control treatment (non-saline water), while the lowest values were obtained
with the highest salt treatments (sub.3). Tomato fruit yield can be reduced either by a decrease in fruit
weight or the number of fruit [44]. The reduction of yield could be explained by the fact that high
NaCl concentration decreases water potential in plants, which reduces water flow into fruit and limits
the rate of fruit expansion [48]. Moreover, decreased mean fruit weight could also be explained by an
accumulation of Na+ in plant tissue as supported by our results in Table 10 and Incrocci et al. [49].
LA3845 and LA4285 grafted rootstocks have higher total yield compared with control grafted rootstock
(Bark).
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Our results presented in Table 8 and previous studies have exposed that tomato fruit quality such
as TSS, vitamin C and firmness is affected in fruit from tomato plants irrigated with saline water [44].
Despite the decrease of tomato yield irrigated with saline water, tomato fruit quality increased under
saline conditions [5]. Total soluble solids content in tomato fruits is considered to be one of the most
critical factors influencing tomato quality. Our findings in Figure 5B showed that TSS increased with
increasing NaCl levels. Previous works have been reported that high levels of NaCl increased TSS
content in tomato fruits [2,50]. This result could be due to lower fruit water content, as irrigation high
salt level leads to increases in percentage of TSS [51] or the adaptation of tomato plants to saline stress
by increasing TSS in tomato fruits [43].

The firmness of tomato fruits increased significantly (Figure 5C) with increasing water salinity.
The same result was observed by El-Mogy et al. [2] and Abdelgawad et al. [5], which supports the
results of this study. Increases in firmness with increasing salt stress could either be due to that salinity
firming tomato skin resulting in increases in its thickness [52] or the presence of smaller cells with
thicker walls in the pericarp of tomato fruits grown under salt stress [53].

Ascorbic acid is considered to be one of the most important antioxidant compounds for human
health. Our results in Table 8 support the hypothesis that vitamin C increased with high salinity levels
(100 and 200 mM NaCl). The same trend was reported by Marín et al. [54], who found that the increase
of nutrient solution salinity resulted in a rise in vitamin C content in red pepper fruit.

In the current study, the content of N, P, K, Ca, Mg, Fe and Zn in tomato shoots was lower under
salinity stress (Tables 9 and 10). On the other hand, in Table 5, Na content was higher in plants irrigated
with saline water (100 and 200 mM NaCl). Chaichi et al. [55] and Zhu et al. [56] indicated that the N, K,
Ca and Mg contents in the aerial part of tomato plant were decreased at the high salinity level compared
to the lower salinity level. It was reported that a shortage of mineral absorbance is negatively affecting
the metabolic functions in plants [57]. The results in Figures 2 and 3 show a reduction in tomato
plant growth (shoots and roots) and yield is due to the reduction of mineral absorbance under salinity
stress. The higher Na content in plants that received saline water could be due to the accumulation of
this element inside vacuoles to decrease cell water potential [47]. Gibberellin (GA3) controls several
important physiochemical processes inside plants, such as cambium activity, xylem fiber expansion
and secondary growth [58].

In general, abiotic stresses including salinity, drought and wounding increase abscisic acid ABA
biosynthesis. As in this study (Table 11), previous research has shown that ABA concentration is
increased in tomato shoots under saline stress [59]. This result might be due to ABA’s role in preventing
water loss via transpiration and maintaining the water content of plant leaf [58].

In this study, peroxidase activity (POD) increased with increasing salt stress (Table 11). This result
agrees with Rahnama and Ebrahimzadeh [60], suggesting that POD was increased significantly at
100 mM NaCl in potato seedling leaves. It has been well known that ascorbate peroxidase (APX) is one
of the major antioxidant enzymes involved in the ascorbate-glutathione cycle, which has a vital role in
protecting the plants against salt stress and acting as reactive oxygen species (ROS) scavengers [61].
Our results in Table 11 indicated that APX activity in plant shoots was increased at high salt levels. The
same results have been obtained in previous studies such as Mittova et al. [62] and Murshed et al. [63]
in tomato. The increasing APX activity in tomato plant shoots under salt stress is one of the plant
defense mechanisms that can recover the damage in tissue metabolism and the toxic levels of H2O2 [64].

Abiotic stress, including salinity, is also responsible for ROS’s overproduction, which induces
oxidative stress in plants [65]. Dehydroascorbate reductase (DHAR) is one of the ROS scavengers in
plants; produced under salinity stress to recover ROS overproduced. Our findings in Table 11 showed
that DHAR activity increased with increasing water salinity at a 100 and 200 mM NaCl concentration.
This finding is supported by previous studies [66,67].

Non-enzymatic low molecular metabolites such as proline are acting as ROS scavengers.
Accumulation of porline in plant tissues under salinity stress is counteracting ROS toxicity [68].
In this study, proline content in plant shoots was significantly increased with increasing salinity stress
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(Table 11). Our results agree with Kahlaoui et al. [69], who found that proline content in tomato
increased with increasing salt levels.

Our results suggest that grafting is an alternative technique for enhancing salt tolerance in tomato
plants. Under saline stress conditions, plant growth and fruit yield of most graft combinations were
significantly higher than that of the commercial hybrid Barak on its rootstock.
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