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Abstract: Tomatoes are usually consumed daily in the human diet. High temperatures reduce the
number of tomato yields per year. Heat stress has been considered one of the most prominent causes
of alterations in morphological and molecular characteristics in crops that decrease normal growth,
production, and yield in diverse plants, including tomatoes (Solanum lycopersicum L.). In this study,
we evaluated six tomato lines, namely G1, G2, G3, G4, G5, and G6, at morphological, molecular, and
cytological levels under heat stress. The average results of two seasons (2018 and 2019) clarified that
the G6, G1, and G2 lines recorded the highest flowering values, as well as some fruit and vegetative
growth traits. Furthermore, G6 and G2 had the maximum number of fruits/plant, whereas G2
and G1 produced the highest yield/plant under high temperatures. The number of chromosomes
in all lines was 2n = 24, except for G5, in which the number was 2n = 26, whereas chromosome
sizes were small, ranging from 323.08 to 464.48 µm. The G1 cultivar was a symmetrical cultivar
(primitive), having the highest total form percentage (TF%) and symmetry index (Syi) values and
the minimum karyotype asymmetry index (ASK) value, whereas G4 was asymmetrical (advanced).
Molecular marker analysis demonstrated that intersimple sequence repeat (ISSR) primers 49A, HB-14,
49A, 49B, and 89B presented the highest values for polymorphism percentage P%, marker index
(MI), effective multiplex ratio (EMR), and polymorphism information content (PIC), respectively. In
contrast, OP-A3, OP-B3, SCoT 2, and SCoT 12 primers showed the highest PIC, EMR, MI, P%, and
resolving power (Rp) values across the studied random amplified polymorphic DNA (RAPD) and
start codon-targeted (SCoT) primers. Moreover, ISSR revealed the highest number of unique specific
markers (6), followed by RAPD (4) and SCoT (3) markers. Cluster analysis of combined cytological
data and data relating to molecular marker attributes separated the G1, G2, and G3 lines into one
group, whereas the other lines were clustered in another group. On the whole, the application
of combined analysis using morphological, cytological, and molecular genetics techniques could
be considered to provide suitable parameters for studying the evolution of the genetic divergence
between the studied tomato lines.
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1. Introduction

Tomato (Solanum lycopersicum L.) is considered to be one of the most economically
remarkable vegetable crops and is grown all over the world, including Egypt. Due to its
high nutritional value and various uses, tomato is the second most consumed vegetable
crop after potato in the world [1]. International tomato production was 180,766,329 million
tons in 2019. The cultivated area of tomatoes in Egypt was 203.678 hectares, and it pro-
duced 6,751,856 tons [2], and in North Sinai, the area was 2670 hectares [3]. The optimal
temperature for tomato growth and fruit set ranges from 25–30 ◦C to 22–25 ◦C [4]. In this
regard, heat stress or high temperature is one of the most destructive abiotic stresses, and
its intensity is increasing due to global warming [5], causing adverse effects on both the
growth and reproduction of plants [6,7]. Moreover, increasing temperature in tomatoes
can cause biochemical, morphological, and physiological alterations [8]. This raises the
need for further studies to identify more cultivars with high yield, quality, and tolerance to
heat-stressed environments. Cultivated tomatoes have a narrow genetic base due to con-
tinuous selection and genetic improvement. However, genetic information from different
landraces may be essential in order to better understand the suitability of these landraces
in heat-stressed environments [9]. Several previous studies, i.e., [10,11], have investigated
the genetic performance of tomatoes under heat stress conditions.

Morphological and phenotypic characterizations have been used to evaluate genetic
variability because they offer an easy way of measuring genetic divergence [12]. Phenotypic
evaluation in tomatoes has traditionally been based on seed and fruit characteristics [12,13].
In addition, karyological studies have been used in plant identification, classification, and
taxonomy. These have provided significant knowledge in regard to plant origin, evolution,
and interrelationships [14]. The karyotype comprises the number, size, and shape of
chromosomes, features which are considered to be the basis of cytogenetic and chromosome
evolution. The chromosome number varies from one species to another, and it can also
vary among different varieties within species [15]. Variations in karyotype parameters,
such as chromosome number, structure, and genome size data, have been shown to have
an important role in the genetic diversity of species and relationships among similar
species or closely related plants [15–19]. The chromosome number of Solanum lycopersicum
is 2n = 24 [20]. Fedorov (1969) [18] reported that there are 24 and 26 chromosomes in
different cultivated tomato varieties. Temperature variation may influence the chromosome
structure (supramolecular) and DNA (molecular) via thermodynamic effects [19]. On
the other hand, genetic diversity between breeding genotypes can be estimated using
DNA-based molecular markers, and many molecular markers have been used to study
genetic variability in tomatoes [20]. Inter-simple sequence repeat (ISSR) DNA markers
have presented an efficient method for evaluating the genetic variance and structure of
tomato variety populations [21]. In the same context, random amplified polymorphic DNA
(RAPD) and ISSR are two robust DNA fingerprinting mechanisms [22,23]. Additionally, the
start codon-targeted (SCoT) marker is considered a premium, simple, low-cost, and rapid
system. Moreover, this method is easy to accomplish, very reproducible, polymorphic,
and gene-targeted, and the marker is plentiful in the genome [24]. This method has been
successfully validated in tomatoes [25].

It is worthwhile to mention that phenotypic evaluation does not exhibit adequate
variation for the intraspecific discrimination of cultivars and involves a limited number
of phenotypic characteristics, affected by environmental influences [26]. On the contrary,
molecular information provides deeper insights into the genetic structure, whereas de-
tecting heterozygous loci utilizing marker techniques can express more realistic genetic
relationships. Additionally, molecular evaluation was found to be more favorable than
phenotypic evaluation because it had more markers and represented neutral traits of simple
inheritance [27,28]. Overall, the information concerning molecular and phenotypic variance
between various varieties plays an essential role in vegetable crop amelioration [12,29].
Therefore, the purpose of the investigation described herein was to assess the genetic diver-
sity in six tomato lines based on phenotypic distances, molecular markers, and karyotype



Horticulturae 2021, 7, 65 3 of 18

parameters, which can aid in preserving genetic resources in gene banks and improving
new cultivars in breeding systems.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Six tomato lines, namely G1, G2, G3, G4, G5, and G6, obtained from the Asian
Vegetable Research and Development Center (AVRDC), were used in the experiments.
Table S1 shows the main characteristics and country of origin of the studied lines.

2.2. Morphological and Phenotypic Study

A field experiment was executed at the research farm of the Faculty of Agricultural
and Environmental Sciences, Arish University, El- Arish, Egypt, during 2 seasons (2018
and 2019). The studied lines were evaluated under heat tolerance in open-field conditions.
Seedlings were transplanted on 15 May in both seasons. The median of max temperature
at the flowering and fruit stage for July and August were 37 ◦C and 35 ◦C, respectively.

Meanwhile, during the nighttime, the medians were 27 ◦C and 26 ◦C for July and
August, respectively, in both seasons (Figure 1). The experiment was conducted in a
randomized complete block design (RCBD) with 3 replicates. Each replicate contained
6 genotypes, and the plot area was 12 m2 (10 m long and 1.20 m wide), with every plot
including 20 plants per line. The drip irrigation system was used. Dripper lines were
spaced 1.2 m apart, and plants were spaced 50 cm apart in the same rows. Other regular
agricultural practices for tomato production were carried out as recommended in the open
fields of the North Sinai region. Different traits were recorded as follows.

Figure 1. Mean of maximum (High > Hi) and minimum (Low > Lo) temperature (average of 2 seasons, 2018 and 2019).

2.2.1. Vegetative Traits

Data were recorded for plant height (cm), number of branches/plant, number of
leaves/plant, and leaf area/plant by selecting 5 random plants from each plot. These traits
were measured after 60 days from transplanting, except the number of branches/plant,
which was measured after 4 months.
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2.2.2. Yield and Its Components

Total fruit number/plant and total fruit weight/plant (kg) were calculated for all
harvested fruits. Average fruit weight (g) was calculated by dividing the total weight of all
harvested fruits by the total number of fruits. Harvesting was done every 10 days in the
first month. After that, harvesting was done once a week.

2.2.3. Fruit Characteristics

From each plot, 5 fruits were taken randomly from the third harvest to determine fruit
length and diameter (cm), which was determined using Vernier calipers and expressed in
centimeters. For fruit wall thicknesses, fruits were cut crosswise, and the pericarp thickness
was measured using Vernier calipers and described in centimeters. For the number of
locules per fruit, fruits were cut crosswise, and the number of locules was counted. Total
soluble solid content (TSS %) was measured using a hand refractometer [30]. Fruit firmness
was measured on the 2 opposite sides of the fruit using a pressure test (Kg/cm2).

2.2.4. Flowering Parameters

The number of clusters/plant and the number of seeds/fruit were estimated. More-
over, fruit set (%) was calculated according to the following equation:

Fruit set % =
No. of fruits / plant

No. of flowers / plant
× 100%

2.3. Cytological Study

About 20 seeds from each tomato line were germinated at room temperature in Petri
dishes. Root tips were collected and treated with 0.04 8-hydroxyl quinolone for 2 h. Then,
root tips were fixed in a 3:1 (v/v) ratio of alcohol: glacial acetic acid for 24 h. Root tips were
hydrolyzed in 1.0 N HCl for 20 min at room temperature. Root tips were stained using
2% aceto-orcein stain. At least 10 metaphase cells were counted using an Olympus CX40
microscope and photographed using a digital camera at X = 100. Karyotype analyses were
carried out using KaryoType software (http://mnh.scu.edu.cn/soft/blog/KaryoType/
index.html), and ideograms were drawn. Different karyotype parameters were measured
and are mentioned in Table S2.

2.4. Molecular Marker Analysis

Seeds were cultivated into pots under greenhouse conditions. Genomic DNA was
extracted from young leaves for 5 different plants per line using a DNA Plant Kit (Qiagen).
Table S3 shows the sequences of 19 different primers (7 RAPD, 7 ISSR, and 5 SCoT primers)
used to study the genetic variability among the studied lines. ISSR analysis and SCoT
amplification were achieved according to the methodology described by the authors
of [24,31], respectively. Polymerase chain reaction (PCR) products were visualized using
agarose gel electrophoresis. The amplified DNA banding patterns were analyzed by Gel
Works ID advanced software, where (1) or (0) refers to the presence or absence of each
recorded band for each genotype. To assess the markers’ informativeness in distinguishing
the investigated lines, various parameters were computed. Polymorphism information
content (PIC) was calculated as PIC = 1 − Σpi2, where pi is the frequency of the ith allele [32].
The effective multiplex ratio (EMR) was calculated according to the methodology described
by the authros of [33]: EMR = np (np/n), where np is the number of polymorphic loci (per
primer), and n is the total loci number. The marker index (MI) was calculated using the
formula MI = PIC × EMR [33,34]. The resolving power (Rp) of each primer was calculated
using the formula Rp = Σ Ib, where Ib is band informativeness (the Ib can be represented
on a scale of 0–1 by the following formula: Ib = 1-(2 ×|0.5 − p|), where p is the proportion
of individuals containing the band [35].

http://mnh.scu.edu.cn/soft/blog/KaryoType/index.html
http://mnh.scu.edu.cn/soft/blog/KaryoType/index.html
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2.5. Statistical Analysis

Data were recorded during the 2 seasons of 2018 and 2019. The combined data over the
2 seasons were calculated and statistically analyzed. Analysis of variance (ANOVA) was
used to test the hypothesis that the genotype affects the plants’ studied traits, as described
by the authors of [36]. If there was a significant difference between the means, Duncan’s
test was used to compare different lines [37]. Data and statistical analysis were performed
using Excel 2016 (Microsoft Corporation, USA) and SPSS version 23 statistical software
package (SPSS Inc., Chicago, Ill., USA). Cluster dendrogram analysis, similarity coefficient,
and biplots were estimated using karyological and molecular data. A dendrogram was
produced using the unweighted pair group method with arithmetic mean (UPGMA)
algorithm using SYSTAT V.7.0 and MVSP V. 3.1 Software [38].

3. Results
3.1. Morphological and Phenotypic Diversity Evaluation
3.1.1. Vegetative Traits

Regarding vegetative traits, the data presented in Figure 2 show that line G6 had the
highest values for plant height, number of branches/plant, and number of leaves/plant,
followed by G1 and G2, respectively. However, no significant differences were observed
between these two lines for the latter trait. Line G1 had the highest value for leaf area per
plant (1250 cm2), followed by line G6. On the contrary, line G5 had the lowest value for
this trait. For the number of clusters/plant and the fruit set percentage, line G6 recorded
the highest values, whereas the lowest value was demonstrated by line G4. Lastly, line
G1 produced the highest number of seeds/fruit (213.7) and significantly exceeded the
remaining lines.

3.1.2. Flowering and Fruit Traits

The data presented in Figure 2 show that line G2 was the best in terms of average
fruit weight, fruit length, fruit diameter, fruit wall thickness, and number of locales/fruit,
since it recorded the highest value for these traits and significantly exceeded the remaining
lines. The fruit firmness characteristic is considered an essential factor of tomato quality
because of the elevated temperatures during the fruit development. However, no significant
differences were obtained among the evaluated lines for this trait. For total soluble solids
(%), the highest values were recorded by the lines G2, G3, and G4, with insignificant
differences among these.

3.1.3. Total Yield

Concerning the total yield per plant, the data presented in Figure 2 reveal that line
G6 recorded the highest number of fruits/plant (84.67), followed by line G2, with a value
of 52.33, and these significantly exceeded the remaining evaluated lines. With regard to
the order, line G2 was considered the best for total yield in terms of weight of fruits/plant,
since it produced the highest yield (3.86 kg), followed by G1, with an average of 2.98 kg.
Meanwhile, line G5 produced the lowest yield (1.02 kg).
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Figure 2. Mean performance (combined data from two seasons, 2018 and 2019) represented as mean ± SD for all studied
traits under North Sinai conditions. All data are means of three replicates. One-way analysis of variance (ANOVA) was
performed to test the effect of different tomato genotypes on the studied traits. Different lowercase letters indicate significant
differences within the studied genotypes according to Duncan’s multiple range test. For all statistical tests, p-values ≤ 0.05
were considered to be statistically significant.
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3.2. Cytological Studies

The chromosome number of all tomato lines was 2n = 24, except for the G5 cultivar, in
which the number was 2n = 26, as shown in Figure 3. Ideograms of haploid chromosome
numbers for the studied six cultivars are illustrated in Figure 4. Different karyotype param-
eters are presented in Table 1. Karyotype formulas nearly metacentric (nm) and metacentric
(m) were recorded in all six cultivars, whereas karyotype formula nearly submetacentric
nsm (-) was found in G2, G4, G5, and G6 cultivars. The highest values for the coefficient of
variation of centromeric index (CVCI), mean centromeric asymmetry (MCA), the Karyotype
asymmetry index (ASK%), intrachromosomal asymmetry index (A1), interchromosomal
asymmetry index (A2), and asymmetry index (AI) parameters were recorded in the G4
cultivar, being 14.76, 16.75, 58.05%, 0.27, 0.17, and 2.56, respectively. In contrast, the lowest
values of these parameters were present in the G1 cultivar, at 6.19, 8.87, 54.44%, 0.16, 0.09,
and 1.15, respectively. On the other hand, the total form percentage (TF%) and symmetry
index (Syi) were found to have the highest values, at 45.56% and 83.69%, respectively, in
the G1 cultivar. TF% and Syi had the lowest values in the G4 cultivar, at 41.95% and 72.25%,
respectively, as shown in Table 1.

Figure 3. Somatic chromosome number of six lines of tomato (A) G1: 2n = 24, (B) G2: 2n = 24, (C) G3: 2n = 24, (D) G4:
2n = 24, (E) G5:2n = 26, (F) G6: 2n = 24, X = 1000. Scale bar = 30 µm.

3.3. Molecular Diversity as Detected by RAPD, ISSR, and SCoT Analysis

Seven RAPD primers were screened for the analysis of polymorphism (Figure S1).
The size of the generated bands ranged from 180 bp to 1075 bp. In total, 36 bands were
scored, whereas the number of bands/primer ranged from 3 in OP-C9 to 7 in OP-A3,
OP-A9, and OP-C15, with an average of 5 bands/primer. Moreover, the total number of
polymorphic bands was 8, with a median of 1.14 polymorphic amplicons/primer, whereas
the total number of monomorphic bands was 28, with a median of 4 monomorphic frag-
ments/primer. The maximum number of polymorphic bands was obtained by OP-B3 and
OP-C15 primers, whereas primers OP-B3 and OP-K2 revealed the highest polymorphism
percentage (50%) (Table 2). Notably, primers OP-A3, OP-A9, OP-C9, and OP-K3 did not
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present any polymorphic bands. Primer OP-B3 revealed the highest values for PIC (0.28),
EMR (1.50), and MI (0.42), whereas primer OP-A3 recorded the highest Rp value (14.0).
Moreover, primer OP-K2 generated two unique negative bands at 400 bp and 735 bp in G6.
Furthermore, G2 and G5 lines showed two unique bands, a negative and positive marker,
at 720 bp and 670 bp, respectively (Table 3).

Figure 4. Ideogram of six lines of tomato. Scale bar = 30 µm.

On the other hand, 35 ISSR bands were amplified after analyzing 7 ISSR primers.
The size of the generated bands ranged from 170 bp to 1290 bp (Figure S2). HB-09 and
89B primers recorded the highest (seven) and lowest (three) numbers of amplified bands,
respectively, with an average of five bands/primer. The number of polymorphic bands was
18 bands and ranged from 1 for HB-09 to 4 for 49B, with a median of 2.5/primer. Meanwhile,
primers 49A and HB-14 revealed the highest polymorphism percentage (75%) (Table 2).
The total number of monomorphic bands was 17, with an average of 2 monomorphic
fragments/primer. Primers 89B, 49B, 49A, and HB-09 revealed the highest values for PIC
(0.59), EMR (2.67), MI (1.31), and Rp (13.4), respectively. Two unique negative markers
were detected in G1 at 475 bp using the 49B primer and at 700 bp using the HB-8 primer,
whereas primer HB-14 recorded three unique negative markers at 280 bp, 345 bp, and
860 bp in G4 and G5, respectively. Moreover, line G6 showed one unique negative marker
at 940 bp for primer HB-9 (Table 3).
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Table 1. Different karyotype parameters for six lines of tomato.

Genotypes Chromosome
Number (2n)

THL
(µm) CVCI CVCL MCA ASK% TF% Syi

Index
Rec

Index A1 A2 A DI AI Stebb KF

G1 24 375.22 6.19 18.52 8.87 54.44% 45.56% 83.69% 65.74% 0.16 0.19 0.09 8.43 1.15 1B 18 nm + 6 m

G2 24 393.11 10.37 16.28 13.51 56.96% 43.04% 75.55% 72.92% 0.23 0.16 0.14 6.85 1.69 1A 6 nsm(-) + 14 nm
+ 4 m

G3 24 323.08 6.38 22.22 13.16 56.48% 43.52% 77.04% 64.99% 0.23 0.22 0.13 10.04 1.42 1B 22 nm + 2 m

G4 24 452.75 14.76 17.31 16.75 58.05% 41.95% 72.25% 69.59% 0.27 0.17 0.17 7.56 2.56 2B 4 nsm(-) + 18 nm
+ 2 m

G5 26 464.48 9.77 22.49 12.81 56.54% 43.46% 76.88% 63.61% 0.22 0.22 0.13 9.79 2.20 2B 2 nsm(-) + 18 nm
+ 6 nm

G6 24 425.13 9.6 22.54 9.96 54.89% 45.11% 82.19% 65.80% 0.17 0.23 0.10 10.91 2.16 1B 2 nsm(-) + 12 nm
+ 10 nm

THL: Total haploid chromosome length; CVCI: Coefficient of variation of centromeric index; CVCL: Coefficient of variation of chromosome length; MCA: Mean centromeric asymmetry; ASK: Karyotype
asymmetry index; TF%: Total form percentage; Syi: Symmetry index; Rec index: Resemblance between chromosomes; A1: Intrachromosomal asymmetry index; A2: Interchromosomal asymmetry index; AI:
Asymmetry index; Stebb: Stebbins classification; KF: Karyotype formula.



Horticulturae 2021, 7, 65 10 of 18

Table 2. The primer names, amplified DNA bands, and polymorphism percentages generated by random amplified polymorphic DNA (RAPD), inter-simple sequence repeat (ISSR), and
start codon-targeted (SCoT) primers.

Marker Primer MB PB UB TAB FS PIC EMR MI P (%) RP

RAPD

OP-A3 7.00 0.00 0.00 7.00 190–865 0.00 0.00 0.00 0.00% 14.0
OP-A9 7.00 0.00 0.00 7.00 180–890 0.13 0.00 0.00 0.00% 12.5
OP- B3 3.00 3.00 0.00 6.00 245–1075 0.28 1.50 0.42 50.00% 8.70
OP-C9 3.00 0.00 0.00 3.00 300–700 0.00 0.00 0.00 0.00% 6.00

OP-C15 4.00 3.00 2.00 7.00 375–1050 0.26 1.29 0.33 42.86% 10.3
OP-K2 2.00 2.00 2.00 4.00 345–735 0.15 1.00 0.15 50.00% 6.77
OP-K3 2.00 0.00 0.00 2.00 450–635 0.00 0.00 0.00 0.00% 4.00

Ave. 4.00 1.14 0.57 5.14 0.12 0.54 0.13 20.41% 8.90

SCoT

SCoT 2 3.00 3.00 2.00 6.00 200–530 0.31 1.50 0.47 50.00% 8.33
SCoT 4 4.00 0.00 0.00 4.00 120–430 0.00 0.00 0.00 0.00% 8.00

SCoT 12 6.00 2.00 0.00 8.00 275–765 0.18 0.50 0.09 25.00% 13.1
SCoT 13 3.00 2.00 0.00 5.00 390–840 0.28 0.80 0.22 40.00% 7.16
SCoT 15 2.00 2.00 1.00 4.00 225–560 0.22 1.00 0.22 50.00% 6.27

Ave. 3.60 1.80 0.60 5.40 0.20 0.76 0.20 33.00% 8.57

ISSR

49A 1.00 3.00 0.00 4.00 245–630 0.58 2.25 1.31 75.00% 3.33
49B 2.00 4.00 1.00 6.00 170–940 0.44 2.67 1.17 66.67% 6.72
89B 1.00 2.00 0.00 3.00 380–700 0.59 1.33 0.79 66.67% 2.44

HB-8 3.00 3.00 1.00 6.00 370–1290 0.32 1.50 0.48 50.00% 8.16
HB-9 6.00 1.00 1.00 7.00 270–940 0.04 0.14 0.01 14.29% 13.4

HB-14 1.00 3.00 3.00 4.00 280–860 0.23 2.25 0.52 75.00% 6.16
HB-15 3.00 2.00 0.00 5.00 240–540 0.29 0.80 0.23 40.00% 7.11

Ave. 2.43 2.57 0.86 5.00 0.36 1.56 0.64 55.37% 6.76

MB: Monomorphic band, UB: Unique band, PB: Polymorphic band, TAB: Total amplified bands, FS: Fragment size, PIC: Polymorphic information content, EMR: Effective multiplex ratio, MI: Marker index, %P:
Percentage of polymorphism, Rp: Resolving power.
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Table 3. Band characteristics and number of positive and negative unique bands produced using RAPD, ISSR, and SCoT markers in studied tomato lines.

Parameter RAPD SCoT ISSR

Total bands 36 27 35

Monomorphic bands 17 18 17

Polymorphic bands 8 9 18

Unique bands

No. of unique
bands 4 3 6

Positive bands 670 (G5) 530 (G2) -

Primers OPC15 SCoT2 -

Negative bands 720 (G2) 400 (G6) 735 (G6) 260 (G2) 500 (G1) 475 (G1) 700 (G1) 280 (G4) 345 (G4) 860 (G5) 940 (G6)

Primers OPC15 OPK2 SCoT2 SCoT15 49-B HB-8 HB-14 HB-9

% Polymorphism 22% 33.33% 51.43%
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The total number of amplified bands was 27 after analyzing 5 SCoT primers (Figure S3).
The total number of bands per primer ranged from four (SCoT 4 and SCoT 14) to eight
(SCoT 12), with an average of five bands/primer. The size of the amplification products
varied from 120 bp to 840 bp (Table 2). The total number of polymorphic bands was nine,
with a median of 1.8 polymorphic amplicons per primer, whereas the SCoT 2 primer
revealed the maximum number of polymorphic bands. Interestingly, primer SCoT 4 did
not represent any polymorphic bands. The highest polymorphism percentage was 50%,
detected by the SCoT 2 and SCoT 15 primers. The number of monomorphic markers varied
between six (SCoT 12) and two (SCoT 15). The highest values for PIC (0.31), EMR (1.50),
and MI (0.47) were revealed by SCoT 2 primers, whereas the highest value for Rp (13.1)
was detected by the SCoT 12 primer. SCoT 2 generated two unique markers—one band
was negative at 260 bp, and the other one was a positive marker at 530 bp in line G2. In the
same context, G1 revealed one unique negative marker using SCoT 15 at 500 bp (Table 3).

The comparison between the studied markers shown in Table 3 clearly shows that
the ISSR maker revealed the highest polymorphic bands and polymorphism percentage
average (18 and 51.4%) followed by SCoT (9 and 33.3%), and finally RAPD (8 and 22%),
respectively.

3.4. Statistical Analyses

For cytological studies, a cluster dendrogram was generated based on karyological
parameters produced in two groups. One group included the G2 and G4 cultivars, and
the second group included the other cultivars (Figure 5A). In addition, biplot mapping
of the same result demonstrated the ability of the Rec index, AI, and MCA to separate
the G2 and G4 cultivars, whereas TF%, CVCL, and DI parameters separated the other
cultivars in the second group (Figure 5B). Similarly, the coefficient among six lines using
cytological data showed the highest similarity among G1 and G5, G4 and G2, and G3 and
G5, with a value of 0.999, as shown in Table S4. The Pearson correlation among different
karyotype parameters showed positive and negative correlations, as presented in Table
S5. The highest positive correlation was 0.997, between MCA and the A index, and the
lowest positive correlation was 0.032, among THL and the Rec index. The highest negative
correlation was −0.994, among TF% and A2, whereas the lowest negative correlation
was −0.001, among A2 and AI. For molecular studies, the cluster dendrogram was used
to analyze and compute the data, with three molecular markers classifying the studied
cultivars into two groups. One group contained G1, G3, and G5 cultivars. The other group
included the rest of the cultivars (Figure 5C). The combined data relating to cytological
and molecular attributes were analyzed to demonstrate genetic diversity among the six
lines using a cluster dendrogram, which separated the studied lines into G1, G2, and G3
cultivars as separate groups. The cluster dendrogram further divided these lines into two
subgroups, one including G1 and G2 and the other subgroup containing G3. The remaining
three cultivars were combined into one group (Figure 5D).
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Figure 5. (A) Cluster analysis of six genotypes of tomatoes based on karyotype attributes using the 1-gamma coefficient
average linkage method; (B) biplot of six lines of tomatoes using different karyotype parameters (lines in blue and green do
not represent anything, they are solely for demonstration); (C) dendrogram of combined molecular data (RAPD, ISSR, and
SCoT) analysis of six tomato lines; (D) cluster analysis of six lines of tomatoes based on combined cytological and molecular
data using the average linkage method; (1) G1, (2) G2, (3) G3, (4) G4, (5) G5, (6) G6. The distance metric is Euclidean
distance.

4. Discussion

Morphological parameters, molecular techniques, and genotype origins are essential
tools affecting genetic diversity that can be used to improve cultivars [39]. Estimating
genetic variation by assessing phenotypic characteristics is considered very important in
plant breeding, especially in producing new genotypes with higher productivity, quality,
and broader adaptation [40,41]. Transplanted tomatoes under heat stress have an unfa-
vorable influence on plant development [29,42]. However, heat sensibility in tomato lines
varies between cultivars and growth periods [5,43]. The results of our study revealed a
wide range of diversity in our collection for most of the evaluated traits, mainly related to
vegetative, fruit, and yield and its components. Additionally, our results indicated that the
inconsistency in plant growth, fruit set, and yield among heat-tolerant and heat-sensitive
lines agree with the plants’ physiological response under heat stress during the seedling
period in an open field [44]. In this regard, Peet et al. (1997) [45] reported a decrease in
several seeds/fruit, with the daily temperature ranging from 25 ◦C to 26 ◦C and from 28 ◦C
to 29 ◦C. The reduction in the number of seeds/plants under heat stress conditions may
lead to a decline in pollen viability and inhibit pollen tube growth and fertility [46,47].
In this connection, many studies have found a decrease in pollen viability and fruit set
(%) along with high temperature [45,48]. Phenotypic parameters regulate the basis for
germplasm characterization but are sensitive to environmental stresses, limiting the num-
ber of studied traits, delayed expression, and low heritability. Most of these complications
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can be overcome through cytological and molecular genotyping by DNA-based screening.
Accordingly, in this study, we tried to confirm this hypothesis.

Data relating to chromosomes and cytological information have been used as im-
portant tools to ensure species’ origin and provide examples of species having different
chromosome numbers, which provide reliable data for species information [49]. The chro-
mosome number of studied cultivars was 2n = 24, except for the G5 cultivar in which the
number was 2n = 26, which is in agreement with the results found by the authors of [50,51],
who recorded the basic number of Solanaceae as x = 7, 9, 12, 14. The difference in chromo-
some number or chromosome formula was associated with morphological variation, as G5
varied from the other cultivars in several characteristics, such as leaves, plant height, and
leaf area. Karyotype evolution has been correlated to increases in the chromosome number
and formula [52]. Modification in karyotype formulas in different cultivars is associated
with chromosome structure changes such as deletion, duplication, and translocation, which
cause a decrease in the length of the chromosome [53]. The chromosome length of the stud-
ied cultivars was small, varying from 323.08 µm to 464.48 µm, which was consistent with
the results reported by the authors of [54], who reported that the chromosome length of
Solanaceae varied from small to medium size. Perennial species were found to have small
chromosomes in association with chromosome size [55]. The main karyotype formulas of
studied tomato cultivars were nearly metacentric nm, and nearly submetacentric nsm(-),
which was in accordance with the results reported by the authors of [51,56], who reported
that the majority of chromosomes in Solanaceae are m or sm. The evolution of a plant,
associated with variation of karyotype parameters, is estimated using different indices of
symmetry. Rec and Syi indices vary from 0 to 100 [57], and TF % vary from 0 to 50 [58].
According to the highest TF and Syi value and the lowest ASK value, G1 was the most
symmetrical, and G4 was the most asymmetrical. According to A1 and A, the G1 cultivar
was the most primitive, and G4 was the most advanced. A higher value of A1 points to a
higher level of asymmetry [59].

Molecular markers are used to study the genetic variability, in addition to the distinc-
tion among genotypes, for the purpose of cultivating new cultivars with useful traits in
plant breeding [60]. Ezekiel et al. [23,61] found that the size of the amplification RAPD
products varied from 200 bp to 3100 bp and 196 bp to 1790 bp, whereas the total numbers
of scored bands were 74 and 180, respectively, which was higher than our results. In
previous studies, the polymorphism percentages detected by the authors of [61,62] were
43.84% and 87.77%, respectively. Furthermore, Sharifova et al. (2017) [63] showed that
polymorphism percentages ranged from 50% to 100%. In another study, Abdein et al.
(2018) [25] detected 55 polymorphic and monomorphic bands after ISSR analysis of some
tomato genotypes, whereas the overall size of amplified products ranged between 130 bp
and 4010 bp. Compared with our results, fewer amplification products, ranging from 32 bp
to 1550 bp, were detected by the authors of [61]. The higher values of PIC, EMR, MI, and Rp
noted after ISSR marker analysis confirm that the studied primers were highly informative.
The PIC average recorded by the authors of [62] (0.687) was higher than that detected in
this study. On the contrary, the PIC value (0.088) observed by the authors of [64] was less
than the PIC values calculated in this research. Moreover, Abdein et al. (2018) [25] reported
that the MI and the EMR values were 1.03 and 2.33. In this regard, the previous researchers
found that the average Rp values were 1.55 and 12.5 per ISSR primer, respectively [25,64].
Additionally, the polymorphism percentage of the studied SCoT marker in this study was
lower than that detected by the authors of [25], who reported that the highest polymorphic
rate was 80% for primer SCoT9, and the lowest was 11.11% for primer SCoT11. Moreover,
Shahlaei et al. (2014) [64] reported that 10 SCoT primers generated 83 bands, of which
30 (36.14%) were polymorphic. Our results also revealed that the ISSR primer is more
informative than other studied markers for the identification and genetic diversity analysis
of studied tomato lines. Accordingly, ISSR displayed the highest number of unique specific
markers (six), followed by RAPD (four), and SCoT (three) markers. In the same context, 22
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RAPD-specific markers were detected by the authors of [61], whereas the authors of [25]
reported 24 unique markers after SCoT and ISSR analysis.

In this study, morphological traits represented in leaf area, fruiting, flowering, and
yield proved that genotype G5 showed the lowest values for morphological traits after
heat stress, in line with its cytological result that differed in chromosome number from the
rest of the studied genotypes (2n = 26), which ensures that this genotype is sensitive to
temperature stress. Regarding the molecular level, this line generated positive and negative
unique bands using OPC15 and HB-14 primers, respectively. This result is in line with
the results found by the authors of [65], which proved that the RAPD marker developed
for high-temperature stress is a fast tool for estimating DNA changes. On the other hand,
the most tolerant lines to heat stress were G1, G2, and G6, which showed no variations in
morphological traits; produced the highest values for vegetative growth, fruiting, and yield;
and exhibited the same chromosome number (2n = 24). Additionally, these lines generated
the highest unique bands across RAPD, ISSR, and SCoT primers compared with the other
studied lines. These bands might be considered a useful marker linked with heat tolerance
in tomato breeding programs. This phenomenon has also been observed and explained
by the authors of in Cymbopogon [66], in canola [67], in tomato [12], in squash [68], and in
wheat [69]. Overall, the comparison of molecular and morphological markers showed that
both marker mechanisms only represent partial genetic associations between the studied
genotypes. As a result, the combined analysis of these systems allows for a more precise
measurement of genotype genetic variation [70]. Moreover, it is possible to choose several
traits at the same time, such as yield, yield part, fruit consistency, and biotic and abiotic
stress tolerance [71].

5. Conclusions

Efforts for tomato amelioration through traditional breeding based on helpful mor-
phological traits are incapable of achieving considerable success. Our findings reinforce
the utility of morphological and cytological parameters alongside DNA molecular markers
in sorting and investigating relationships between the studied tomato lines. G2, G1, and
G6 lines recorded the highest values for morphological traits, vegetative growth, fruit-
ing, and yield, with maintenance in the chromosome number (2n = 24). The same lines
revealed the highest number of unique bands, which can be considered a useful marker for
heat stress screening. Consequently, these genotypes may be the most heat-tolerant and
could be used in tomato breeding programs to increase productivity. Furthermore, ISSR
markers demonstrated their effectiveness in discriminating the tested lines by generating
the highest polymorphic bands, average polymorphism percentages, and total number of
unique bands.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/horticulturae7040065/s1, Figure S1: RAPD patterns of the six tomato lines, revealed by seven
primers; Figure S2: ISSR patterns of the six tomato genotypes, revealed by seven primers; Figure S3:
SCoT patterns of the six tomato genotypes, revealed by five primers; Table S1: Main characteristics
and countries of origin of the studied tomato lines; Table S2: Similarity coefficient among six lines of
tomatoes using karyotype parameters; Table S3: Pearson correlation between different karyotype
parameters for six lines of tomatoes.
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