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Abstract: Exploring the genetic diversity among plant accessions is important for conserving and
managing plant genetic resources. In the current study, a collection of forty-six tomato accessions
from Jordan were evaluated based on their performance and their morpho-physiological, in addition
to molecularly characterizing to detect genetic diversity. Tomato accessions seedlings were exposed
to drought stress with 70% field capacity and 40% field capacity under field conditions in Jordan.
Drought stress had significantly negatively influenced the dry root weight, fresh root weight, root
growth rate, fresh shoot weight, dry shoot weight, and shoot growth rate. Moreover, proline content
showed a highly significant increase of 304.2% in response to drought stress. The analysis of twenty
morphological characters revealed a wide range of variations among tomato accessions. Accessions
were screened with fourteen SSR primers; six primers were informative to explain the genetic diversity.
Based on resolving power, primers LEct004 and LEat018 were most significant with all 46 accessions.
Interestingly, polymorphic information content (PIC) values ranged from 0.00 (Asr2 marker) to
0.499 (LEct004), which confirms that the SSR markers are highly informative. Our findings provide
new insights into using informative molecular markers to elucidate such wide genetic variation
discovered in our collections from Afraa and Abeel (the southern part of Jordan). Interestingly,
the SSR markers were associated with genes, e.g., LEat018 with ACTIN_RELATED PROTEIN gene,
the LEct004 with the HOMEOBOX PROTEIN TRANSCRIPTION FACTORS gene, and Asr2 with
ABA/WDS. Moreover, the AUXIN RESPONSE FACTOR8 gene was associated with the LEta014
SSR marker and the LEta020 with the THIOREDOXIN FAMILY TRP26 gene. Therefore, the genetic
diversity analysis and functional annotations of the genes associated with SSR information obtained
in this study provide valuable information about the most suitable genotype that can be implemented
in plant breeding programs and future molecular analysis. Furthermore, evaluating the performance
of the collection under different water regimes is essential to produce new tomato varieties coping
with drought stress conditions.

Keywords: tomato; SSRs; breeding; gene-associated SSRs; genetic diversity; drought stress

1. Introduction

Tomato (Solanum lycopersicum L.) is an annual herbaceous plant that belongs to the
Solanaceae Family [1–3]. Tomato is the second most economically important vegetable
grown worldwide, it forms a significant part of the agricultural industry and is also the
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second most consumed vegetable. It is known that tomato production is increased consid-
erably worldwide [2–5]. In Jordan, a wide range of tomato cultivars and accessions were
gathered from farmers and stored in the seed bank at the National Agricultural Research
Center (NARC) [6–8]. In Jordan, the production of tomatoes increases year by year with
high ability of export. Accession tomatoes are highly adapted to the Jordanian conditions
with large hereditary types used in breeding for tomato productivity and adaptation im-
provement. Therefore, they have been used for some time in breeding to make a character
of adaptation to abiotic stresses [6,7]. Accessions are an excellent source for improving the
tomato crop for drought and have existed in Jordan for several years. The collections of
accession frequently exist in the thousands, which can usually be subject to pre-screening
under different stress conditions to identify the most promising genotype [9]. Tomato
is known to be sensitive to environmental stresses, including drought stress which im-
pacts seed germination and plant development and performance [10]. Cattivelli et al. [11]
reported the effect of drought on stages of plant development to understand the drought tol-
erance from germination to reproduction through conventional and molecular approaches.
Drought stress during the vegetative or early reproductive phase usually reduces yield. It
often induces physiological and molecular changes in plant water relation parameters such
as cell turgor pressure, osmotic pressure, and water potential [12,13]. Drought stress at
different developmental stages causes several morphological and biochemical alternations
in various plant species. Water deficit at the early seedling stage might lead to higher dry
root weights, longer roots, coleoptiles, and higher root-to-shoot ratios [14–16], all of these
changes are parameters of interest and have been widely used as reliable markers toward
drought stress tolerance for evaluating various crop plants. Reduction in water potential
induces stomatal closure resulting in a decrease in photosynthesis, leaf expansion and
orientation, stomatal behavior, photosynthesis, respiration rate, solute translocation, and
ultimately yields [13,17]. Toxic substances generated during stress, such as reactive oxygen
species (ROS), cause oxidative damage to the cellular organization. Tomato plants have
developed an antioxidant system that scavenges toxic elements and accumulates osmo-
protectants, including proline, glycine betaine, and other osmoprotectants to keep osmotic
balance [13,17]. Drought stress tolerance was evaluated according to different tolerance
indices to characterize tomatoes’ physiological and genetic basis, including plant develop-
ment, fruit set, fruit weight, shoot and root morphology, water use efficiency (WUE), and
other physiological parameters [18]. Researchers have evaluated drought-tolerant tomato
breeding cultivars in response to drought conditions drought stress [18]. Pakmore VF and
the breeding line L03306 showed better performance in several deficit irrigation regimes.
These genotypes are considered a resource for the drought tolerance breeding program.

In recent years, crop physiology and agronomics have led to new insights into drought
tolerance. These insights have provided the breeders with new knowledge and tools for
plant improvement and the ability to detect the variation between species, varieties, and
accessions; for example, using several types of DNA molecular markers can be used such as
random amplified polymorphic DNA (RAPD), restriction fragment length polymorphism
(RFLP), amplified fragment length polymorphism (AFLP), minisatellites, variable number
of tandem repeats (VNTRs), and simple sequence repeats (SSRs) [11,19–21]. SSRs are
sections of DNA consisting of (1–6) or (2–7) base pair units tandemly repeated throughout
the genome [20,22–24], to detect the variation degree [9,21,24] or phylogenetic [25–27]. The
hypervariability character of SSR markers, based on microsatellite DNA loci, enables this
method to be the main major in studying plant population genetics [8,20,28–31]. SSRs can
be used in gene mapping studies, for example, using 65 SSR primer pairs by Liu et al. [32]
in the cotton genome mapping [33]. Additionally, Shiri [34] used 38 maize hybrids and
12 SSR pairs to investigate the genetic diversity and then identify the informative SSRs for
drought tolerance. The amplified bands were 40, the number of alleles ranged from 2 to 6,
and the Polymorphism Information Content (PIC) ranged from 0.23 to 0.79. Tam et al. [35]
detected the genetic diversity within the 34 lines of tomato and 35 lines of pepper using
29 SSR primers (16 for tomato and 13 for pepper). Our study noticed that the genetic
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variations within the tomato and pepper collections were similar because all the bands for
both collections were polymorphic and the polymorphism percentages were equal (100%).

The specific goals of this research were to evaluate the genetic diversity of the tomato
accessions grown in Jordan and to determine (1) the extent of morphological variations
among tomato accessions, (2) the allele distribution in relation to the gene pool origins and
probable drought tolerance based on geographic origin, (3) evaluate the effect of drought
stress on tomato accessions at the seedling stage, (4) predict the function of candidate genes
that are associated with our SSR primers in tomato, (5) determine the expression pattern of
our target genes in plant tissues-specific, and (6) by combining phenotypes, SSR marker
genotypes, and putative expression pattern, we can understand the functional roles of our
genes which are related to the local adaptation to drought stress.

2. Materials and Methods
2.1. Plant Materials and Effect of Drought on Tomato Accessions at Germination Stage

Forty-six tomato accessions originating from different geographical regions in Jordan
were ordered from the Genebank of the National Center for Agricultural Research and
Extension (NCARE), Amman, Jordan, and were used in this study (Table 1). The seeds
were grown in growth chambers at the plant production department laboratories as well as
glasshouse of Jordan University of Science and Technology (JUST).At seedling stage, the
leaf sampleswere collected for DNA analysis at the Princess Haya Biotechnology Center
(PHBC) at the King Abdullah University Hospital (KAUH) and the University of Jordan.

Table 1. Tomato accession collection regions used in this study.

No. Accession No. Region of Location No. Accession No. Region of Location

1 JOR111 Kharja/Irbid 24 JOR972 Rhaba/Irbid

2 JOR112 Kharja/Irbid 25 JOR973 Rhaba/Irbid

3 JOR950 Kharja/Irbid 26 JOR974 Rhaba/Irbid

4 JOR951 Kharja/Irbid 27 JOR975 Rhaba/Irbid

5 JOR952 Al-al/Irbid 28 JOR976 Rhaba/Irbid

6 JOR953 Al-al/Irbid 29 JOR977 Rhaba/Irbid

7 JOR954 Al-al/Irbid 30 JOR978 Rhaba/Irbid

8 JOR955 Kharja/Irbid 31 JOR979 Rhaba/Irbid

9 JOR956 Qasfa 32 JOR980 Rhaba/Irbid

10 JOR957 Hebras/Irbid 33 JOR981 Rhaba/Irbid

11 JOR958 Hebras/Irbid 34 JOR982 Afra/Tafileh

12 JOR959 Sakib/Jarash 35 JOR984 Afra/Tafileh

13 JOR960 Anjara/Ajloun 36 JOR985 Abel/Tafileh

14 JOR961 Shtafina/Ajloun 37 JOR986 Abel/Tafileh

15 JOR962 AAfna-Ain Jannah/Ajloun 38 JOR987 Abel//Tafileh

16 JOR963 Afna-Ain Jannah/Ajloun 39 JOR988 Ain Al-Baida/TafilehTafileh

17 JOR964 Rhaba/Irbid 40 JOR989 Ain Al-Baida/Tafileh

18 JOR965 Rhaba/Irbid 41 JOR990 Ain Al-Baida/Tafileh

19 JOR966 Rhaba/Irbid 42 JOR991 Ain Al-Baida/Tafileh

20 JOR967 Rhaba/Irbid 43 JOR992 Ain Al-Baida/Tafileh

21 JOR968 Rhaba/Irbid 44 JOR993 Ain Al-Baida/Tafileh

22 JOR970 Rhaba/Irbid 45 JOR994 Ain Al-Baida/Tafileh

23 JOR971 Rhaba/Irbid 46 JOR995 Rashadeyeh/Tafileh



Horticulturae 2022, 8, 600 4 of 21

2.2. Field Trial

Ten seeds of each tomato accession were sown at 8 cm depth (in 8 L pots containing
a mixture of soil: sand: peat moss in a volume ratio of 2:1:1) under greenhouse condi-
tions. Field capacity (FC) was determined by saturating the soil with water and recording
the weight of the soil after drainage had stopped. Soil moisture content was measured
gravimetrically by weighting soil samples before and after oven-drying at 105 ◦C for 24 h
divided by the weight of the dry soil. Di-ammonium phosphate (DAP) fertilizer was added
to the pots, the seeds were sown, and then the pots were covered with plastic to reduce
evaporation during development. When plumule started to emerge, small holes were
made carefully in the covers to enable the plants to grow, and 50 mL NPK (30:10:10) was
added per pot (60 g per 20 L) to avoid the appearance of mineral deficiency in plants.
Plants were exposed to drought stress at the beginning of the early seedling stage with 70%
field capacity and 40% field capacity under field conditions, and three randomly selected
accessions were used as a reference. Before irrigation, three reference pots were weighed
and watered to adjust the corresponding FC. The experiment was carried out using a
completely randomized design with three replications (ten seeds per replicate).

2.3. Vegetative Traits

After 60 days of growing, tomato plants were harvested. Three plants from each
replicate of each treatment were randomly selected to be used for further analysis. Shoots
and roots were separated manually to measure the fresh and dry weights after drying them
at (65 ◦C for 72 h) in the oven. The relative shoot or root weight was calculated as follows:

Relative of shoot or root weight = [shoot or root weight at drought treatment/shoot or
root weight at control] ×100.

The growth rate of shoot or root = shoot or root fresh weight/45 days.
Relative shoot or root growth rate = [shoot or root growth rate at drought treat-

ment/shoot or root fresh growth rate at control] ×100.

2.4. Determination of Proline Content

The free content of proline was estimated and extracted according to the protocol of
Bates et al. [36] _ENREF_32, and more measurement steps are discussed in the protocol by
Senthilkumar et al. [37].

2.5. Morphological Characteristics

The following 20 morphological characters related to the tomato accessions (Table S4)
during the seedling, immature, mature, and ripening stages were measured by a Tomato
descriptor (IPGRI, 1999). Additionally, fruit shape-related perimeter traits and fruit shape
index for the external shape and other characters were measured by a Tomato Analyzer
(TA) software program version 3 (Rodríguez et al., 2010).

2.6. Statistical Analysis
2.6.1. Drought Data Analysis

The phenotypic data were statistically analyzed by the SPSS software (version 17).
Analysis of variance (ANOVA) and means separation at LSD (0.05) in addition to T-Test
were also calculated using SPSS software to compare the treatments.

2.6.2. Morphological Data Analysis

Data were statistically analyzed by the SPSS software (version 17). Means, range,
maximum value, minimum value, standard deviation, standard error of the mean, and
sum were measured. Hierarchical cluster analysis was used to calculate morphological
similarity values between accessions using the Euclidean distance interval option and then
classified them by dendrogram using average linkage (within groups).
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2.7. DNA Extraction and Simple Sequence Repeat (SSR) Assays

Total genomic DNA was extracted from young leaves for five different plants per
line using a DNA Plant Kit (Qiagen). DNA quantification was performed with an ND-
1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). The DNA
quality was assessed using the absorbance ratio at 260 to that at 280 nm wavelengths
(A260/A280). DNA quantity was calculated as DNA (µg/µL) = A260 × 50, where A260
is the absorbance at 260 nm. Thus, the concentration of DNA in µg/mL was calculated as
DNA (µg/mL) = [A260 × 50] × DF where DF is the dilution factor. Fourteen SSR primers
designed for tomato DNA fingerprinting were used. These SSR primer sequences were
obtained from [38]. Six primers were selected for the next analysis to determine genetic
diversity in tomato collection (LEat018, LEct004, LEta014, LEta020, CT114, and Asr2) based
on the screening of fourteen SSR primers. Information about these primer sequences and
their information are presented in Table 2.

Table 2. Primers and their sequence, expected fragment, and melting temperature.

SSR Name Primer Sequence (5′~3′) Expected Fragment
Size (bp)

Melting Temperature
Tm (◦C)

LEat018 F: CGG CGT ATT CAA ACT CTT GG
R: GCG GAC CTT TGT TTT GGT GA 120 46.7

LEct 004 F: AGC CAC CCA TCA CAA AGA TT
R: GTC GCA CTA TCG GTC ACG TA 354 44.6

LEta 014 F: ACA AAC TCA AGA TAA GTA AGA GC
R: GTG AAT TGT GTT TTA ACA 120 44.8

LEta020 F: AAC GGT GGA AAC TAT TGAAAG G
R: CAC CAC CAA ACC CAT CGT C 175 46

CT114 F: ATA TTG CTT AGG CGT CAT CCA
R: TTG AAA CCA GCC GTT GC 1125 58

Asr2 F: AGA GAA GCA ATA CAA TAGGC T
R: TAT TAG ACA AAA CAT AGAGTC C 520 52

2.8. PCR Amplification and Product Electrophoresis

PCR amplification was performed for all the SSR markers and the best performing
conditions were identified. During the primer testing, a fraction of the total number of
plants was used for the polymerase chain reaction. PCR reactions were performed in
96-well plates using either the Perkin Elmer GeneAmp PCR system 9600 (PE Biosystems)
or the TECHNE Genius thermal cycler (Techne Ltd., Cambridge, UK) with the same
amplification program. Six SSR primer pairs were used for amplification reaction (Table 2).
The DNA from the 46 tomato samples was amplified using SSR markers following the
PCR amplification protocol by Promega (Madison, WI, USA). The PCR amplification
conditions were set up for one cycle of denaturation for 2 min at 94 ◦C, followed by 33-cycle
amplification with a 25 s denaturing at 94 ◦C, a 25 s annealing at the Tm (Tm varies for the
individual primers), a 25 s extension at 68 ◦C, and a final extension cycle at 68 ◦C for 5 min.

The PCR products of SSRs were separated using 3% Metaphor Agarose gel (FM-
CBioProducts) that was recommended to separate small-sized bands from SSRs [39] and
electrophoretic apparatus (MS Major Science, UK) and BIO-RAD (Criterion TM cassettes)
100 V for 1 h was applied. DNA loading dye of 1 X was added to the PCR products for
visual capture of DNA migration during electrophoresis. Five µL of 1000 bp and 100 bp
DNA ladder were used as a reference to estimate the size of specific DNA bands. Finally,
Gel Works ID advanced software analyzed the amplified DNA banding patterns. The
size of the allele fragments that SSR amplified was measured. Polymorphism information
content (PIC) was calculated as PIC = 1 − Spi2, where pi is the allele frequency [40].
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2.9. Data Scoring

The gel for each primer was analyzed separately by scoring the bands and coded by
(0) and (1) for the absent and present amplification bands for all test markers, respectively,
using SAGA 6 software). Genetic similarity values between accessions were calculated
using the Dice coefficient according to Dice [41]:

2 × |X ∩ Y|/(|X| + |Y|)

From the NTSYS-pc, version 2.0 software [42]. The genetic similarity matrix was
used to generate a dendrogram using the Unweighted Pair Group Method of Arithmetic
Averages (UPGMA).

2.10. Functional Assignments for Gene-Associated SSRs in Tomato

The sequence of SSR markers was used as a query to search against the Solanum
lycopersicum genomics that we already downloaded from NCBI genomics (https://www.
ncbi.nlm.nih.gov/genome/?term=tomato, accessed on 12 April 2022). Then, the alignment
sequence was compared using various databases, such as National Center for Biotechnology
Information (NCBI) gene bank, Phytozome, InterPro, and KEGG databases to predict the
candidate genes associated with our SSR primers in tomatoes. For the potential functions
of these genes, Phytozome v13 was used to obtain the annotations by KOG (Eukaryotic
Orthologous Groups), KEGG (Kyoto Encyclopedia of Genes and Genomes), ENZYME,
Pathway, and the InterPro family of protein analysis (Classification of protein families)
tools. In Phytozome, we made the blast sequence against five tomato genomics such as
Solanum lycopersicum ITAG2.4, Solanum lycopersicum ITAG3.2, Solanum lycopersicum ITAG4.0,
Solanum tuberosum v4.03, and Solanum tuberosum v6.1.

2.11. Putative Tissue Expression Pattern, Subcellular Localization, Root Cell Types and Tissues of
Our Target Genes

Putative tissue-specific expression profiles of Solyc11g005330, Solyc02g089940,
Solyc03g031970, Solyc01g097450, Solyc10g011690, and Solyc04g071580 genes that are as-
sociated with our SSR markers were extracted based on Solanum lycopersicum transcript
expression database from nineteen tissues and organs including flowers, leaves, roots,
and fruit from different developmental stages. Expression profiles were built using
the tomato plant Electronic Fluorescent Pictograph Browsers (Tomato eFP browsers)
(http://bar.utoronto.ca/eplant_tomato/) accessed on 12 April 2022 [43]. Moreover, the
putative subcellular localizations of our previous gene from Solanum lycopersicum were
examined based on tomato protein localization of fourteen different cell organs to recog-
nize possible synthesis sites using the tomato Cell eFP browsers (Tomato eFP browsers)
(http://bar.utoronto.ca/eplant_tomato/) accessed on 12 April 2022. Furthermore, the puta-
tive root cell types and tissues specific to our genes were examined using different root cell
types and tissues under various promoter toolboxes, such as AtWER, SIPEP, AtPEP, SICO2,
SISCR, SISHR, AtS32, AtS18, SIWOX5, SIRPL11C, and 35S promoters to determine the puta-
tive function of our genes at specific root cell types http://bar.utoronto.ca/eplant_tomato/
accessed on 12 April 2022.

3. Results
3.1. The Effects of Drought on Tomato Accessions at the Seedling Stage

Several parameters such as fresh root weight, dry root weight, root growth rate, fresh
shoot weight, dry shoot weight, and shoot growth rate were measured on the 46 tomato
accessions. Seedlings were grown under three levels of water stress (control, 70% FC, 40%
FC). However, all the parameters showed significant differences at 40% FC compared to
the control treatment, which was also significant at 70%FC (Table S1). As expected, all
morphological traits had a lower mean performance under drought stress (70% FC and

https://www.ncbi.nlm.nih.gov/genome/?term=tomato
https://www.ncbi.nlm.nih.gov/genome/?term=tomato
http://bar.utoronto.ca/eplant_tomato/
http://bar.utoronto.ca/eplant_tomato/
http://bar.utoronto.ca/eplant_tomato/


Horticulturae 2022, 8, 600 7 of 21

40% FC) than under normal conditions. On average, all parameters had a reduction due to
drought stress at 70% FC and 40% FC compared with the control treatment (Table S3).

Drought stress is significantly affected by the proline concentrations in the leaf tissue
for 46 tomato accessions (Table S1). A highly significant increment in proline content was
detected at 40% FC compared to the control treatment (100% FC) by 304.2%.

3.2. Morphological Characterization among Tomato Accessions

In this study, Tomato Analyzer (TA) was used to assess the fruit shape variation in the
accessions by measuring the morphological characterizations rapidly and accurately and
quantifying traits that are impossible to quantify manually. The analysis of variance for all
the morphological characters indicates a wide range of variability among tomato accessions,
including fruit shape-related perimeter traits and fruit shape index for the external shape
fruit shape index internal (Table S4).

3.3. Genetic Variation among Tomato Accessions Revealed by SSRs

Our investigation tested 14 SSR primers; of these, six yielding polymorphic amplifica-
tion products were used, and the remaining 8 SSR primers either yielded no amplification
product or no polymorphic. The banding patterns of SSRs are shown in Supplementary
Figures S1–S6. Of the 46 tomato accessions, the genetic relationship among thirty-six
tomato accessions was analyzed using six SSR primer pairs. Two hundred and forty-seven
amplified bands were produced for 12 loci; of them, (11) loci were polymorphic and (1) loci
were monomorphic, shown in Table 3, indicating that there is high allelic variation. The
molecular weights ranged from 128 to 1170 bp. The number of alleles per locus varied
from 1 for (CT114 and Asr2) markers to 3 for (LEat018 and LEat020) SSR markers. The
percentage of polymorphic was 91.67% with a range between (zero to 0.49) (Table 4). The
highest values of the effective number of alleles (Ne*) [44], the gene diversity (h*) [45],
and the Shannon Index (I*) [46] were recorded for the LEct004 primer (350 bp loci) with
values of 1.99, 0.4996, and 0.6927, respectively. While the lowest value (zero) of the effective
number of alleles (Ne*), the gene diversity (h*), and the Shannon Index (I*) was shown by
Asr2 primer (536 bp loci) (Tables 3 and 4).

Table 3. SSR names, the total number of bands/primers, loci, monomorphic, polymorphic loci, and
percentage of polymorphism.

SSR Marker Locus Sample Size Ne* H* Average H* PIC I*

LEat018 139 36 1.52 0.34 0.34 0.34 0.52

132 36 1.26 0.21 0.20 0.36

128 36 1.95 0.49 0.48 0.68

LEct004 364 34 1.60 0.38 0.43 0.37 0.56

350 34 1.99 0.49 0.49 0.69

Lea014 175 36 1.38 0.27 0.27 0.28 0.45

190 36 1.38 0.27 0.28 0.45

LEta020 223 36 1.75 0.43 0.36 0.42 0.62

217 36 1.65 0.39 0.39 0.58

206 36 1.34 0.25 0.25 0.42

CT114 1170 36 1.69 0.41 0.41 0.60

Asr2 536 36 1.00 0.00 0.00 0.00

Mean 36 1.55 0.33 0.33 0.49

Ne* = Effective number of alleles, H* = gene diversity, I* = Shannon’s information index. The number of
polymorphic loci is 11 and the percentage of polymorphic loci is 91.67.
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Table 4. Diversity parameters of tomato accessions obtained from the analysis of SSR alleles.

SSR Name Total Bands/Primers No. of Loci Monomorphic Loci Polymorphic Loci Polymorphism %

LEat018 46 3 0 3 100

LEct004 40 2 0 2 100

Lea014 46 2 0 2 100

LEta020 46 3 0 3 100

CT114 33 1 0 1 100

Asr2 36 1 1 0 0

Total 247 12 1 11

3.4. UPGMA Dendrogram and Similarity

Genetic variation among tomatoes was evaluated based on bands obtained from SSR
profiling using Nie genetic distance and Unweighted Pair Group with Arithmetic Averages
(UPGMA). The coefficient of genetic similarity ranged from 0.30 between JOR956 and
JOR966 accessions to 1 between JOR950 and JOR951, JOR964 and JOR965, JOR955 and
JOR979, JOR955 and JOR980, JOR979 and JOR980, JOR955 and JOR988, JOR979 and JOR988,
and JOR980 and JOR988. The most similar tomato accessions reported above are from
Kharja, Rhaba, and Ain Al-Biada, whereas the most different are from Qasfa and Rhaba
shown in Table 1.

Moreover, similarity values for all tomato accessions using the UPGMA dendrogram
are shown in Figure 1. At a genetic similarity value of 0.62, the dendrogram is divided
into two groups except for 25 (JOR978) accessions collected from Rhaba. The first group
consists of three sub-groups: 1 (JOR111), 5 (JOR953), and 30 (JOR984) accessions with 80%
similarity, 6 (JOR954), 7 (JOR955), 26 (JOR979), 27 (JOR980), 34 (JOR988), 22 (JOR972), 19
(JOR968), 28 (JOR981), 18 (JOR967), 23 (JOR973), 20 (JOR970), 33 (JOR987), 35 (JOR989), and
36 (JOR990) accessions with 76% similarity, and 17 (JOR966) and 21 (JOR971) accessions
with 88% similarity. The tomato accessions reported in the first group were from kharja,
Al-al, Rhaba, Afra, Abel, and Ain Al-Baida. The second group consists of three sub-groups:
2 (JOR950), 3 (JOR951), 8 (JOR956), and 12 (JOR961) accessions with 76.5% similarity, 4
(JOR952), 11 (JOR959), 10 (JOR958), 15 (JOR964), 16 (JOR965), 9 (JOR957), 13 (JOR962), and
32 (JOR986) accessions with 85% similarity, and 14 (JOR963), 29 (JOR982), and 31 (JOR985)
accessions with 77% similarity. The tomato accessions reported in the second group were
from kharja, Qasfa, Shtafina, Al-al, Sakib, Hebras, Ain-Jannah, Abel, Afra, and Rhaba. The
number of alleles and the PIC value for each SSR marker are presented in Table 4.

Polymorphic information content (PIC) values ranged from 0.00 to 0.499 (mean 0.33),
confirming that the SSR markers are highly informative. The SSR marker had the highest
PIC value (LEct004), followed by LEat018 (0.488), while the (Asr2) marker had the lowest
PIC value. In this study, we found no relationship between the number of nucleotides
per repeat and PIC shown in Table 4. For example, LEat018 with the lower PIC (0.34) has
29 repeats compared to LEta020, which has PIC (0.36) with 11 repeats.
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3.5. The Functional Analysis of the Associated Genes with SSRs in Tomato

S. lycopersicum genomic sequence was used as a template for searching the sequence of
SSR primers to predict the potential functions of our six genes. Then, databases such as Phy-
tozome, NCBI, InterPro, and KEGG predicted more function annotations for these genes.
In context, these genes were related to a wide range of functions, indicating that these gene-
associated SSRs were potentially associated with essential biological functions, such as the
LEat018 SSR marker associated with ACTIN_RELATED PROTEIN gene (Solyc11g005330)
(Table 5). Additionally, the LEct004 SSR marker was associated with the HOMEOBOX
PROTEIN TRANSCRIPTION FACTORS gene (Solyc02g089940). Moreover, the LEta014
SSR marker had an associated gene annotated as AUXIN RESPONSE FACTOR 8 gene
(Solyc03g031970), and the LEta020 SSR marker was found to be associated with the gene
THIOREDOXIN FAMILY TRP26 gene (Solyc01g097450). Furthermore, the CT114 marker
was associated with the protein suppressor of the PHYA-105 1 (SPA1) gene (Solyc10g011690).
In addition, the ABA/WDS-induced protein (ABA_WDS) gene (Solyc04g071580) was asso-
ciated with the Asr2 SSR marker (Table 5).
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Table 5. BLAST corresponding Solyc (Solanum lycopersicum) gene sequences and annotation for SSR marker sequences.

SSR Name Solyc Gene Annotation Result

LEat018 Solyc11g005330 ACTIN_RELATED PROTEIN contains Interpro domain IPR004000 (actin family domain).

LEct004 Solyc02g089940 HOMEOBOX PROTEIN TRANSCRIPTION FACTORS contain Interpro domain(s) IPR009057(Homeodomain-like), IPR006563 (POX
domain), IPR008422 (homeobox KN domain), IPR016039 (thiolase-like), and IPR001356 (homeobox domain).

LEta014 Solyc03g031970 AUXIN RESPONSE FACTOR 8 contains Interpro domain(s) IPR003340 (B3 DNA binding domain), IPR010525 (auxin response factor),
IPR003311 (AUX/IAA protein), and IPR015300 (DNA-binding pseudobarrel domain).

LEta020 Solyc01g097450 THIOREDOXIN FAMILY TRP26 contains Interpro domain(s) IPR008979 (galactose-binding domain-like) and IPR010400 (PITH domain).

CT114 Solyc10g011690
Protein suppressor of PHYA-105 1 (SPA1) contains Interpro domain(s) IPR000719 (protein kinase domain), IPR017986 (WD40
repeat-containing domain), IPR002290 (serine/threonine/dual-specificity protein kinase, catalytic domain), IPR001680 (WD40 repeat),
IPR015943 (WD40/YVTN repeat-like-containing domain), and IPR011009 (protein kinase-like domain).

Asr2 Solyc04g071580 ABA/WDS-induced protein (ABA_WDS) contains Interpro domain IPR003496 (ABA/WDS-induced protein).
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3.6. Putative Tissue Expression Pattern of Genes S. lycopersicum Transcript Expression

The expression profile of the genes based on S. lycopersicum transcript expression was
analyzed to understand their potential functions in different tissues (Figure 2). The results
showed that the gene Solyc11g005330 which is related to the ACTIN_RELATED PROTEIN
was highly expressed in all tomato tissues, especially in Mature Green Fruit, Breaker Fruit,
3 cm Fruit, Root, and Breaker Fruit + 10 (Figure 2 and Table 5), while the highest expression
levels for Solyc02g089940 gene concerning HOMEOBOX PROTEIN TRANSCRIPTION FAC-
TORS were observed in Fully Opened Flower, Leaves, Pimpinellifolium Leaf, Unopened
Flower Bud, and Root (Figure 2 and Table 5). Additionally, the highest expression levels
for the Solyc03g031970 gene encoding to AUXIN RESPONSE FACTOR 8 were recorded at
1 cm Fruit, 3 cm Fruit, 2 cm Fruit, Unopened Flower Bud, Mature Green Fruit, and Leaves.
The Solyc01g097450 gene, which is related to THIOREDOXIN FAMILY TRP26, showed no
clear expression level in any tomato tissue. On the other side, the highest expression levels
for the Solyc10g011690 gene concerning the protein suppressor of PHYA-105 1 (SPA1) were
observed in Root, 3 cm Fruit, Pimpinellifolium Immature Green Fruit, Pimpinellifolium
Breaker Fruit, Mature Green Fruit, and Breaker Fruit. In addition, the Solyc04g071580
gene related to ABA/WDS-induced protein (ABA_WDS) was a high expression in Breaker
Fruit + 10, Breaker Fruit, Mature Green Fruit, Pimpinellifolium Immature Green Fruit, 3 cm
Fruit, and Root.
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Figure 2. The putative “plant electronic fluorescent pictograph” tissue expression of Solyc11g005330,
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ent tissues and developmental stages. The more intense the red color of the expression bar, the more
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3.7. Putative Subcellular Localizations of the Genes Based on S. lycopersicum
Transcript Expression

Cell Electronic Fluorescent Pictograph tools were used to predict the putative subcellu-
lar localizations of the genes according to the protein localization of different cell organelles
in the tomatoes. The subcellular localization profiles showed that Solyc11g005330 and
Solyc01g097450 genes were highly expressed and presented in the cytosol (Figure 3), while
the Solyc02g089940, Solyc03g031970, Solyc10g011690, and Solyc04g071580 genes were highly
expressed and presented in the nucleus (Figure 3).
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detected [43].

3.8. Putative Root Cell Types and Tissues Specific to the Genes Based on S. lycopersicum Transcript
Expression

Root analysis using eplant_tomato tools observed the highest expression levels of
the Solyc11g005330 gene in all root cell types under 35Spro, followed by phloem un-
der AtS32pro, endodermis, and cortex under SIPEPpro (Figure 4). Additionally, the
Solyc02g089940 gene was highly expressed in all root cell types under 35Spro, then endo-
dermis and cortex under SIPEPpro, and cortex under AtPEPpro. Moreover, the highest
expression levels of the Solyc03g031970 gene were reported for all root cell types under
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35Spro, followed by epidermis and procambium under AtS18. In addition, a highly ex-
pressed Solyc01g097450 gene was observed for all root cell types under 35Spro, followed
by endodermis and cortex under SIPEPpro, epidermis, and lateral root cap under AtWER.
Furthermore, the highest expression levels of the Solyc10g011690 gene were observed for
all root cell types under 35Spro, columella, and cortex under SICO2pro, then exodermis
and cortex under SIPEP. At the same time, the Solyc04g071580 gene was highly expressed
in exodermis and cortex under SIPEP, the cortex under AtPEPpro (Figure 4).
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4. Discussion

Natural variation in morphological parameters among genotypes is an essential analy-
sis for understanding the genetic diversity that can be used to improve cultivars [47]. The
current study revealed a wide range of diversity in tomatoes for most of the studied traits.

4.1. Drought Tolerance

Drought stress at different developmental stages causes various morpho-physiological
changes in the plant. Water stress at the seedling stage might lead to higher dry root
weights, longer roots, coleoptiles, and higher root/shoot ratios [14–16]. All of these changes
are parameters of interest and have been widely used as reliable morph-physiological
markers toward drought tolerance for various crop plants. Several parameters such as
fresh root weight, dry root weight, root growth rate, fresh shoot weight, dry shoot weight,
and shoot growth rate were measured for all tomato accessions. As expected, all mor-
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phological traits had a lower mean performance under drought stress (70% FC and 40%
FC) than under normal conditions. This agreed with Vurayai et al. [48] who observed
that the shoot: root ratio was significantly reduced by water stress imposed during the
vegetative, flowering, and pod filling stages compared to the non-stressed control plant.
Additionally, Yücel et al. [49] observed that the fresh root weight, fresh shoot weight,
dry root weight, and dry shoot weight decreased by screening nine chickpea genotypes
under water limited conditions. Drought stress is significantly affected by the proline
concentrations in the leaf tissue for tomato accessions [8]. A highly significant increment
in proline content was detected at 40%FC compared to the control treatment (100% FC).
Differences between accessions and treatments showed a significantly positive relationship,
which agreed with Vasquez-Robinet et al.’s study on the drought of potatoes [50]. The
accumulation of osmolytes was also investigated during drought stress in durum wheat,
e.g., proline was strongly upregulated by drought conditions that increased about twenty
times in plants stressed at 12.5% SWC [51]. Understanding the physiological mechanisms
in tomato accessions under drought stress conditions can help improve their performance
and adaptation to harsh stress conditions, improving yield potential which is the ultimate
target of crop breeding programs.

4.2. Morphological Characteristics

Several researchers were interested in the natural phenotypic variations which pos-
itively affect natural morphological diversity and genetic variations in a diverse popu-
lation [3,27]. In this study, the analysis of variance for all the morphological characters
showed a wide range of variation among tomato accessions, including fruit shape-related
perimeter, fruit shape index, curved fruit shape index, and fruit shape index internal. These
results are in line with Ranc et al. [52], which found a powerful link between the pheno-
typic variability present in the tomato germplasm and molecular polymorphisms using
simple sequence repeat (SSR) markers. Additionally, Brdar-Jokanović et al. [53] studied
the relationship between drought tolerance, growth type, and fruit size of different tomato
accessions. They found that accessions with sizeable fruit sizes had comparatively higher
water requirements.

4.3. Molecular Level

The genetic diversity analysis of crops is important for crop breeding. The selected
six SSR loci that have been previously reported to be highly informative in distinguishing
tomato genotypes [54,55] were used to detect the genetic diversities among the tomato
accessions in our study. Additionally, Abd El-Hady et al. [56] stated that the SSR markers
showed more polymorphic than RAPD markers. The average PIC value was higher than
the result reported by Benor et al. [57] after testing 39 inbred lines of tomatoes using
35 polymorphic SSR loci (PIC = 0.31) and lower than the result reported by He et al. [54]
after using 65 polymorphic SSR loci for testing 19 varieties of tomato (PIC = 0.37), indicating
that SSR markers are of great utility for genetic diversity studies of tomatoes. This study
revealed an exchange of genetic resources between farmers, particularly tomato accessions
collected from Afra and Abel (southern part of Jordan). On the other hand, Rhaba accessions
have special characteristics and agronomic traits such as sour taste and irregular shapes.
Moreover, the results were similar to those reported by He et al. [54] _ENREF_57, but these
results disagree with Smulders et al. [58], who found a positive relationship between the
number of repeats and PIC in tomatoes. Taken together, we demonstrated the importance of
these molecular markers and their allele detection and explained the vast genetic variation
in collections from Afraa and Abeel (the southern part of Jordan).

Interestingly, our investigation detected that the plants’ most frequent type of SSRs
was the TA/AT. This observation was subsequently confirmed with additional studies
such as those by Rajput et al. [59]. Additionally, comparing the area of tomato fruit for all
accessions, the number of alleles at each locus and the heterozygosity found that accession
numbers JOR111, JOR958, JOR981, JOR986, and JOR989 had the highest fruit area. In
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contrast, the accession numbers JOR973, JOR961, JOR950, JOR951, and JOR955 had the
lowest fruit area, and these accessions had more than one allele at the most heterozygous
loci (LEct018, LEta020). The highest frequency was detected for the CC genotype (at
LEct018) and AA genotype (at LEta020). It has been demonstrated that the SSR markers
are recommended to distinguish closely related genotypes because of their high degree of
variability and, therefore, become favored in population studies [60–62]. Consequently, it
assessed the genetic variability among tomato accessions using the SSR method to identify
the most suitable genotype for future use in plant breeding programs.

4.4. Putative Tissue Expression Analyses of Our Target Gene-Associated SSR Markers

BAR database tools were used to generate expression pattern profiles of our candidate
genes with different tissues, cell organs, and root cell types. In this context, a putative
expression and recognized synthesis sites of these genes provide an excellent way to under-
stand the epistatic relationship between our gene’s synthesis site and a putative function.
For example, the LEat018 SSR marker that associated with actin-related protein gene (ARP;
Solyc11g005330), and this gene has the actin family domain (IPR004000). This domain is
involved in the formation of filaments in the cytoskeletal system and plays important roles
in various cellular functions in the cytoplasm and the nucleus [63]. Additionally, plants
have many isoforms from actin protein which are probably involved in multiple functions
such as graviperception, cell shape determination, tip growth, cytoplasmic streaming, cell
wall deposition, etc. [64]. In addition, Nie et al. [65] reported that the AtARP4 gene from
Arabidopsis thaliana is vital for plant growth and is related to hormone response such as
salicylic acid, while any mutation in this gene can cause altered transcription response in
hundreds of genes that affect plant development and lead to early flowering. Moreover,
from our results, we found this gene was highly expressed in different tissues, presented in
the cytoplasm, and observed in all root cell types, phloem, endodermis, and cortex under
35Spro, AtS32pro, and SIPEPpro promoters which can drive expression in various root cell
types and tissues throughout the root, including the elongation zone and meristematic zone
(Figures 2–4). Previous studies reported that many actin-related protein (ARP) genes have
distinct transcript expression patterns in different tissues (such as roots, seedlings, xylem
precursor cells, pollen, flowers, leaves, and siliques) and cell organs such as cytoplasm and
nucleus [66,67].

Furthermore, the LEct004 SSR marker was associated with the HOMEOBOX PROTEIN
TRANSCRIPTION FACTORS gene (Solyc02g089940). This gene contains five domains, such
as IPR009057 (homeodomain-like), PR006563 (POX domain), IPR008422 (homeobox KN
domain), IPR016039 (thiolase-like), and IPR001356 (homeobox domain), that are reported to
be key regulators for plant development and growth [68,69]. Additionally, many homeobox
proteins were involved in transcriptional regulation and various metabolic pathways, such
as OsHOX22 and OsHOX24 genes from rice which have a negative regulator role in abiotic
stress response [70]. Moreover, this gene was found to be highly expressed in different
tissues, presented in the nucleus, and observed in all root cell types, endodermis and cortex
under 35Spro, SIPEPpro, and AtPEP promoters which can drive expression in various root
cell types and tissues throughout the root, including the elongation zone and meristematic
zone (Figures 2–4). Sakamoto et al. [71] reported that these domains could play a role in
suppressing target gene expression through their function as a nuclear localization signal.

In addition, AUXIN RESPONSE FACTOR 8 gene (Solyc03g031970) was associated
with the LEta014 SSR marker, which has four domains, such as IPR003340 (B3 DNA
binding domain), IPR010525 (auxin response factor), IPR003311 (AUX/IAA protein), and
IPR015300 (DNA-binding pseudo barrel domain). Recent evidence suggests that these pre-
vious domains are key regulators of auxin-modulated gene expression, such as regulating
diverse cellular and developmental responses in plants, including cell expansion, division,
differentiation, light responses, patterning of embryo responses, and embryonic and post-
embryonic development in some plants [72,73]. Thus, we found that this gene was highly
expressed in different tissues, presented in the nucleus, and observed in all root cell types
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and Epidermis and Procambium under 35Spro and AtS18 prompters (Figures 2–4). These
results are in line with Kang et al. [74], who found that ARF was expressed and localized
in the nucleus. Moreover, auxin response factors (ARFs) have played important roles in
the process of plant growth and development as they increase the contents of carotenoids
and enhance the tolerance to salt and drought in transgenic Arabidopsis [74]. Additionally,
Bouzroud et al. [75] showed that many of ARFs genes were differentially expressed in
tomato leaves and roots under salt, drought, and flooding stress conditions. Chen et al. [76]
reported that the ARFs genes could play essential roles in various plant physiological
processes by participating in ABA signaling pathways and regulating the expression of
some genes such as SlABI5/ABF and SCL3, which influence stomatal morphology and
vascular bundle development and ultimately improve tomato plant resistance to water
deficit. Additionally, Salehin et al. [77] found the aliphatic Glucosinolate (GLSs) levels are
regulated by the auxin-sensitive Aux/IAA repressors IAA5, IAA6, and IAA19, and any loss
of these gene expressions results in reduced GLS levels and decreased drought tolerance in
the Arabidopsis plant.

In addition, the LEta020 SSR marker was related to the THIOREDOXIN FAMILY
TRP26 gene (Solyc01g097450), and this gene contains two domains IPR008979 (galactose-
binding domain-like) and IPR010400 (PITH domain). Thioredoxin is a relatively small
and very stable redox protein known to be present in many plants such as arabidopsis
thaliana, Brassica napus, Zea may, Oryza sativa, Nicotiana tabacum, Spinacia olerace, and Pisum
sativum. The higher plants have at least two types of thioredoxin, f-type, which is the only
one related to activating fructose-1,6-bisphosphatase efficiently, and m-type, which can
trigger the NADP-malate dehydrogenase [78]. In this context, the expression and activity
of the Fructose-1,6 bisphosphatase gene are regulated in cytosolic by environmental factors
such as light and drought conditions [79]. Moreover, thioredoxin plays a role in various
critical biological processes, including anti-oxidative stress, cell cycle control, regulation of
receptors/transcription factors, structural functions/protein folding, signal transduction
(cell to cell), vacuolar inheritance, redox regulation of chloroplast enzymes, control of
chloroplastic translation, the structure of the photosynthetic apparatus/folding, and other
functions [80]. Additionally, from our results, we found that this gene did not show any
clear expression level in any tomato tissue, while being highly expressed in the cytosol as
well as observed in all root cell types, endodermis and cortex, epidermis and lateral root
cap under 35Spro, SIPEPpro, and under AtWER promoters.

Additionally, the CT114 SSR marker was linked with the protein suppressor of
the PHYA-105 1 (SPA1) gene (Solyc10g011690). This gene contains six domains such
as IPR000719 (protein kinase domain), IPR017986 (WD40 repeat-containing domain),
IPR002290 (serine/threonine/dual-specificity protein kinase, catalytic domain), IPR001680
(WD40 repeat), IPR015943 (WD40/YVTN repeat-like-containing domain) and IPR011009
(protein kinase-like domain). These domains play important roles in many cellular pro-
cesses, including division, proliferation, cellular activities, apoptosis, differentiation, plant-
specific developmental events, and protect cells from extreme environments [81,82]. Thus,
we found that this gene was highly expressed in different tissues, presented in the nucleus,
and observed in all root cell types, columella and cortex, exodermis and cortex under
35Spro, SICO2pro, and SIPEP promoters. Furthermore, the protein suppressor of PHYA-
105 1 (SPA1) is involved in regulating the circadian cycle and flowering time in plants,
and SPA1 has worked as a negative regulator of phytochrome A-mediated de-etiolation
in seed germination and seedlings of Arabidopsis [83]. Many researchers have recently
described links between anthocyanin accumulation and the CONSTITUTIVELY PHO-
TOMORPHOGENIC1/SUPPRESSOR OF PHYA-105 (COP1/SPA) in plants [84]. These
relationships are complex and they have a positive correlation between the increased antho-
cyanidin content during drought. Cirillo et al. [85] reported that in tobacco, the anthocyanin
content is considered the key regulator for drought stress tolerance by playing various
roles in osmotic balance, scavenging of ROS, re-assimilation of the excess of ammonium,
biochemical pH-stat, and regulation of leaf gas exchange [86].
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Finally, the Asr2 SSR marker was related to ABA/WDS-induced protein (ABA_WDS)
gene (Solyc10g011690), and this gene contains Interpro domain IPR003496 (ABA/WDS
induced protein). This domain is caused by water deficit stress (WDS) or abscisic acid
(ABA) stress. We found that this gene was highly expressed in different tissues, presented
in the nucleus, and observed in all root cell types, exodermis and cortex under SIPEPpro
and AtPEP promoters. Moreover, this gene is involved in the tolerance of various abiotic
stresses such as dehydration, heat, and salinity for different plant species such as durum
wheat, barley, and Pinus taeda L. [87,88].

5. Conclusions

Conclusively, this study assessed the genetic variation among tomato accessions using
the SSR markers to detect the diversity of Jordanian tomato accessions. Moreover, tomato
response to increasing drought stress was apparent through a significant reduction in
morphological traits in addition to physiological and biochemical alternation, e.g., increas-
ing the proline concentration. A wide range of variations were detected among tomato
accessions that are important in selection for adaptation and yield improvement. Here, we
demonstrated that the SSR method effectively discovers the genetic diversity of tomato
accessions, which is vital for germplasm classification, management, and further molecular
and breeding utilization. The bioinformatics analysis provides excellent information for
predicting the function of candidate genes in tomatoes. Furthermore, the evaluation of
these accessions under different water regimes could be helpful in producing new tomato
varieties coping with drought stress conditions. Further molecular and genetic validation
of the candidate genes would help understand the molecular mechanisms of drought stress
tolerance in tomatoes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae8070600/s1. Table S1: Analysis of variance (ANOVA)
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