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ABSTRACT

This study aimed to assess the genetic diversity and molecular evolution of tomato
(Solanum lycopersicum) populations from various countries, which hold significant potential
for future breeding strategies and germplasm conservation. To achieve this, a total of 15
sequences deposited in GenBank were analyzed using the complete internal transcribed
spacer (ITS) region of the nuclear ribosomal DNA (nrDNA). The spacer sequence lengths
ranged from 156 base pairs (bp) in the Swedish tomato to 713 bp in the Palestinian tomato. A
notable variation in GC content was observed, with the Thai tomato exhibiting the highest
value (67.48%) and the South Korean tomato the lowest (49.56%0). Phylogenetic trees were
constructed using both the distance-based Neighbor-Joining (NJ) and Maximum Parsimony
(MP) methods. Sequence analysis revealed 38 monomorphic (invariable) sites and 15
polymorphic sites, of which 14 were singleton variable sites and one was parsimony-
informative. Alignment of the 15 sequences enabled the identification of five haplotypes. The
estimated transition/transversion bias (R) was 17.339, indicating a greater frequency of
transitions over transversions in this region. Neutrality tests, including Tajima’s D and Fu
and Li’s statistics, produced statistically significant results. The highest levels of genetic
diversity were observed in South Korean, Iragi, and Indian tomato samples.
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INTRODUCTION research on their origins variations could allow
Tomatoes (Solanum lycopersicum) are a major for significant advancements in describing the
dietary source, rich in a wide range of diversity of tomatoes. Plant conservation
nutrients that promote a healthy life. The initiatives grew at the same time, ensuring the
tomato is the most popular vegetable in the collection and conservation of wild species
world and makes up 14% of global vegetable and landraces. This resulted in the
production. This is because its great supplier identification of tomatoes wild cousins' genetic
of micronutrients for the human diet. A potential for breeding. At the same time, the
comprehensive understanding and effective ecological and taxonomic diversity exhibited
management of tomato genetic resources are by tomato has established it as a model species
essential for breeding programs. Tomato, a in evolutionary research. Since the middle of
member of the Solanaceae family, belongs to the 20th century, new techniques such as
Solanum section Lycopersicon, which includes controlled hybridization have made it possible
the cultivated tomato and twelve wild relatives to cross cultivated and wild tomatoes. Such
native to western South America (Ramirez advanced molecular approaches have resulted
Ojeda et al., 2021). The cultivated tomato has in a more comprehensive grasp of plant
faced many bottlenecks over the millennia. breeding genetic control (Bauchet and Causse,
The genetic diversity of tomatoes is estimated 2012). As tomato's genome has been entirely
to have dropped dramatically over time. Thus, sequenced a significant advancement in our
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understanding of tomato diversity using
sequencing techniques has been reached.
Genomes and associated levels of expression
can be read comprehensively in variety of
plants. The use of bioinformatics approaches
in  genome-wide association studies or
population studies will make it easier to
manage  germplasm  and  characterise
complicated traits genetically. A common
source of evolutionary information spanning
the whole spectrum of life is the ribosomal
RNA (rRNA) genes and their spacer regions
(Dixon and Hillis, 1993). The fact that the
rDNA locus serves the same purpose in all
free-living species may be the reason for its
prominence in phylogenetics. They are
structurally the same or nearly identical across
many different taxa. The plant genome
contains tandem arrays of the nuclear
ribosomal locus that codes for the large
subunit. The rRNA's subunit-coding regions
have evolved at the slowest rate. It serves as a
marker for phylogenetic reconstruction on
several levels. For phylogeny reconstruction, it
has gained popularity since Porter and Collins
(1991) employed it for the first time. Almost
all organisms include the ITS, which is a
component of the transcriptional unit of rDNA
(Calonje et al., 2008). Moreover, this high rate
of divergence represents a valuable resource
for investigating population expansion and
growth variation (Strasburg et al., 2012).
The spacer regions are also commonly used in
phylogenetics, such as the external transcribed
spacers (ETS) and internal transcribed spacers
(ITS). That offers the excellent opportunity to
investigate intricate evolutionary processes,
including array duplications or reticulate
occurrences.  These  mechanisms  are
understood in light of the fact that many copies
of rDNA regions have been homogenised
through coordinated evolution The ITS
region lies between the 18S and 28S rRNA
genes within the rDNA locus. The ITS region
consists of three parts: the ITS1, ITS2, and the
highly conserved 5.8S rDNA exon located
between them (Baldwin et al., 1995). In plants,
ribosomal RNA copy numbers and individual
rDNA repeat lengths vary considerably. The
length polymorphisms come from changes in
the quantities of repeated sequences inside the
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intergenic spacer. In contrast to maternally
inherited  mitochondrial and chloroplast
markers, this region has the following
advantages: biparental inheritance, easy PCR
amplification with multiple universal primers
available for different types of organisms,
multicopy structure, moderate size allowing
easy sequencing and, according to published
studies, exhibiting a level of variation that
makes it suitable for evolutionary studies at
the species or generic level (Baldwin et al.,
1995; Liston et al, 1996). A careful
assessment of polymorphisms is essential, as
their presence may limit the accuracy of
phylogenetic interpretations. Over the past
decade, nuclear ribosomal DNA sequences
from the internal transcribed spacer region
have served as a primary source for
investigating low-level evolutionary
relationships among plant species. Baldwin et
al., (1996) in addition to Ainouche and Bayer
(1997), reported homogeneous NnrDNA arrays
within individuals, likely due to concerted
evolution  mechanisms such as gene
conversion and unequal  crossing-over.
However, other studies have demonstrated
intra-individual nrDNA  variation  across
different taxa. Since the 1980s, regions such as
ETS, NTS, ITS1, and ITS2 have been shown
to exhibit significant intra- and interspecific
variability, making them valuable markers in
phylogenetic and  molecular  evolution
research. Nevertheless, the genetic diversity
and molecular characteristics of global tomato
cultivars  remain insufficiently explored.
This article will first demonstrate how tomato
evolution worldwide has progressed from its
early domestication to the present. We will
investigate the importance of natural variation
in tomato genetic resources, as it not only
emphasises variety for cultivated tomato
improvement but also provides insights into
the development and genetic basis of complex
traits. In the final section, we demonstrate how
molecular markers have complemented our
perspective.

MATERIALS AND METHODS

Source of sequences: This analysis used all
sequences from various nations that were
previously deposited in GenBank, National
Center for Biotechnology Information (NCBI).
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Sequences were extracted from the entire ITS
region (ITS1, 5.8S, and ITS2) and were
preserved and listed under the accession
numbers shown in Table (1).

Sequence analysis: The nucleotide sequences
were download, aligned and then assessed
with MEGA version 12.0.7 (Kumar et al.,
2024). A Maximum Composite Likelihood
(MCL) was employed to assess the pairwise
sequence divergence of tomato sequences in
the ITS region. GC content was calculated
with DAMBE v.6 (Xia, 2017), and sequence-
specific GC content charts were generated
using the online tool provided by Biologics
Corp.  (https://www.com/tools/GCcontent/).
The resulting distance matrix was then
calculated to created phylogenetic trees using
the "Neighbour-Joining" (NJ) and "Maximum
Parsimony” (MP)  approach (Felsenstein,
1985) with 1000 bootstrap replications.
Phylogenetic trees were inferred based on the
computed genetic distance matrix using the

Neighbor-Joining algorithm, as originally
proposed by Saitou and Nei, (1987).
Calculated the consistency indexes (ClI),

retention indexes (RI), and homoplasy index
(HI). The transition/transversion ratio (ti/tv)
was calculated according to the equation
R =[(A-Gk) + (T-Ck2)] / [(A + G)T + C)],
in which A, G, C, and T denote the nucleotide
frequency distributions (Kumar et al.,
2024).The study revealed the number of

substitutions per site nucleotide event over the
sequences under study. The aligned MEGA
data sequences were analyzed with DnaSP
software (version 5.10.01) to estimate indices
of genetic polymorphism (Librado and Rozas,
2009). To assess genetic diversity among
sequences in the ITS region, utilise the
nucleotide diversity indices {Pi} and the
diversity of haplotype indices {Hd} (Nei and
Tajima, 1983) along with the standard
deviation. The average (pairwise nucleotide
differences) (K) for selective neutrality was
assessed using the Tajima D test (Tajima,
1989), as well as Fu and Li's for the D* and F*
statistic (Fu and Li, 1993). However, to assess
the demographics employing the distribution
of the allelic frequency, along with the
distribution of pairwise sequencing differences
{mismatch  distribution}  (Rogers and
Harpending, 1992). Thus, the chart curve
clearly displayed the expected number of time
generations to reach in equilibrium. The
principal component analysis (PCA) scatter
chart plot has been incorporated using PAST
version 5.0.2 (Hammer et al., 2001), as well as
the computed eigenvalue and variance.
Further, the (NETWORK) application 4.6.1.0
(Bandelt et al., 1999) was used to generate an
illustration of the genetic relationship between
worldwide  tomatoes  determined  with
haplotype detection.

Table 1. Show ID accession numbers of the tomato in GenBank sequences, GC contents, and
sequence lengths.

Accession GenBank accession GC content% Sequence
seguences number Length bp
American tomato GQ221566 65.22 624
Bulgarian tomato PP060550 64.21 447
Chinese tomato MW018152 64.28 699
Indian tomato MK975256 57.23 636

Iragi tomato ON167515 61.53 668
Italian tomato MZ489691 64.21 447
Japanese tomato AB373816 64.23 671
Nigerian tomato OR809190 64.55 660
Palestinian tomato JN713146 63.11 713
Saudi tomato 0Q152615 63.68 669
South Korean tomato KC213747 49.56 684
Swedish tomato OKO073664 55.15 165
Swiss tomato 0Q910047 65.29 635

Thai tomato MH718333 67.48 326

UK tomato KY700408 63.09 259
Average 62.18 466.6
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RESULTS AND DISCUSSION

Analysis of the genetic diversity

Sequence length: Analysis of the obtained
sequences revealed variations in length and
nucleotide composition (Table 1). ITS region
ranged in length from 165 bp in Swedish
tomato to 713 bp in Palestinian tomato. All of
the variation results could be due to variations
in the conditions and the methodology that
researchers employed during the amplification
process. In an analysis of 15 tomato ITS
sequences from around the world, the average
length of the ITS region was 466.6 bp. This is
comparable to ITS lengths reported for other
plant species, including Persian clover (695
bp) (Ansari et al., 2018), wheat (597-605 bp),
and barley (595-598 bp) (Sharma et al., 2002).
In the Asteraceae family, the length of the
entire ITS region varies between 650 and 750
bp (Amar et al., 2012), whereas in Ficus
carica the mean length of the complete ITS
region is 697.5 bp (Baraket et al., 2013). Kehie
et al. (2016) reported that the ITS region of
Naga King Chilli has an average length of 620
bp. Among angiosperms, the ITS region
typically varies from 565 to 700 bp. In

contrast, other plant lineages, including
Coniferales, Ginkgoales, Cycadales, and
Gnetales, exhibit considerably larger ITS

regions, ranging from 975 to 3125 bp (Liston
et al., 1996). By contrast, it is larger than those
found in Tunisian date palms, which range
from 441 bp to 445 bp (Maina et al., 2019).

Nucleotide frequencies of nrDNA ITS
region: In fact, for A, T, C, and G, the
nucleotide composition was 19.30%, 17.53%,
33.86%, and 29.31%, respectively, closely
matching the composition reported in Naga
King Chilli (18.85%, 17.56%, 33.95%, and
29.64%, respectively) (Kehie et al., 2016).
Likewise, the Tunisian figs (Baraket et al.,
2013) showed that the complete ITS region
exhibits a base composition of A (19.7%), T
(18.6%), C (31.4%), and G (30.2%). In
contrast, other species show different
nucleotide compositions; in the Asteraceae
family, A, T, C, and G constituted 25%, 24%,
26%, and 25%, respectively (Amar et al.,
2012). In Phoenix dactylifera (Tunisian date
palm), the internal transcribed spacer (ITS)
displays nucleotide frequencies of 24.76% A,
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25.67% T, 27.22% C, and 21.95% G (Maina et
al., 2019). In Trifolium resupinatum (Persian
clover), the internal transcribed spacer (ITS)
shows average nucleotide frequencies of
23.7% A, 26.8% T, 22.5% C, and 26.9% G
(Ansari et al., 2018).
GC content of the entire ITS sequence
The GC content of the amplified sequences
varied for the entire ITS. Indeed, the
percentage of GC varied from 49.56% in
South Korean tomatoes to 67.48% in Thai
tomatoes, with an average of 62.18% for all
ITS sequences studied (Table 2 and figs. 1, 2).
It appears that the variation is entirely due to
adaptations to different climatic conditions and
further substitutions occurring in nitrogenous
bases or due to the influence of DNA
methylation. Notably, the GC content obtained
is highly consistent with that reported in other
plant species, such as Naga King Chilli
(63.59%) (Kehie et al., 2016), Tunisian figs
(61.6%) (Baraket et al., 2013), and Italian
Quercus spp. (63.9%) (Bellarosa et al., 2005).
Further, Tunisian date palm (Maina et al.,
2019) and Persian clover (Ansari et al., 2018)
possess lower GC content in the ITS region
(49.5% and 49.4%, respectively). Moreover,
despite considering all that both have separate
evolutionary origins (Baldwin et al., 1995), a
theory of a co-evolutionary mechanism could
offer an explanation for this outcome (Van der
Sande et al., 1992).

Table 2. Nucleotide substitution rates
inferred from the nrDNA ITS region of the

tomato tree

A T C G
A - 0.45 0.86 32.46
T 0.49 - 27.06 0.74
C 0.49 14.01 - 0.74
G 21.38 0.45 0.86 -
Note: Each value corresponds to the

substitution probability (r) from the nucleotide
in the row to that in the column. Transitional
substitutions are highlighted in bold, while
transversional substitutions are displayed in
italics.
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Fig. 1. The percentage and variation of GC
content at 49.56% among rDNA sequences
of South Korean tomatoes.
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Fig. 2. The percentage and variation of GC
content at 67.48% among rDNA sequences
of Thai tomatoes.

Variability of Nucleotide composition and
mutations: ITS sequences analysis revealed
that the transition/transversion ratio was
calculated as K1 equal to 43.573 for purine
and K2 equal to 31.442 for pyrimidine bases.
The R ratio for all bases was equal to 17.339
(Table 2). It is worth noting that, except for
sites with ITS sequence gaps, 53 alignment
positions were considered. The high ratio of R
rate indicates that the rate of transitions was
much greater than the transversions within the
ITS region of tomato sequences. A total
transition/transversion ratio (R) of 17.339 was
observed in the entire ITS region, markedly
higher than the ratio reported for Hordeum
spontaneum (7.4) and Triticum aestivum (6.90)
(Sharma et al., 2002), the Tunisian date palm
R of 4.375 (Maina et al., 2019), Capsicum sp.
(ti/tv) of 3.746 (Kehie et al., 2016), and the
Asteraceae family (ti/tv) of 1.43 (Amar et al.,
2012). However, it was much higher than the
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transition/transversion (ti/tv) ratio recorded in
Tunisian figs (0.7) (Baraket et al., 2013) and
in Iragi date palm based solely on the ITS1
region, with values of 0.800 and 0.751
(Hawash and Al-Shamma, 2025a; Hawash and
Al-Shamma, 2025b), respectively. Moreover,
The different substitutions detected are given
in Table 2 also and show that in tomato plants,
the transitions of G/A and C/T are more
frequent than the A/G and T/C transitions in
the entire ITS region. Notably, the
composition variation of nucleotide sequence
alignment of ITS within a matrix of 838
characters has revealed the presence of 53
conserved sites, 38 monomorphic sites, 15
polymorphic sites, consisting of 14 singleton
variable sites and one parsimony informative
site, were detected. The singleton variables
were at positions of 403, 407, 411, 412, 420,
427, 432, 433, 436, 437, 442, 446, 452, and
454, while the parsimony informative was at
position 428. The ITS sequences of the nr
DNA indicated signs of genetic diversity. The
analysis of fifteen cultivars revealed the
existence of five haplotypes. Table 3 shows
the variety of haplotypes (Hd) and nucleotides
(p), as well as their standard deviations.
Calculations on all the tomato plant sequences
under study revealed values of 0.476 = SD
0.155 and 0.04223 + SD 0.01849, respectively.
Solanum lycopersicum seems to have lower
nucleotide and haplotype diversities than other
species like Tunisian figs (Hd = 0.996, Pi
0.072) and Capsicum sp. (Hd = 1, Pi
0.01499) (Baraket et al., 2013; Kehie et al.,
2016). According to Maina et al. (2019),
Tunisian palm displays a higher haplotype
diversity (Hd = 0.552) while maintaining a low
nucleotide diversity (= 0.00155).
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Table 3. Tests for neutrality and sequence
polymorphism performed on (nrDNA).

Tomato sequences The value
No. of sequences 15
Monomorphic characters (invariable) 38
Polymorphic characters (variable) 15
Singleton variable 14
Parsimony informative 1
Haplotype number 5
Variance of Haplotype diversity 0.02387

Nucleotide diversity () = SD 0.04223 + 0.01849
Haplotype Diversity (Hd) £+ SD  0.476 + 0.155
(Pi) Jukes-Cantor (JC) 0.0459

Average no. of nucleotide differences K 2.2381

(R2) 0.1291
Raggedness statistic (r) 0.2292
Tajima’s D -2.19018 (s)** (P < 0.01)
Fu and Li’s D -2.80381(s)** (P < 0.02)
Fu and Li’s F -3.02852(s)** (P < 0.02)
Fu’s Fs statistic 0.487
Moreover, the calculation of pairwise

nucleotide differences (K) revealed a value of
2.23810, suggesting a relatively high
polymorphism level as compared to those
values reported by previous researchers. The
ITS region showed a limited extent of genetic
diversity but was higher than observed in
Tunisian palm with K 0.035 (Maina et al.,
2019). By comparison, Tunisian figs and
Capsicum sp. exhibit average nucleotide
differences (K) of 3534 and 9.267,
respectively, reflecting a high degree of
polymorphism in their ITS regions (Baraket et
al., 2013; Kehie et al., 2016).

Genetic relationships of ITS sequences
Genetic distances among ITS sequences were
estimated using the Maximum Likelihood
Composite (MCL) method. The distances
ranged from 0.00 to 0.21, with a mean value of
0.10, indicating moderate sequence
divergence. This outcome suggests the
presence of a relatively high genetic diversity.
No distance (0.00) was established between
Nigerian tomato, Japanese tomato, Palestinian
tomato, and American tomato and between
Thai tomato, Italian tomato, Swiss tomato,
Swedish tomato, and Bulgarian tomato,
suggesting that these sequences have the
highest degree of homology in this region. By
contrast, the greatest genetic divergence was
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observed among tomato samples from South
Korea, Iraq, and India, with genetic distance
values of 0.21, 0.20, and 0.11, respectively.
Both the "Maximum Parsimony (MP)" and
"Neighbor-Joining (NJ)" approaches are used
to build phylogenetic trees. The parsimony
analysis generated five equally parsimonious
trees, among which the shortest tree had a
length of 357 steps. This tree was then
evaluated, yielding a consistency index value
of 0.952381, a retention index value of
0.679245, and a composite index value of
0.646900, thus signifying the existence of
homoplasic characters within the analysed
sequences. The Neighbor-Joining  (NJ)
dendrogram is shown in Fig. 3. It grouped
plant tomatoes into two main groups,
according to the number of mutations in their
sequences. The first is composed of South
Korean tomatoes and Indian tomatoes. The
second is further subdivided into two groups;
where the first subgroup consists solely of
Iragi tomatoes. Moreover, all remaining
cultivars clustered into a second subgroup,
although these groupings reflect a continuum
of variability rather than discrete divisions.
The tomato sequences under study have been
grouped regardless of the plant's origin
(country) or geographical location (continent).
JiNigerian tomato

«o | Palestinian tomato

_af;”“ American tomato
o Japanese tomato

! Thai tomato

| Italian tomato
s% | Tomato UK
*?'| Swiss tomato
| LSwedish tomato
0 c-o{ Chinese tomato

0.00

0.01
»% | | Bulgarian tomato
{002

— Saudi tomato

o Iraqi tomato
2 e South Korean tomato

00 - Indian tomato

011

—

0.050
Fig. 3. Neighbour Joining tree and distance
among world tomato sequences based on
the ITS region of nrDNA.
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Molecular evolution

Selective neutrality: The Tajima (Tajima,
1989) and Fu and Li (Fu and Li, 1993) tests
are often employed to assess selective
neutrality. The neutrality tests vyielded
significantly negative values, with Tajima’s D
of —2.19018 (P < 0.01) and Fu and Li’s D
(—2.80381, P < 0.02) and F (-3.02852, P <
0.02) (Table 3). The obtained values are
consistent with the action of selection and
suggest a recent demographic expansion in
tomato inferred from the nrDNA ITS region.
Additionally, an excess of rare mutations was
observed in the analyzed singleton sequences.
It explains the deviation from selection
neutrality shown by the Tajima and Fu & Li
tests. While the statistic of Fu is assessed to
elucidate the reason for a departure from
neutrality. This statistic is considered
sufficiently powerful to detect deviations from
neutrality and to test population growth and
recent expansion in tomato. As shown in Table
3 and Fig. 4, this parameter exhibited a low,
negative, and statistically significant value. In
contrast, Fu’s Fs (Fu, 1997) was positive
(0.487) for the ribosomal DNA internal
transcribed spacer (ITS) region. The Fu and Li
neutrality tests showed significant deviations
from neutrality in the analyzed regions,
suggesting a recent demographic expansion in
the global tomato dataset. Mismatch
distribution:  Analysis of the mismatch
distribution of rDNA ITS sequences indicated
predominantly neutral variation. The allele
frequency pattern among 15 worldwide tomato
sequences suggested a recent demographic
expansion rather than population equilibrium
(Fig. 5). On the other hand, Harpending's
raggedness (Rogers and Harpending, 1992)
and the Ramos-Onsins statistic (Ramos-Onsins
and Rosas, 2002) (r = 0.2292 and R2 =
0.1291) have not supported these findings.
Also, the low positive worth of Fu's Fs does
not show that the tomato worldwide has
recently had a population expansion (Table 3).
Antithesis: as seen in Fig. (4), the curves of
mismatch in the figure do seem to support the
notion of a demographic expansion. This
outcome is consistent with the results of
Baraket et al. (2013) and Maina et al. (2019)
in Tunisian figs and date palms, respectively.
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Fig. 4. The frequency spectrum of rDNA
sequences discovered in tomato at ITS region.
The distributions determined for neutrality and
balance (mutation drift) appear in the spectrum

as solid lines.
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Pamwise Differences
Fig. 5. Anillustration to the mismatch
distribution of a tomato population with an
initial theta of 0.000, a final theta of 1000, and a
final tau of 3.889.
Distribution of haplotypes according to ITS
sequencing: A median joining network was
created to identify genetic relationships between
haplotypes in S. lycopersicum. Sequences were
linked hierarchically based on mutational
alterations. The haplotype network constructed
from nuclear ribosomal DNA ITS sequences (Fig.
6) suggests that the tomato population originated
from an ancestral haplotype and subsequently
underwent demographic expansion. This is
emphasised by the network structure at the founder
haplotype H3 turn, which is represented by the
cultivars of Nigerian tomato, Thai tomato,
Palestinian tomato, American tomato, Chinese
tomato, Swiss tomato, Saudi tomato, UK tomato,
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Bulgarian tomato, Swedish tomato, and Italian
tomato. The H3 haplotype may be the ancestor of
other sequences that have changed over time. The
study reveals a network of haplotypes: H1
represented by Japanese tomato, H2 represented by
South Korean tomato, H4 represented by Indian
tomato, and H5 represented by Iragi tomato, with
extensive  branches indicating  substitution
numbers. Haplotype H1 (Japanese tomato) and H4
(Indian tomato) are both connected to the founder
haplotype H1, represented by Nigerian tomato.
Interestingly, H2 (South Korean tomato) diverges
from H5 (lragi tomato). The large number of
mutational events observed suggests that tomato
has an ancient evolutionary history worldwide. The
haplotype network (Fig. 6) corroborates the
phylogenetic relationships depicted in Fig. 3. In the
network, sequences with few mutational events
appear to have diverged recently, while those with

numerous mutations reflect older lineages.
Japanese_tomato

Indian_tomato Nigerian_tomato

South_Korean_tomat

Fig. 6. The haplotype network derived from
ITS sequences, the hatch marks on connecting
lines indicate the number of mutations. H1:
Japanese tomato. H2: South Korean tomato.
H3: Nigerian tomato, Thai tomato, Palestinian
tomato, American tomato, Chinese tomato,
Swiss tomato, Saudi tomato, Tomato UK,
Bulgarian tomato, Swedish tomato, Italian
tomato. H4: Indian tomato. H5: Iraqgi tomato.
The circles represent distinct haplotypes, with
diameters indicating sequence frequency, while
inferred ancestral nodes are shown by dark,
unlabelled circles.
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Principal Component Analysis (PCA)

The PCA of the ITS region revealed that the
first three components together accounted for
88.63% of the total genetic variance. PC1l
contributed 36.067% of the variance
(eigenvalue = 33.2766), PC2 contributed
29.035% (eigenvalue = 26.7885), and PC3
contributed 23.546% (eigenvalue = 21.7238).
It seems that the percentage of variance is
rather high when compared to the percentages
derived from tomato plants by other
researchers, or it is almost equal if only the
first two components are considered using
genetic or phenotypic traits. The majority of
earlier studies reported the following values
for the average variance and number of
components: The first component explained
74.6% and 24.1% of the total variance (Akhter
et al., 2021, Kiymaci et al., 2024); 2
components displayed the variance, registering
around 77.41% and 39% of the total variance
(Al-Khayri et al.,, 2023, W.illiams and
Anbuselvam, 2023); 5 components explained
78.67% of the total variance (Vitelleschi and
Pratta, 2024); 9 components contributed
cumulatively to 61.076% of the total variance
(Chen et al., 2025). Furthermore, in Solanum
lycopersicum, the first six components
collectively explained 79.59%, 78.73%, and
84% of the total variance, in accordance with
studies (Binbir et al., 2020; Mukul et al., 2022;
Yamaji et al., 2007), respectively. Similar to
the previous studies, there was no evidence of
grouping according to the geographical
location (Fig. 7). Likewise, the PCA scatter
diagram result is consistent with the
distribution of haplotypes in Fig. 6 and the
phylogenetic tree in Fig. 3. Principal
component analysis (PCA) has shown that,
despite the fact that tomatoes have been grown
extensively around the world for a long time,
the tomato plants have different relationships
with one another. Likewise, the topology of
the dendrogram and the distribution of
worldwide tomatoes in the PCA analysis have
demonstrated that the tomato plant germplasm
is typically characterised by continuous
genetic diversity.
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Fig. 7. Analysing the 15 worldwide tomato sequences based on ITS region using PCA

CONCLUSION

The ITS analysed in this study revealed
relatively high levels of polymorphism
patterns and persistent genetic variation, which
is consistent with other researchers results that
have employed other molecular techniques on
tomato plants throughout the world. Notably,
all our testing revealed that the South Korean
tomato, the Iragi tomato, and the Indian
tomato, all belong to the Asian continent and
have greater genetic variety than the tomatoes
of other countries under study. Despite the
genetic diversity, all of the conclusions
derived from our investigation suggest that the
tomato sequences under study are all
descended from a common progenitor. This
underscores the critical importance of
preserving genetic diversity to safeguard
species with valuable traits and to facilitate
understanding of their genetic characteristics
and variation, with the aim of improving and
perpetuating them. Moreover, the ITS
technique, particularly in plants, is a helpful
tool for detecting genetic variations early on
because it uses simple and quick DNA
markers. Further, it is critical to collect
information on each cultivar grown in Iraq
using different genetic markers. As a result,
evaluation of both the magnitude and
distribution of genetic variation plays a crucial
role in elucidating a cultivar’s genetic
predisposition. Finally, it is essential to
conduct a more in-depth and detailed
examination of the available genetic diversity.
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