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Abstract Pomegranate (Punica granatum L.) is
the most important Lythraceae family species of the
Mpyrtales order. It is one of the quite old fruit spe-
cies and the pomegranate history goes back about
five thousand years, is consumed by people for
food and medicine. In the current study, 40 simple
sequence repeat (SSR) primers were screed to deter-
mine the genetic relationships of 127 pomegran-
ate genotypes sampled from distinct locations with
genetic resources in Turkiye. In total, 34 SSRs gen-
erated a total of 177 alleles, the average number of
effective alleles (Ne=2.50) and the average expected
heterozygosity value (He=0.53) were estimated.,
The observed heterozygosity was measured for each
marker with an average of 0.36. The average poly-
morphism information content (PIC) was estimated
as 0.48. Phylogenetic tree was constructed using a
total of 34 polymorphic markers based on unweighted
pair group method with arithmetic mean (UPGMA)
analysis of pomegranate genotypes, and genotypes
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were clustered into two major groups with subgroups.
STRUCTURE analysis was also carried out to cal-
culate the possible population number according to
Delta K value that has picked the point corresponding
to population number. Delta K was picked in K=2,
population was divided to two main clusters. The
results of UPGMA and STRUCTURE analyses were
examined, and both analyses were found to corrobo-
rate each other. The analysis of molecular variance
exhibited 38 and 36% of the total variance between
and within the populations. This is the first compre-
hensive molecular report enjoyed in Turkiye germ-
plasm for pomegranate. These results can be utilized
to establish novel breeding orchards or consist of the
populations and to reveal the marker-trait association.
Hence, it brings knowledge quality in pomegranate
breeding programs.

Keywords Pomegranate - Punica granatum L. -
Molecular characterization - SSR - Structure

Introduction

Punica granatum L. belongs to the Lythraceae
family, and it is cultivated in subtropical, tropical
and temperate climate regions. Pomegranate is
spread over a wide geography and the pomegranate
cultivation is performed in Iran, Turkiye, Tunisia,
Spain, Morocco, Egypt, China, the United States,
India, and East Asia (Valero-Mendoza et al. 2023).
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Global pomegranate market size was worth around
$208.9 million in 2019 and Turkiye led global
pomegranate exports with 155,000 tons, accounting
for 23% of worldwide exports (626,336 tons) (Pienaar
2021). World pomegranate production was about 8
million tons in 2019 (Yilmaz 2023; Pienaar 2021).
The main pomegranate producer countries were India
and China, which recorded a production exceeding
3 and 1 million tons, respectively (Yuan and Zhao
2017; Pienaar, 2021), while pomegranate production
of Turkiye has been reached 638,821 tons in 2023
according to Turkish Statistical Institute (TUIK
2024).

The increasing production of the pomegranate
all over the world was owing to its higher nutrition
values in the last decades. The increasing demand
for pomegranate cultivation was linked to its use
in the pharmaceutical industry, advancements in
food processing technologies, and improvements
in transportation and storage methods (Sen and
Erogul 2012). Recently, the demand for pomegranate
production had many positive effects due to its
benefits on human health with the therapeutic
properties of pomegranate (Sharmila et al. 2014).
Pomegranate juice is rich in natural sugars like
fructose, sucrose, and glucose, along with organic
acids such as ascorbic acid, citric acid, fumaric
acid, and malic acid. It also contains small amounts
of all amino acids, with notable levels of proline,
methionine, and valine (Zarfeshany et al. 2014).
The pomegranate is a good source of polyphenols.
The main flavonoids include anthocyanins, luteolin,
kaempferol and quercetin (Napoli et al. 2023). About
60% of pomegranate weight, primarily consist of
mesocarp, endocarp and exocarp, however, these
byproducts are a valuable source of bioactive
polyphenols, including flavonoids, anthocyanins,
tannins, and ellagitannins like punicalagin (Aviram
et al. 2000; Marrone et al. 2024). Pomegranate
provides significant health benefits by strengthening
the immune system and preventing free radical
formation, thanks to its high antioxidant and anti-
radical properties (Zarfeshany et al. 2014; Marrone
et al. 2024). Pomegranates can help prevent or
treat various disease risk factors including high
blood pressure, high cholesterol, oxidative stress,
hyperglycemia, and  inflammatory  activities
(Zarfeshany et al. 2014).
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In recent decades, advancements in software
and marker technologies, supported by various
sequencing platforms, have significantly contributed
to plant breeding. These innovations have enhanced
our understanding of genomic domestication
and diversity in agriculturally important species
(Duminil and Di Michele 2009; Simsek et al. 2017).
Molecular methods, which are not influenced by
environmental factors, can be applied at any stage of
plant breeding. These methods offer high diversity,
generate reliable data, and have become integral
to modern plant breeding practices (Rafalski et al.
1996; Farooq and Azam 2002; Ribaut et al. 2010;
Jonah et al. 2011; Nadeem et al. 2018; Hasan et al.
2021). In this context, several attempts at the
construction of chromosome-scale genome sequences
in pomegranate were carried out by distinct research
teams using different domestic cultivars (Yuan et al.
2018; Luo et al. 2020; Sowjanya et al. 2022; Yan
2024). They highlighted the dissections of the fruit
quality traits and their genomic responsibility thanks
to high-quality reference genome assembly. Thus, the
genic or genomic marker development and molecular
investigations using these genome assembles can be
applied and more accurate and reliable results reveal
for pomegranate breeding (Patil et al. 2021; Wang
et al. 2023; Sagar et al. 2024; Pandey et al. 2024).

Among these, simple sequence repeat (SSR)
markers have gained prominence as a codominant
marker system. They are widely distributed across
the genome and are species-specific, with high
transferability to closely related species within
the same genus (Karci et al. 2022). Due to their
reliability in providing insights into genetic diversity
and heredity, SSR markers are widely utilized for
characterizing and identifying species, cultivars,
and populations (Kafkas 2019). Thus, SSR marker
technique prefers to perform the genetic diversity
or molecular characterization research due to its
codominant inheritance, adaptation to automation,
and in particular, a quite reliable system, as the
results cannot change in the repetition of the
reactions. Research employing SSR markers for DNA
fingerprinting, genetic diversity and characterization,
detection of relationship among the plant genetic
resources, transferability of the SSRs to closely
related species and identification of species or
variety specific markers have been extensively
reported in numerous species, including citrus (Ruiz
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et al. 2000), apricot (Zhebentyayeva et al. 2003;
Sanchez-Pérez et al. 2005), almond (Xu et al. 2004;
Shiran et al. 2007; Zeinalabedini et al. 2010), apple
(Zhang et al. 2012), pear (Kimura et al. 2002; Fan
et al. 2013), walnut (Chen et al. 2014; Bernard et al.
2018), pistachio (Karct et al. 2022), and pomegranate
(Liu et al. 2020; Gunnaiah et al. 2021). These
investigations underscore the critical role of SSR
markers in advancing genetic research and breeding
strategies.

Constructing ~ segregating  populations  and
identifying genomic and genic loci linked to
agronomic traits are fundamental steps in plant
breeding. These processes are essential for
developing new lines and identifying promising
genotypes  with  desirable characteristics. In
pomegranate, the characterization of the entire
germplasm, including naturally cultivated genotypes,
is crucial to capturing the wide genetic variability
present among individuals. Historically, breeding
efforts in pomegranate have primarily focused on
pomological traits, with less emphasis on fruit quality
traits, which have been prioritized more recently
(Alighourchi et al. 2008; Sarkhosh et al. 2009). While
several investigations have explored genetic diversity
and characterized local pomegranate germplasm
using various marker techniques (Liu et al. 2020;
Gunnaiah et al. 2021; Kos and Erdem 2024),
comprehensive molecular diversity and phylogenetic
analyses specifically involving pomegranate samples
from Turkiye remain limited. Although Turkiye
has extremely important pomegranate genetic
resources, approximately fifty pomegranate domestic
cultivars were registered in Turkiye. The registered
pomegranate cultivars have a wide genetic diversity
in terms of the size of the fruits and several fruit
quality traits such as sweetness, peel and flesh color
of the fruit. Thus, this highlights the need for further
research to understand this important crop’s genetic
relationships and diversity. Hence, we investigated a
total of 127 pomegranate genotypes gathered from
Turkiye using the 34 polymorphic SSR markers
for the first time. The objectives of the present
report were (i) to detect the genetic diversity of SSR
markers using the pomegranate germplasm, (ii) to
identify population structure and relationships of the
pomegranate plants sampled from Turkiye, and (iii)
to provide the basis for future pomegranate breeding.

Materials and methods
Plant material and DNA extraction

The local genotypes (125) and two (2) commercial
cultivars Wonderful and Hicaz were used as plant
materials. The flesh leaves of plants were sampled
from Birecik, Halfeti and Surug districts of Sanliurfa
province, located in the Southeastern Anatolia
Region, where the pomegranate population is
increasingly widespread in Turkiye (Supplementary
Table 1).

DNA extraction of frozen leaves stored in -80 °C
refrigerator was carried out using the CTAB method
(Doyle and Doyle 1987), with minor modifications
performed by Kafkas et al. (2006). The quality
and yield of DNAs were evaluated using Qubit
Fluorometer (Invitrogen) with standard protocols.
The clear extracted DNAs were diluted to 10 ng/pl
to perform the PCR analysis and they were stored at
-20 °C.

PCR analysis and electrophoresis

In total, 40 SSR primers developed by several
researches for pomegranate were screened to detect
polymorphism in eight pomegranate genotypes. A
set of 34 polymorphic SSRs were selected for the
characterization of 127 pomegranate genotypes
based on scorable and clear bands (Table 1). A three
primer strategy according to Scheulke (2000) was
followed for SSR-PCR reactions. SSR-PCR reactions
and capillary electrophoresis for each primer were
performed according to Karci et al. (2022). The
capillary electrophoresis was carried out in an ABI
3130x! genetic analyzer machine that has a branded
Applied Biosystems Inc., Foster City, CA, USA
(ABI). The data collection of samples in ABI genetic
analyzer evaluated the fragments. Then fragments of
SSR markers was scored using the GeneMapper v.4.0
(Applied Biosystems Inc.).

Genetic diversity and population structure analyses

The scored fragments of the SSR markers in capil-
lary electrophoresis were used to calculate the genetic
diversity properties such as the number of alleles
per locus (Na), the effective number of alleles (Ne),

@ Springer



7272

Genet Resour Crop Evol (2025) 72:7269-7282

Table 1 List of the polymorphic simple sequence repeat (SSR) markers used in the present study

No Markers Forward (3°-5") Reverse (5°-37) Annealing References
Temp °C
1 RiMO036 AGCAACCACCACCTCAAC CTAGCAGAATCACCTGAG 52 Castillo et al. (2010)
TAAT GCTT
2 RhMO003 CCATCTCCAATTCAGTTCTTCC AGCAGAATCGGTTCTTAC 52
AAGC
3 RhMOO1 GGTTCGGATAGTTAATCCTCCC CCAACTGTTGTAAATGCA 52
GGAA
4  GAPU103 TGAATTTAACTTTAAACCCAC GCATCGCTCGATTTTATCC 52 Carriero et al. (2002)
ACA
5 GD147 TCCCGCCATTTCTCTGC AAACCGCTGCTGCTGAAC 52 Hokanson et al. (1998)
6 UDO24 GGATTTATTAAAAGCAAAACA CAATAACAAATGAGCATGATA 52 Cipriani et al. (2002)
TACAAA AGACA
7 PGO080 CTGACTGTTGCAGAGAGTAGG AGGAGGTGAAACAACGAATAG 55 Liu et al. (2020)
CTG CTG
8 PG093 CGTCAATAGGACGTCCCTGAG GATGACGTGGCAGAGTAAGAG 55
ATA AGC
9  PG090 ATTCTTTTATACTAACCAAAA  ATGTCATGAGAGGACCCA 55
TTTGCGA CAAA
10 pgl8 TCTAAGGGCAGAATGGCACT TGGCACTAGATCCGTAAATCTC 59 Parvaresh (2012)
11 MO03 CCCCAGTAATCACCCATTTG GTGGACATAAATAATTGCTGA 56 Luo et al. (2018)
AGA
12 PGKVR026 TAACCTGGCCACTTCCTTTG GGAGAGTCCGTCCCCTTTAG 55 Ravishankar et al. (2015)
13 PGKVR027 CGATAAAAGCCCAACACGAT ACCAATGGAGACGAAACTGG 55
14 PGKVR028 TCGATCGTTTCATTCTCATTG CCGACGTTAGATATGGGCTTA 55
15 PGKVR029 TTCGATTCACCTTCCTTTCG GGCCTAGGAAGCTGACACAC 55
16 PGKVR030 TGTGTCCTAGTTTAGGAGAAC CATCCAAATGGCCTCAGATAA 55
AATCA
17 PGKVR031 CCCTAACAATTATCCCAT GTGCGTCCAAAAGCTTTCAT 55
TTGGT
18 PGKVR064 GCTGAGGAACAAGTCGAAGG TTCGCTGCCAATAATTTTCC 55
19 PGKVRO065 CTGCTTCACAGTCGTGGAAA TTTTATTTTTCTTGCAGTCAC 55
AAA
20 PGKVR078 TAATGCAGGAAGAGCCCATT TTCAGGCTCCTCTTCCTCAA 55
21 PGKVR098 CGGTCGAAGGCTCACATATT CCCCCTAAAAATATCCACTACA 55
22 PGKVR099 CCCTACCCCCACTAGGAGAG GGATCTTATGCGACGGGATA 55
23 PGKVRI100 CCCATCGATCATCTTTCGTT CGTGTGGAAAGTCATCGACA 55
24 PGKVRI105 GGAAGAGTTGGACTGGGAGA  CCGCTCCTTCTACTCCTCCT 55
25 PGKVRI111 ACAAGCTAAGCCGCCTACTG CTCCCGACGTCAAAGTTCAT 55
26 PGKVRI114 AGGGAGATTATGCGGGAGTT CCGAGCTCTACTCCCTCTCC 55
27 PGKVRI127 TGTCACGGTTTTAGGTGCAA GGGAGTGTGATGGAAGAGGA 55
28 PGKVRI129 ACATTGTCAACGACCGGATT CGTGCGATACTGCTACCTGA 55
29 PGKVRI131 TTTGTTCGCGATAGCACAAG AAGGAACCTGGGCATAAGGT 55
30 PGKVRI35 ACCTGAGCCCACATCGATAC TCGGGATATCGTAATCCTCTTG 55
31 PGKVRI136 GGTTCGGGAATTGTAAAACG GCTGCGAGAGAACGAAGAAC 55
32 PGKVRI153 TTTGGAAGTTTGACTGGAGGA GCATTCTGGGATTGGAAGAA 55
33 PGKVRI154 GGCAATCAGTGCCATGAATA CCAATCGAATTGAATGCTCA 55
34 PGKVRI165 TGGGCCATTTATAGGCAAAG CTTTTTCCCGGTTTCTCCTC 55
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observed heterozygosity (Ho) and expected heterozy-
gosity (He) in the GenAlEx v.6.5 program based on
Excel Microsoft Office (Peakall and Smouse 2012).
And, PowerMarker software v.3.25 for the calcula-
tion of the polymorphism information contents (PIC)
value of each SSR markers in this study (Liu and
Muse 2005).

The cluster analysis was performed using the
UPGMA (Unweighted Pair Group Method with
Arithmetic Average) algorithm in MEGAX software
(Kumar et al. 2018). While population structure
study was performed using model-based software
program STRUCTURE v.2.3.4 (Pritchard et al.
2000), the results were outputted with printed
graphs that a number of populations (K) from STRU
CTURE HARVESTER. A set of allele frequencies
calculated for each locus that described the Ln P
(D) values (logarithm probability for each K) were
used for determination of the Delta K values. The
change ratio of logarithm probability was set from
AK=2 to AK=10. The highest K of Delta K refers
to the probable population number. Arlequin v.3.5
software was used to determine the pairwise genetic
distance (Fgp) for subpopulations, to calculate
genetic variation within and between populations,
and geographic groups by molecular analysis of
variance (AMOVA) (Excoffier and Lischer 2010).
An Fgp value of 0 means that there is no genetic
variation between subpopulations, while an Fgp value
of 1 indicates extreme fragmentation in the whole
population. Genetic differentiation is considered
insignificant at a mean value of 0.05, while 0.25 to 1
indicates strong fragmentation, 0.05 to 0.15 and 0.15
to 0.25 indicate low and moderate differentiation,
respectively (Mohammadi and Prasanna 2003).

Results

Genetic diversity of SSR markers among Turkiye
pomegranate genotypes

Initially, a total of 40 SSR primer pairs were screened
to detect polymorphism-level in pomegranate using
eight genotypes. Then, the selected polymorphic
34 SSR markers were used for molecular
characterization, the remaining markers from 40
SSRs were eliminated due to their monomorphic
bands. Amplification fragments of 34 SSR markers

were subsequently utilized as input to perform
characterization of the pomegranate genotypes
(Table 2).

In total, 177 alleles were produced for all
genotypes, and the average number of alleles was
calculated 5.21 and the highest number of alleles
was obtained from the PGKVRO031, RhMO003
and MO3 locus (Na=9). The number of effective
alleles (Ne) ranged from 1.04 (PGKVRO026) to 5.51
(PGKVRO078) with an average of 2.50. The observed
heterozygosity (Ho) was calculated with a mean of
0.36. The observed heterozygosity (Ho) was highest
in the PGKVRO028, RhMO001, GD147, MO03 and
PGKVRO065 markers. The average value of expected
heterozygosity (He) was 0.53 and the highest value
(0.82) was created by PGKVRO078 marker. The
highest Polymorphism information content (PIC) was
recorded to be 0.79 for PGKVR078 marker with an
overall average of 0.48 (Table 2). The average number
of polymorphic markers per primer was calculated
as 5.21. A wide allelic range was detected in the
GAPU103 marker and the allelic range was ranged
from 352 to 509 bp.

Molecular characterization of Turkiye pomegranate
genotypes

The dendrogram was created using the UPGMA algo-
rithm, and detected the relationships among the geno-
types and results are shared in Fig. 1. In the cluster
analysis, 127 pomegranate genotypes were basically
divided into two main groups (Group I and Group II).
Both main groups were separated to two subgroups
within themselves. Group I was subdivided into A
and B and Group II was subdivided into C and D,
respectively. Group I contain the samples from Surug
and Halfeti districts including several plants sampled
from Birecik district. In addition, Group II has the
plants sampled from Suru¢ and Birecik districts of
the Sanlwurfa province. In this population, the closest
genetic similarity (0.010) in the Group I was created
among 63SUR61 and 63SUR62 pomegranate geno-
types, while the furthest genetic similarity (0.909)
was calculated between 63HALO06 and 63BIR100,
63BIR101, 63BIR102 genotypes. The highest genetic
dissimilarity coefficient (0.906) in the Group IA was
obtained between 63SUR122 and 63SUR49 acces-
sions. On the other hand, the lowest genetic dissimi-
larity coefficient (0.010) in the Group IB was detected
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Table 2 Allele range,

No SSR loci Allele range Na Ne Ho He PIC
number of alleles (Na),
number of effective 1 PGKVR026 165-167 3 1.04 0.01 0.04 0.04
ﬁlelf:;g?slgb(sggfd 2 PGKVR027 103-110 7 3.64 0.00 0.73 0.69
expected heterozygosity 3 PGKVR028 122-244 8 4.01 1.00 0.75 0.71
(He), and polymorphism 4 PGKVR029 139-146 8 4.65 1.00 0.78 0.75
information content 5 PGKVR030 179-180 2 1.16 0.00 0.14 0.13
Eepégﬁfsssl%pﬁgfﬁe 6 PGKVRO031 185-322 9 2.63 0.13 0.62 0.60
pomegranate germpasm 7 PGKVR064 258-260 2 1.43 0.37 0.30 0.26
8 PGKVRO78 136-145 8 5.51 0.59 0.82 0.79
9 PGKVR098 218-219 2 1.17 0.00 0.14 0.13
10 PGKVR099 225-303 6 2.19 0.00 0.54 0.47
11 PGKVR100 302-304 3 1.61 0.00 0.38 0.32
12 PGKVR105 136-191 4 1.67 0.00 0.40 0.37
13 PGKVRI111 157-284 6 3.37 1.00 0.70 0.65
14 PGKVRI114 204-224 3 2.13 0.93 0.53 0.42
15 PGKVRI27 169-267 3 1.93 0.32 0.48 0.43
16 PGKVR129 153-164 6 2.46 0.00 0.59 0.55
17 PGKVRI31 245-264 4 2.08 0.00 0.52 0.41
18 PGKVRI35 207-225 3 3.00 0.67 0.67 0.59
19 PGKVRI36 138-173 5 1.74 0.00 0.43 0.40
20 PGKVRI153 172-188 5 1.81 0.00 0.45 0.41
21 pel8 185-221 8 3.22 0.49 0.69 0.67
2 PG093 148-218 5 276 0.11 0.64 0.59
23 RhMO003 136-372 9 4.09 0.15 0.76 0.72
24 RhMO01 169-188 3 2.59 1.00 0.61 0.54
25 GAPU103 352-509 5 2.28 0.00 0.56 0.51
26 UDO024 142-145 4 3.47 0.00 0.71 0.66
27 PG080 158-218 6 2.50 0.00 0.60 0.55
28 PGKVR165 141-321 7 1.29 0.24 0.22 0.22
29 RIMO036 133-193 5 1.29 0.14 0.23 0.22
30 GD147 191-303 4 272 1.00 0.63 0.57
31 PG090 143-251 8 1.70 0.20 0.41 0.39
32 MO3 258-290 9 3.11 1.00 0.68 0.63
33 PGKVR065 275-285 3 2.37 1.00 0.58 0.49
34 PGKVR154 119-182 4 2.40 0.87 0.58 0.52
Total - 177 - - - -
Mean - 521 2.50 0.36 0.53 0.48

in a pairs of genotypes 63HALO1, 63HALO2,
63HALO3 and 63HALO4 genotypes. In the Group
IIC, the closest relationship (0.083) was among
63SUR123 and 63SUR122 genotypes and the furthest
genetic distance (0.906) was between 63HAL23 and
63SURI121, 63SUR122 genotypes. And, the highest
genetic dissimilarity value was computed as 0.100
among the 63BIR102 and 63BIR101 (Supplementary
Table 1; Fig. 1).
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Structure analysis was performed in 127 pome-
granate genotypes using 34 amplified polymorphic
SSR marker alleles by using STRUCTURE pro-
gram and the results were printed by STRUCTU
RE HARVESTER online web interface. Pomegran-
ate genotypes were basically divided into two main
groups [Group I (A and B) and Group II (C and D)].
The highest value of Delta K (AK) and possible
population number was picked at K=2 (Fig. 2). In
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Fig.1 The phylogenetic tree of pomegranate genotypes created using unweighted pair group method with arithmetic mean
(UPGMA) dendrogram

Fig. 2 The graph of Delta Delta K (mean|L"(K)|)/sd(L(K))
K estimated for the struc- 700
ture analysis of pomegran- 600
ate genotypes (Delta K=2) 500 / \

X

g 400 / \

2 300 / \ i
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o/ ~~
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K

the dendrogram and structure analyses from AK=7 and therefore common alleles. Thus, all genotypes

to AK=10, genotypes of group C and D (Surug¢ and were classified into two major clusters, and STRU
Birecik group genotypes) were clearly separated from CTURE and UPGMA analyses were verified each
the each other because of the absence of gene flow
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" ‘ K=10

Fig. 3 The colored figures refer to the number of possible populations from AK=2-10

Table.3 Molecular analysis Variation source Degrees of Total squares Squares mean Variance%

of variance (AMOVA) of freedom

pomegranate genotypes
Between Populations 3 732.816 244272 38
Between Individuals 123 1398.321 11.368 36

Mean values in the column Intra-individuals 127 385 3.031 26

are not significantly Total 253 2516.138 100

different at «=0.001
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other according to clustering branches or with shared
common alleles of the genotypes (Fig. 3).

AMOVA analysis of population

The distribution of genetic variation among the 127
pomegranate individuals and geographic groups used
in the study is shown in Table 3. According to the
results of the analysis of variance, 38% of the total
genetic variation occurred between populations, 36%
between individuals within populations and 26% intra
individuals (Fig. 2). The highest genetic variation was
realized between populations and the least genetic
variation was realized between individuals within
populations. According to the results of molecular
analysis of variance, the differences between all pop-
ulations were significant (p <0.001) (Fig. 4, Table 3).

Discussion

Polymorphism degree of SSR markers in
pomegranate

SSR markers are widely recognized as a fast and
reliable DNA-based marker technique. Their
extensive utilization in recent years can be attributed
to their versatility, as SSR markers developed for
one species are often transferable to related species.
Numerous investigations have investigated the
genetic diversity and relationships in pomegranate
using various molecular marker methods, including
RAPDs, AFLPs, ISSRs, SSRs, and SRAP (Zamani
et al. 2007; Ercisli et al. 2011; Attanayake et al.
2017; Bengiil 2019; Gunnaiah et al. 2021). A total
of 127 pomegranate genotypes were used in the

Distribution of pomegranate population

38%
] 36% '/

Fig. 4 Distribution of pomegranate genotypes according to
molecular variance analysis

= Between Populations
Between Individuals
= Intra-individuals

study and the 34 SSR markers produced a total of
177 alleles. An average number of alleles (Na=5.21)
were determined from a total of 34 SSR markers.
The average number of allele value detected from
previous research were 3.16 (Parvaresh et al. 2012),
5.56 (Ravishankar et al. 2015), 12.19 (Cetinkaya
et al. 2019), 3.14 (Patil et al. 2020). The current
study of the average effective number of allele was
2.50, although this value was examined as 1.87, 4.44
and 2.47 by Parvaresh et al. (2012), Cetinkaya et al.
(2019), Liu et al. (2020) respectively. Although PIC
value in this study was identified with average of
0.48, the average PIC value of this study was higher
than 0.35, 0.45 and 0.33, respectively (Parvaresh et al.
2012; Liu et al. 2020; Gunnaiah et al. 2021), while
it was lower than 0.54 and 0.64 values identified by
previous reports (Ravishankar et al. 2015; Cetinkaya
et al. 2019). An average expected heterozygosity
(He) was 0.53, while average Ho value were 0.36
in this paper. These values (He and Ho) have been
reported distinct ranges, for instance; average He and
Ho were calculated as 0.24 and 0.24 (Hasnaoui et al.
2012), as 0.72 and 0.64 (Cetinkaya et al. 2019), as
0.55 and 0.41 (Liu et al. 2020). The differentiation of
the genetic diversity values was due to more or less
polymorphic SSR markers. That means monomorphic
SSR markers affect the mean allele counts. Especially,
if there is a limited genetic association within the
genetic resources, it can be reasoned the decreasing
allelic diversity values. On the other hand, narrow
genetic diversity rate within the population cannot
reflect the polymorphism degree of the SSRs (Zhao
et al. 2023; Zhang et al. 2023).

Identification of cultivars and genotypes using
SSR markers is a pretty effective tool, particularly
for genetic diversity and molecular characterization
research and early-stage selection in plant breeding
programs (Ashkenazi et al. 2001). However, there
was a limited number of SSR markers developed by
previous reports in pomegranate. In other words, there
were no more options to select more polymorphic
SSRs of earlier findings. Even if, SSRs haven’t
developed in a wide genetic resource, polymorphism
degree cannot be guessed more accurately. Thus, SSR
markers exhibited as polymorphic in the literature
may not be able to create polymorphism in another
population (Zhao et al. 2023; Zhang et al. 2023).
In the present paper, the selected SSR markers
from distinct references have not generated a quite
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polymorphism, although the most polymorphic
SSRs were selected. As a result, more SSR markers
with higher polymorphism degrees should be used
for diversity and molecular characterization research
to reveal the variation among the germplasm and
individuals. In addition to used genomic SSR
markers, recently developed genic simple sequence
repeats (eSSRs) can be preferred to identify the
distribution and variation in whole pomegranate
genome. The genic or genomic SSRs in terms of
polymorphism can be compared using pomegranate
germplasm sampled from distinct countries’ trees.
Thus, the polymorphism levels in both markers
and genotypes can be detected and used for future
pomegranate breeding.

Genetic characterization among pomegranate
genotypes

The SSR-based genetic characterization, cluster
analysis based on the UPGMA approach produced
similar results with structure analysis on the genetic
relationships of the pomegranate genotypes. In cluster
analysis, two main groups (Group I and Group II)
were consisted of the genotyped individuals and
both main groups formed two (2) subgroups within
themselves. Even though plants were collected from
distinct locations, some genotypes were included in
clusters with other locations. Wonderful and Hicaz
commercial cultivars were evaluated to reveal a
relationship of them among the all genotypes. And,
63SURS8, 63SURS59 and 63SUR60 sampled from
Surug districts were the closest to Hicaz, while
63SURS88 and 63SUR90 genotypes were identified
the closest to Wonderful pomegranate cultivar.

Gene flow in plant breeding refers to the transfer
of genetic material among quite close locations for
grafting or through pollination, hybridization, or
seed dispersal with birds. Gene flow can sometimes
introduce new traits such as disease resistance,
enhanced fruit quality, or environmental adaptability
in breeding programs. However, uncontrolled gene
flow can also lead to the spread of unwanted traits or
reduce genetic diversity within the species, potentially
affecting conservation efforts (Chagné et al. 2008;
Evans and Campbell 2014). Thus, gene flow can
lead to a process in which the genetic identity of a
local population is negatively affected by the influx
of genes from another population. Then, this can
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result in reduced genetic diversity and the potential
loss of locally adapted traits, which are crucial for
the population’s survival in specific environmental
conditions (Allendorf et al. 2001). In this study,
samples from distinct locations were grouped into
different clusters in the cluster analysis. However,
some accessions collected from geographically close
locations were grouped into the same subgroup. This
indicates a high rate of gene flow among individuals
through various mechanisms.

According to the results, it is seen that all
studied populations differ significantly from each
other in the present paper. Similar results were
obtained in research using other molecular markers.
Noormohammadi et al. (2012) performed AMOVA
analysis on 36 pomegranate genotypes in Iran to
determine genetic diversity using ISSR, SSR and
RAPD markers and found that only 2% of the total
molecular variation was due to differences between
populations, while 98% of the variation was due to
within-population differences. Madadi et al. (2017)
determined the genetic diversity and phylogenetic
relationships of 39 pomegranate genotypes in Iran
using 13 ISSR and 15 SSR primers. The researchers
found that 17% of the total genetic diversity of
pomegranate genotypes grown in 4 different regions
was between populations and 83% was within
populations.

Conclusion

This study underscores the utility of SSR markers
for the molecular characterization of pomegranate
genetic resources in Turkey, focusing on the Sanliurfa
province. The application of 34 SSR markers on
127 genotypes revealed notable polymorphism and
geographical clustering. The promising and the
most polymorphic SSR marker was identified as
the PGKVRO078 marker with nine (9) alleles, 5.51
effective alleles, and 0.79 polymorphism information
content (PIC) values, which can be suggested for
molecular research. On the other hand, PGKVR026
and PGKVR098 SSR markers generated the least
allelic diversity values despite a wide pomegranate
germplasm. Despite some limitations inherent to SSR
markers, they proved to be an effective and reliable
method for fingerprinting, germplassm evaluation,
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and identifying specific markers for breeding
purposes. These findings contribute valuable insights
into genetic diversity and can inform parent selection
for future cultivar breeding programs.

Acknowledgements The authors thank the Van Yiiziincii
Y1l University, Scientific Research Projects Unit (Project No:
9622) for financial support.

Author  contributions Y.P, HK  Conceptualization,
Methodology, Investigation, Supervision, Experiment, Writing
— original draft. F.C: Investigation, Experiment, Resources.
N.E.K, S.K: Conceptualization, Methodology, Formal analysis,
Supervision, Writing-review &amp; editing.

Funding Open access funding provided by the Scientific
and Technological Research Council of Tiirkiye (TUBITAK).
Van Yiiziincii Y1l University Scientific Research Projects Unit,
Project No: 9622, Project No: 9622.

Data availability No datasets were generated or analysed
during the current study.

Declarations

Conflict of interest The authors declare no competing inter-
ests.

Consent to participate Not applicable.

Ethics approval This article does not contain any research
with human participants or animals performed by the authors.

Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Alighourchi H, Barzegar M, Abbasi S (2008) Anthocyanins
characterization of 15 Iranian pomegranate (Punica gra-
natum L.) varieties and their variation after cold storage
and pasteurization. Eur Food Res Technol 227:881-887.
https://doi.org/10.1007/s00217-007-0799-1

Allendorf FW, Leary RF, Spruell P, Wenburg JK (2001) The
problems with hybrids: setting conservation guidelines.
Trends Ecol Evol 16(11):613-622

Ashkenazi V, Chani E, Lavi U, Levy D, Hillel J, Veilleux RE
(2001) Development of microsatellite markers in potato
and their use in phylogenetic and fingerprinting analyses.
Genome 44(1):50-62

Attanayake SRMR, Kumari SASM, Weerakkody WAP, Ranil
RHG, Damania AB, Bandaranayake PCG (2017) Molecu-
lar diversity and genetic relationships among Sri Lankan
pomegranate Punica granatum landraces assessed with
inter simple sequence repeat (ISSR) regions. Nord J Bot
35(4):385-394. https://doi.org/10.1111/njb.01317

Aviram M, Dornfeld L, Rosenblat M, Volkova N, Kaplan M,
Coleman R, Fuhrman B (2000) Pomegranate juice con-
sumption reduces oxidative stress, atherogenic modifica-
tions to LDL, and platelet aggregation: studies in humans
and in atherosclerotic apolipoprotein E—deficient mice.
Am J Clin Nutr 71(5):1062-1076. https://doi.org/10.1093/
ajen/71.5.1062

Bengiil E, (2019) Baz1 Nar (Punica granatum L.) Genotipler-
inin Srap Markirlar1 ile Molekiiler Karakterizasyonu,
Yiiksek lisans tezi. Cukurova Universitesi Fen Bilimleri
Enstitiisii, Bahce Bitkileri Anabilim Dali, Adana, Tiirkiye.

Bernard A, Barreneche T, Lheureux F, Dirlewanger E (2018)
Analysis of genetic diversity and structure in a worldwide
walnut (Juglans regia L.) germplasm using SSR markers.
PLOS ONE 13(11):0208021. https://doi.org/10.1371/
journal.pone.0208021

Carriero F, Fontanazza G, Cellini F, Giorio G (2002) Identifi-
cation of simple sequence repeats (SSRs) in olive (Olea
europaea L.). Theor Appl Genet 104:301-307

Castillo NR, Reed BM, Graham J, Fernandez-Fernandez F,
Bassil NV (2010) Microsatellite markers for raspberry
and blackberry. ] Am Soc Hortic Sci 135(3):271-278

Chagné D, Crowhurst RN, Pindo M, Thrimawithana A, Deng
C, Ireland H, Gardiner SE (2008) The draft genome
sequence of the heterozygous diploid Malus X domes-
tica (apple) cultivar Golden Delicious. Nat Genet
42(10):833-839

Chen L, Ma Q, Chen Y, Wang B, Pei D (2014) Identification
of major walnut cultivars grown in china based on nut
phenotypes and SSR markers. Sci Hortic 168:240-248.
https://doi.org/10.1016/j.scienta.2014.02.004

Cipriani G, Marrazzo MT, Marconi R, Cimato A, Testolin R
(2002) Microsatellite markers isolated in olive (Olea
europaea L.) are suitable for individual fingerprinting and
reveal polymorphism within ancient cultivars. Theor Appl
Genet 104:223-228

Napoli A, Germani F, Parisi F, Zucchetti P (2023) The ben-
eficial effects of pomegranate Punica granatum L. con-
sumption on human health: a review. Pharmadvances
05(01):15. https://doi.org/10.36118/pharmadvances.2022.
45

Doyle JJ, Doyle JL (1987) A rapid DNA isolation procedure
for small quantities of fresh leaf tissue. Phytochemical
bulletin.

Duminil J, Di Michele M (2009) Plant species delimitation:
a comparison of morphological and molecular markers.
Plant Biosystems 143(3):528-542. https://doi.org/10.
1080/11263500902722964

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00217-007-0799-1
https://doi.org/10.1111/njb.01317
https://doi.org/10.1093/ajcn/71.5.1062
https://doi.org/10.1093/ajcn/71.5.1062
https://doi.org/10.1371/journal.pone.0208021
https://doi.org/10.1371/journal.pone.0208021
https://doi.org/10.1016/j.scienta.2014.02.004
https://doi.org/10.36118/pharmadvances.2022.45
https://doi.org/10.36118/pharmadvances.2022.45
https://doi.org/10.1080/11263500902722964
https://doi.org/10.1080/11263500902722964

7280

Genet Resour Crop Evol (2025) 72:7269-7282

Ercisli S, Kafkas E, Orhan E, Kafkas S, Dogan Y, Esitken A
(2011) Genetic characterization of pomegranate (Punica
granatum L.) genotypes by AFLP markers. Biol Res
44(4):345-350. https://doi.org/10.4067/S0716-97602
011000400005

Evans KM, Campbell MA (2014) The role of gene flow in fruit
tree breeding. Tree Genet Genomes 10(5):1271-1279

Excoffier L, Lischer HE (2010) Arlequin suite ver 35: a new
series of programs to perform population genetics
analyses under Linux and Windows. Mol Ecol Resour
10(3):564-567. https://doi.org/10.1111/j.1755-0998.2010.
02847.x

Fan L, Zhang MY, Liu QZ, Li LT, Song Y, Wang LF, Wu
J (2013) Transferability of newly developed pear
SSR Markers to other rosaceae species. Plant Mol
Biol Report 31:1271-1282. https://doi.org/10.1007/
s11105-013-0586-z

Farooq S, Azam F (2002) Molecular markers in plant breed-
ing-I: concepts and characterization. Pak J Biol Sci
5(10):1135-1140

Gunnaiah R, Jagadeesha RC, Cholin S, Prabhuling G, Govin-
daswamy Babu A, Fakrudin B, Murthy SB (2021) Genetic
diversity assessment and population structure analysis of
pomegranate cultivars from different countries and Hima-
layan wild accessions. J Hortic Sci Biotechnol 96(5):614—
623. https://doi.org/10.1080/14620316.2021.1899854

Halime Keriman C, Damla G, Yagar K (2019) Molecular char-
acterization of pomegranate (Punica granatum L.) geno-
types with SSR markers. Siileyman Demirel Univ Fen
Edebiyat Fakiiltesi Fen Dergisi 14(2):345-351. https://doi.
org/10.29233/sdufeffd.616809

Hasan N, Choudhary S, Naaz N, Sharma N, Laskar RA (2021)
Recent advancements in molecular marker-assisted selec-
tion and applications in plant breeding programmes. J
Genetic Eng Biotechnol 19(1):128

Hasnaoui N, Buonamici A, Sebastiani F, Mars M, Zhang D,
Vendramin GG (2012) Molecular genetic diversity of
Punica granatum L.(pomegranate) as revealed by micro-
satellite DNA markers (SSR). Gene 493(1):105-112.
https://doi.org/10.1016/j.gene.2011.11.012

Hokanson SC, Szewc-McFadden AK, Lamboy WF, McFerson
JR (1998) Microsatellite (SSR) markers reveal genetic
identities, genetic diversity and relationships in a MalusX
domestica Borkh. core subset collection. Theor Appl
Genet 97:671-683

ilyas O, Mine P, Ferit C (2019) Mardin ili Artuklu ve Kiziltepe
Tlgelerinde Yetistirilen Yerel Nar (Punica granatum L.)
Genotiplerinin Pomolojik Ozelliklerinin Belirlenmesi.
Tiirk Tarim ve Doga Bilimleri Dergisi 6(4):925-931.
https://doi.org/10.30910/turkjans.633639

Jonah PM, Bello LL, Lucky O, Midau A, Moruppa SM (2011)
The importance of molecular markers in plant breeding
programmes. Global J Sci Front Res 11(5):5-12

Kafkas S (2020) SSR Markers in the Genus Pistacia. In: Hasa-
nuzzaman M, Filho MCMT, Fujita M, Nogueira TAR
(eds) Sustainable Crop Production. IntechOpen. https:/
doi.org/10.5772/intechopen.89966

Kafkas S, Kaska N, Wassimi AN, Padulosi S (2006) Molecular
characterisation of Afghan pistachio accessions by ampli-
fied fragment length polymorphisms (AFLPs). J Hortic

@ Springer

Sci Biotechnol 81(5):864-868. https://doi.org/10.1080/
14620316.2006.11512151

Karci H, Paizila A, Giiney M, Zhaanbaev M, Kafkas S (2022)
Revealing genetic diversity and population structure in
pistachio (Pistacia vera L.) By SSR markers. Genetic Res
Crop Evolut 69(8):2875-2887. https://doi.org/10.1007/
$10722-022-01410-w

Kimura T, Shi YZ, Shoda M, Kotobuki K, Matsuta N, Hayashi
T, Yamamoto T (2002) Identification of asian pear varie-
ties by ssr analysis. Breed Sci 52(2):115-121. https://doi.
org/10.1270/jsbbs.52.115

Kos N, Erdem SO (2024) Determination of pomological and
molecular characteristics of some pomegranate (Punica
granatum L) cultivars and selected genotypes. Yuzuncu
Y1l Univ J Agric Sci 34(1):74-86

Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA
X: molecular evolutionary genetics analysis across com-
puting platforms. Mol Biol Evolut 35(6):1547-1549.
https://doi.org/10.1093/molbev/msy096

Liu K, Muse SV (2005) Powermarker: an integrated analysis
environment for genetic marker analysis. Bioinformatics
21:2128-2129

Liu C, Li J, Qin G (2020) Genome-wide distribution of sim-
ple sequence repeats in pomegranate and their application
to the analysis of genetic diversity. Tree Genet Genomes
16:1-9. https://doi.org/10.1007/311295-020-1428-4

Luo X, Cao S, Hao Z, Hou L, Cao D, Zhang J, Li H, Niu J, Xue
H, Chen L (2018) Analysis of genetic structure in a large
sample of pomegranate (Punica granatum L.) using fluo-
rescent SSR markers. J Hortic Sci Biotechnol 93(6):659—
665. https://doi.org/10.1080/14620316.2018.1432994

Luo X, Li H, Wu Z, Yao W, Zhao P, Cao D, Cao S (2020) The
pomegranate (Punica granatum L.) draft genome dissects
genetic divergence between soft-and hard-seeded culti-
vars. Plant Biotechnol J 18(4):955-968. https://doi.org/10.
1111/pbi.13260

Madadi M, Zamani Z, Fatahi R (2017) Assessment of genetic
variation within commercial Iranian pomegranate
(Punica granatum L.) cultivars, using ISSR and SSR
markers. Turkish J Agric - Food Sci Technol 5(6):622—
628. https://doi.org/10.24925/turjaf.v5i6.622-628.1100

Marrone G, Basilicata M, Di Lauro M, Vita C, Masci C,
Klinger FG, Cornali K, Maddaloni G, Bollero P, De
Lorenzo A, Noce A (2024) Healthy effects of pome-
granate (Punica granatum L.) in internal medicine and
dentistry. Appl Sci 14(4):1570. https://doi.org/10.3390/
app14041570

Mohammadi SA, Prasanna BM (2003) Analysis of genetic
diversity incrop plants-salient statistical tools and con-
siderations. Crop Sci. https://doi.org/10.2135/crops
¢i2003.1235

Nadeem MA, Nawaz MA, Shahid MQ, Dogan Y, Comertpay
G, Yildiz M, Baloch FS (2018) DNA molecular mark-
ers in plant breeding: current status and recent advance-
ments in genomic selection and genome editing. Bio-
technol Biotechnol Equip 32(2):261-285

Noormohammadi Z, Fasihee A, Homaee-Rashidpoor S,
Sheidai M, Baraki SG, Mazooji A, Tabatabaee-Ardakani
SZ (2012) Genetic variation among Iranian pomegran-
ates (Punica granatum L.) using RAPD, ISSR and SSR
markers. Aust J Crop Sci 6(2):268-275


https://doi.org/10.4067/S0716-97602011000400005
https://doi.org/10.4067/S0716-97602011000400005
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1007/s11105-013-0586-z
https://doi.org/10.1007/s11105-013-0586-z
https://doi.org/10.1080/14620316.2021.1899854
https://doi.org/10.29233/sdufeffd.616809
https://doi.org/10.29233/sdufeffd.616809
https://doi.org/10.1016/j.gene.2011.11.012
https://doi.org/10.30910/turkjans.633639
https://doi.org/10.5772/intechopen.89966
https://doi.org/10.5772/intechopen.89966
https://doi.org/10.1080/14620316.2006.11512151
https://doi.org/10.1080/14620316.2006.11512151
https://doi.org/10.1007/s10722-022-01410-w
https://doi.org/10.1007/s10722-022-01410-w
https://doi.org/10.1270/jsbbs.52.115
https://doi.org/10.1270/jsbbs.52.115
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1007/s11295-020-1428-4
https://doi.org/10.1080/14620316.2018.1432994
https://doi.org/10.1111/pbi.13260
https://doi.org/10.1111/pbi.13260
https://doi.org/10.24925/turjaf.v5i6.622-628.1100
https://doi.org/10.3390/app14041570
https://doi.org/10.3390/app14041570
https://doi.org/10.2135/cropsci2003.1235
https://doi.org/10.2135/cropsci2003.1235

Genet Resour Crop Evol (2025) 72:7269-7282

7281

Pandey H, Sharma R, Thakur DS, Rana M, Sharma P (2024)
Simple sequence repeats (SSRs)-based characterization
of cultivated and indigenous wild pomegranates (Punica
granatum L.) revealed evolutionary relationships with
considerable insights to native resource exploration:
SSR Markers revealed narrow genetic base in pome-
granate. J Plant Biochem Biotechnol. https://doi.org/10.
1007/s13562-024-00944-7

Parvaresh M, Talebi M, Sayed-Tabatabaei BE (2012) Molec-
ular diversity and genetic relationship of pomegranate
(Punica granatum L.) genotypes using microsatellite
markers. Sci Hortic 138:244-252. https://doi.org/10.
1016/j.scienta.2012.02.038

Patil PG, Jamma SM, Singh NV, Bohra A, Parashuram S,
Injal AS, Sharma J (2020) Assessment of genetic diver-
sity and population structure in pomegranate (Punica
granatum L.) using hypervariable SSR markers. Physiol
Mol Biol Plants 26:1249-1261. https://doi.org/10.1007/
$12298-020-00825-y

Patil PG, Singh NV, Bohra A, Raghavendra KP, Mane R,
Mundewadikar DM, Babu KD, Sharma J (2021) Com-
prehensive characterization and validation of chromo-
some-specific highly polymorphic SSR markers from
Pomegranate (Punica granatum L.) cv. Tunisia Genome.
Front Plant Sci. https://doi.org/10.3389/fpls.2021.
645055

Peakall R, Smouse PE (2012) GenAlEx 6.5: genetic analysis
in excel. Population genetic software for teaching and
research — an update. Bioinformatics 28:2537-2539

Pienaar L, Barends-Jones V (2021) The economic contribu-
tion of South Africa’s pomegranate industry. Agriprobe
18(4):57-64

Pritchard JK, Stephens M, Donnelly P (2000) Inference of pop-
ulation genetic structure using multilocus genotype data.
Genetics 155:945-959. https://doi.org/10.1093/genetics/
155.2.945

Rafalski JA, Vogel JM, Morgante M, Powell W, Andre C,
Tingeym SV (1996) Generating and using DNA markers
in plants. nonmammalian genomic analysis: a practical
guide. Academic Press, New York, pp 73-134

Ravishankar KV, Chaturvedi K, Puttaraju N, Gupta S, Pamu
S (2015) Mining and characterization of SSRs from
pomegranate (Punica granatum L.) by pyrosequencing.
Plant Breeding 134(2):247-254. https://doi.org/10.1111/
pbr.12238

Ribaut JM, De Vicente MC, Delannay X (2010) Molecular
breeding in developing countries: challenges and per-
spectives. Curr Opin Plant Biol 13(2):213-218

Roopa Sowjanya P, Shilpa P, Patil GP, Babu DK,
Sharma J, Sangnure VR, Singh VN (2022) Refer-
ence quality genome sequence of Indian pomegran-
ate cv‘Bhagawa’(Punica granatum L). Front Plant Sci
13:947164. https://doi.org/10.3389/fpls.2022.947164

Ruiz C, Paz Breto M, Asins MJ (2000) A quick methodology
to identify sexual seedlings in citrus breeding programs
using SSR markers. Euphytica 112:89-94. https://doi.
org/10.1023/A:1003992719598

Sagar T, Kapoor N, Mahajan R (2024) Development of
genomic SSR markers for characterization of genetic
diversity in wild pomegranate germplasm. Genet Resour

Crop Evol 71(4):1401-1419. https://doi.org/10.1007/
$10722-023-01703-8

Sanchez-Pérez R, Ruiz D, Dicenta F, Egea J, Martinez-
Goémez P (2005) Application of simple sequence repeat
(Ssr) markers in apricot breeding: molecular characteri-
zation, protection And Genetic Relationships. Scientia
Hortic 103(3):305-315

Sarkhosh A, Zamani Z, Fatahi R, Sayyari M (2009) Antioxi-
dant activity, total phenols, anthocyanin, ascorbic acid
content and woody portion index (wpi) in Iranian soft-
seed pomegranate fruits. Food 3(1):68-72

Schuelke M (2000) An economic method for the fluorescent
labeling of PCR fragments. Nat Biotechnol 18(2):233—
234. https://doi.org/10.1038/72708

Sen F, Erogul D (2012) Adiyaman ilinde yetistirilen ‘Hica-
znar’ nar c¢esidinin depolama siirecindeki kalite
degisiminin belirlenmesi. Siileyman Demirel Univ
Ziraat Fakiiltesi Dergisi 7(2):103-111

Sharmila G, Bhat FA, Arunkumar R, Elumalai P, Singh PR,
Senthilkumar K, Arunakaran J (2014) Chemopreventive
effect of quercetin, a natural dietary flavonoid on pros-
tate cancer in in vivo model. Clin Nutr 33(4):718-726

Shiran B, Amirbakhtiar N, Kiani S, Mohammadi SH, Sayed-
Tabatabaei BE, Moradi H (2007) Molecular charac-
terization and genetic relationship among almond cul-
tivars assessed by RAPD and SSR markers. Sci Hortic
111(3):280-292

Simsek O, Donmez D, Kacar YA (2017) RNA-Seq analysis
in fruit science: A review. Am J Plant Biol 2:1-7

TUIK: https: Turkish Statistical Institute, Crop Production
Statistics, (Accessed at 24 March, 2024). https://biruni.
tuik.gov.tr/bitkiselapp/bitkisel.zul

Valero-Mendoza AG, Meléndez-Renteria NP, Chavez-
Gonzalez ML, Flores-Gallegos AC, Wong-Paz JE,
Govea-Salas M, Ascacio-Valdés JA (2023) The whole
pomegranate (Punica granatum. L), biological proper-
ties and important findings: A review. Food Chem Adv
2:100-153. https://doi.org/10.1016/j.focha.2022.100153

Wang R, Zhong Y, Hong W, Luo H, Li D, Zhao L, Wang
J (2023) Genetic diversity evaluation and core col-
lection construction of pomegranate (Punica grana-
tum L.) using genomic SSR markers. Scientia Hortic
319:112192. https://doi.org/10.1016/j.scienta.2023.
112192

Xu Y, Ma RC, Xie H, Liu JT, Cao MQ (2004) Development
of ssr markers for the phylogenetic analysis of almond
trees from china and the mediterranean region. Genome
47(6):1091-1104. https://doi.org/10.1139/g04-058

Yan M (2024) A chromosome-level reference-quality genome
of Punica granatum L. bioRxiv, 2024-06. https://doi.
org/10.1101/2024.06.02.596999

Yilmaz C (2023) Nar Islahinda Giincel Gelismeler ve Yeni
Nar Cesitleri. International Congresses of Turkish Sci-
ence and Technology Publishing

Yuan Z, Fang Y, Zhang T, Fei Z, Han F, Liu C, Liu M, Xiao
W, Zhang W, Shan W, Zhang M, Youhui J, Huili X, Dai
H, Liu Y, Chen Y, Wang L, Zhou J, Guan D, Yan M, Xia
Y, Huang X, Liu D, Wei H, Zheng H (2018) The pome-
granate (Punica granatum L.) genome provides insights
into fruit quality and ovule developmental biology. Plant

@ Springer


https://doi.org/10.1007/s13562-024-00944-7
https://doi.org/10.1007/s13562-024-00944-7
https://doi.org/10.1016/j.scienta.2012.02.038
https://doi.org/10.1016/j.scienta.2012.02.038
https://doi.org/10.1007/s12298-020-00825-y
https://doi.org/10.1007/s12298-020-00825-y
https://doi.org/10.3389/fpls.2021.645055
https://doi.org/10.3389/fpls.2021.645055
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1111/pbr.12238
https://doi.org/10.1111/pbr.12238
https://doi.org/10.3389/fpls.2022.947164
https://doi.org/10.1023/A:1003992719598
https://doi.org/10.1023/A:1003992719598
https://doi.org/10.1007/s10722-023-01703-8
https://doi.org/10.1007/s10722-023-01703-8
https://doi.org/10.1038/72708
https://biruni.tuik.gov.tr/bitkiselapp/bitkisel.zul
https://biruni.tuik.gov.tr/bitkiselapp/bitkisel.zul
https://doi.org/10.1016/j.focha.2022.100153
https://doi.org/10.1016/j.scienta.2023.112192
https://doi.org/10.1016/j.scienta.2023.112192
https://doi.org/10.1139/g04-058
https://doi.org/10.1101/2024.06.02.596999
https://doi.org/10.1101/2024.06.02.596999

7282

Genet Resour Crop Evol (2025) 72:7269-7282

Biotechnol J 16(7):1363—-1374. https://doi.org/10.1111/
pbi.12875

Yuan, Z. H., Zhao, X. (2017). Pomegranate genetic resources
and their utilization in China. In IV International Sym-
posium on Pomegranate and Minor Mediterranean
Fruits 1254 (pp. 49-56)

Zamani Z, Sarkhosh A, Fatahi R, Ebadi A (2007) Genetic
relationships among pomegranate genotypes studied by
fruit characteristics and RAPD markers. J Hortic Sci
Biotechnol 82(1):11-18. https://doi.org/10.1080/14620
316.2007.11512192

Zarfeshany A, Asgary S, Javanmard SH (2014) Potent health
effects of pomegranate. Adv Biomed Res 3(1):100.
https://doi.org/10.4103/2277-9175.129371

Zeinalabedini M, Khayam-Nekoui M, Grigorian V, Gradziel
TM, Martinez-Gémez P (2010) The Origin and Dis-
semination of the cultivated almond as determined by
nuclear and chloroplast SSR marker analysis. Sci Hortic
125(4):593-601

Zhang Q, Li J, Zhao Y, Korban SS, Han Y (2012) Evaluation
of genetic diversity in Chinese wild apple species along
with apple cultivars using SSR markers. Plant Mol Biol
Report 30:539-546

@ Springer

Zhang J, Yang J, Lv Y, Zhang X, Xia C, Zhao H, Wen C
(2023) Genetic diversity analysis and variety identifica-
tion using SSR and SNP markers in melon. BMC Plant
Biol 23(1):39

Zhao Z, Zhang H, Wang P, Yang Y, Sun H, Li J, Zhao S (2023)
Development of SSR molecular markers and genetic
diversity analysis of Clematis acerifolia from Taihang
mountains. PLoS ONE 18(5):e0285754

Zhebentyayeva T, Reighard G, Gorina V, Abbott A (2003)
Simple sequence Repeat (SSR) analysis for assess-
ment of genetic variability in apricot germplasm. Theor
Appl  Genet 106:435-444.  https://doi.org/10.1007/
$00122-002-1069-z

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1111/pbi.12875
https://doi.org/10.1111/pbi.12875
https://doi.org/10.1080/14620316.2007.11512192
https://doi.org/10.1080/14620316.2007.11512192
https://doi.org/10.4103/2277-9175.129371
https://doi.org/10.1007/s00122-002-1069-z
https://doi.org/10.1007/s00122-002-1069-z

	SSR markers-based molecular characterization and genetic diversity in pomegranate (Punica granatum L.) genotypes
	Abstract 
	Introduction
	Materials and methods
	Plant material and DNA extraction
	PCR analysis and electrophoresis
	Genetic diversity and population structure analyses

	Results
	Genetic diversity of SSR markers among Turkiye pomegranate genotypes
	Molecular characterization of Turkiye pomegranate genotypes
	AMOVA analysis of population

	Discussion
	Polymorphism degree of SSR markers in pomegranate
	Genetic characterization among pomegranate genotypes

	Conclusion
	Acknowledgements 
	References




