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Melon (Cucumis melo L.) is an essential dietary component in Iran and Iraq, making the understanding
of its genetic diversity crucial for breeding and conservation efforts. However, limited studies have
investigated the genetic diversity of melon populations in these regions. This study evaluated the
genetic diversity and population structure of 80 melon genotypes collected from 20 regions across Iran
and Iraq using Inter-Simple Sequence Repeat (ISSR) and Start Codon Targeted (SCoT) markers. A total
of 11 ISSR and 14 SCoT primers generated 166 and 245 fragments, respectively. The mean percentage
of polymorphism was higher for ISSR (77.67%) than SCoT (68.47%). However, SCoT markers exhibited
a higher polymorphic information content (0.438) compared to ISSR markers (0.374), indicating
superior discriminatory power. The resolving power of the primers was comparable between the two
marker systems. Cluster analysis using the Jaccard similarity coefficient and UPGMA algorithm grouped
the genotypes into two and four clusters based on ISSR and SCoT markers, respectively, a pattern
further supported by principal component analysis. Analysis of molecular variance revealed greater
intra-population variation than inter-population variation for both markers. A combined marker
analysis classified the genotypes into three major groups. Overall, our findings indicate that SCoT
markers are more effective than ISSR markers for assessing genetic diversity and population structure
in melon genotypes. This study provides valuable insights for melon breeding and conservation
programs in Iran and Iraq.
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Genetic diversity is a cornerstone of biodiversity and a critical resource for the long-term survival of species in
changing environments'. Understanding the genetic structure of populations provides insights into historical
migration events, gene flow dynamics, and adaptive potential, while also enabling the identification of risks
associated with genetic erosion®’. Genetic erosion, defined as the reduction of genetic diversity in plant
populations, is typically caused by habitat destruction, intensive agriculture with repeated use of commercial
varieties, climate change, and other human pressures. This loss of diversity diminishes populations’ ability to
adapt to environmental stresses and increases their vulnerability to diseases, ultimately threatening their long-
term survival. In regions such as Iran and Iraq, which are significant centers of genetic diversity for certain
species, genetic erosion has also been observed?. Therefore, a comprehensive assessment of genetic diversity and
structure is essential for developing conservation strategies and breeding programs aimed at preserving valuable
genetic resources.

High genetic diversity in plant populations enables breeders to develop improved cultivars with desirable
traits such as stress tolerance and enhanced yield®-8. However, this diversity is not uniformly distributed; it
is influenced by geographic isolation, breeding systems, and anthropogenic factors®. Thus, assessing genetic
diversity in fragmented or isolated populations is crucial for conservation strategies, including targeted breeding
programs and the introduction of genetically diverse germplasm.
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In recent decades, DNA-based molecular markers have become essential for assessing genetic diversity,
phylogenetics, breeding, and genome analysis in plants. Among these, ISSR (Inter-Simple Sequence Repeat) and
SCoT (Start Codon Targeted) markers are widely used due to their specific advantages.

ISSR markers amplify genomic regions between microsatellite repeats using primers anchored to di- or
trinucleotide motifs. They require no prior sequence data and detect high polymorphism with reproducible,
stable banding patterns®!®. ISSRs are effective for biodiversity assessment, genetic mapping, and evolutionary
studies!!"!3. They are technically simple, cost-effective, and more reliable than RAPD or costly AFLP markers,
with high resolving power.

SCoT markers, a newer PCR-based method, target conserved regions flanking the ATG start codon of
protein-coding genes!*. Using single 18-mer primers, they offer higher reproducibility and stability than random
markers like RAPD!>!6, SCoT markers excel in identifying trait-linked genes, genetic mapping, population
studies, and marker-assisted selection!”. They also do not require complete genome sequences, making them
useful in non-model species.

ISSR and SCoT markers were selected due to their complementary characteristics. ISSR markers do not
require prior sequence information and provide high polymorphism and reproducibility, mainly targeting non-
coding regions of the genome with random amplification, making them suitable for diversity assessment. In
contrast, SCoT markers target gene-rich regions and, as a semi-targeted marker with higher discriminative
power and greater functional relevance, provide more biologically meaningful information'®. Combining these
two markers offers a comprehensive view of genetic diversity and population structure.

Many studies have utilized ISSR and SCoT markers together to enhance genomic coverage and improve
the accuracy of polymorphism detection. For instance, Xanthopoulou et al.!®, studied Greek Genebank
collection of summer squash (Cucurbita pepo) landraces, sponge gourd (Luffa cylindrica)®®, Tyagi et al.?
detected genetic diversity and population structure in sponge gourd (Luffa cylindrica); Kumar, J., & Agrawal?!
studied genetic diversity, population structure and sex identification in dioecious crop, Trichosanthes dioica;
Gogoi et al.?? analyzed Clerodendrum species in Northeast India; Abouseada et al.?* assessed wheat cultivars;
Jahangir and Nasernakhaei?* characterized Cressa cretica; Nasri et al.?® evaluated genetic fidelity of in vitro
raised Chrysanthemum plantlets; Elgohary et al.?® authenticated Asteraceae species; Baghizadeh and Dehghan®’
analyzed pistachio cultivars; and Keshavarzi et al.?® investigated rigid ryegrass. These examples illustrate the
wide applicability of combined ISSR and SCoT markers in various plant genetic studies.

Cucumis melo L. (melon), a diploid species (2n=24) within the Cucurbitaceae family, displays remarkable
morphological diversity in fruit size, shape, flavor, and stress adaptability?*3. Originating in Central Asia, melon
landraces have diversified across Mediterranean and Far Eastern regions, developing unique adaptations to local
environmental conditions’. These landraces serve as a vital genetic reservoir for breeding programs aimed at
addressing challenges like climate change and pest resistance. Despite the global agricultural importance of
melon, the genetic diversity of its populations in Iran and Iraq—regions considered part of the species’ center
of origin—has not been adequately studied. Most previous research has focused primarily on Mediterranean or
commercial varieties, leaving a significant gap in understanding the genetic structure of native populations in
West Asia®!2,

Numerous studies have been conducted in Iran and Iraq using various molecular and morphological markers,
primarily covering the central and eastern regions of Iran (such as Khorasan, Semnan, Tehran, Isfahan, and Fars
provinces)**~38 and parts of Iraq (including Baghdad, Basrah, Mosul, and Diyala)***°4%. However, only limited
research has been performed in the Kurdistan region of Iraq using URP, IRAP, SRAP, and CDDP markers?!, and
in Iran, only one study based on morphological traits has been conducted in this region®. Therefore, the present
study represents the first genetic diversity assessment of native melon populations in the Kurdistan region of
Iran and Iraq using ISSR and SCoT markers, providing valuable information for germplasm conservation and
future breeding programs.

This study aims to comprehensively assess the genetic diversity and population structure of 80 native
melon genotypes from western Iran and eastern Iraq using ISSR and SCoT molecular markers. Specifically, the
research seeks to (1) compare the efficiency and discriminatory power of ISSR and SCoT markers in detecting
polymorphisms, (2) analyze the distribution and patterns of genetic diversity within and among populations, and
(3) evaluate the correlation between genetic structure and geographic origin. The central hypothesis posits that
the combined application of these two marker systems will offer a more comprehensive and accurate depiction
of genetic diversity, revealing significant genetic variation influenced by geographic and environmental factors.
Findings from this study are expected to provide valuable insights into the genetic resources of melon at its
center of origin and inform effective conservation strategies and breeding programs aimed at crop improvement.

Methods and materials
Plant materials
A total of 80 melon (Cucumis melo L.) genotypes were analyzed in this study. Seeds were collected from 20
geographically distinct regions, including 7 regions in western Iran (Kurdistan and West Azerbaijan provinces)
and 13 regions in eastern Iraq (primarily within the Kurdistan Region of Iraq) (Fig. 1). Four individual plants
were sampled from each region to capture intra-regional genetic diversity, resulting in 80 genotypes (20
regions x 4 genotypes per region). Sampling was conducted during the 2022 growing season, with seeds collected
from healthy, mature fruits of landrace accessions grown under local farming practices. To minimize sampling
bias, plants were selected at random within each region, spaced at least 500 m apart to reduce clonal or familial
redundancy.

Geographical coordinates (latitude, longitude, altitude) of collection sites, along with population codes and
administrative details, are provided in Table 1. All collected materials were authenticated as Cucumis melo based
on morphological descriptors (e.g., fruit shape, rind texture, and seed morphology) outlined by Kirkbride®.
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Fig. 1. Geographic locations and collection sites of Cucumis melo L. accessions from Iran and Iraq. CM1:
Cm.Ban A, CM2: Cm.Ban B, CM3: Cm.Mah, CM4: Cm.Bok, CM5: Cm.Mar, CM6: Cm.Meh, CM7: Cm.Saq,
CM8: Cm.Ko, CM9: Cm.Sul, CM10: Cm.Haw, CM11: Cm.Har, CM12: Cm.Kar, CM13: Cm.Pen, CM14:
Cm.She, CM15: Cm.Kif, CM16: Cm.Qal, CM17: Cm.Zak, CM18: Cm.Duh, CM19: Cm.Hal, CM20: Cm.Akr.

No | Region Replication | Population code | Latitude (N) | Longitude (E) | Altitude (M)
1 Banehl, Kurdistan, Iran 4 Cm.Ban A 45°47'48/8" | 35°59'19/6" 1800
2 | Baneh2, Kurdistan, Iran 4 Cm.Ban B 46°01'26/3" | 36°0220/1" 1800
3 | Mahabad, Urmia, Iran 4 Cm.Mah 46°38'26/6" | 35°15'19/6" 1400
4 | Bukan, Urmia, Iran 4 Cm.Bok 46°09'57/5" | 36°36'17/6" 1400
5 | Marivan, Kurdistan, Iran 4 Cm.Mar 46°13'21/1" | 35°28'14/5" 1400
6 | Dehglan, Kurdistan, Iran 4 Cm.Meh 47°26'15/7" | 35°17'25/8" 1800
7 | Saghez, Kurdistan, Iran 4 Cm.Saq 46°23'40/3" | 36°17'45/6" 1600
8 | Koye, Kurdistan, Iraq 4 Cm.Ko 44°35'17/9" | 36°01'48/2" 600
9 Sulaymaniyah, Kurdistan, Iraq | 4 Cm.Sul 45°13'24/0° 35°38'45/6 800
10 | Hewlér, Kurdistan, Iraq 4 Cm.Haw 46°26'43/0° | 34°53'13/2 400
11 | Harir, Kurdistan, Iraq 4 Cm.Har 44°19'56/4" | 36°33'07/0" 800
12 | Kerkiik, Kurdistan, Iraq 4 Cm.Kar 44°27'53/7" | 35°43'12/2" 400
13 | Penjwin, Kurdistan, Iraq 4 Cm.Pen 45°58'08/7" | 35°38'44/4" 1400
14 | Shekhan, Kurdistan, Iraq 4 Cm.She 43°23'43/1" | 36°42'27/8" 600
15 | Kifri, Kurdistan, Iraq 4 Cm.Kif 44°54'21/7" | 34°40'02/8" 200
16 | Qaladze, Kurdistan, Iraq 4 Cm.Qal 45°13'09/2" | 36°10'06/0" 600
17 | Zakho, Kurdistan, Iraq 4 Cm.Zak 42°47'03/8" | 37°09'59/5" 600
18 | Dohuk, Kurdistan, Iraq 4 Cm.Duh 43°00'38/5" | 36°47'44/8" 600
19 | Helebce, Kurdistan, Iraq 4 Cm.Hal 45°56'32/1" | 35°13'43/3" 1000
20 | Akre, Kurdistan, Iraq 4 Cm.Akr 43°44'07/2" | 34°36'02/5" 600

Tablel. Characteristics of collecting regions and populations of melon in Iran and Iraq.

The melon seeds were cultivated in the agricultural research greenhouses of the Kurdistan University. Seeds
of each genotype were sown in 1-L pots containing a mixture of soil, sand, and manure in a ratio of 1:1:1. After
seed germination, samples were taken from young leaves of each genotype at the 2-3 leaf stage and stored in a
-50 °C freezer until DNA extraction.
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Molecular experiments

DNA extraction

Genomic DNA was extracted using a modified CTAB protocol*?, which incorporated 1% polyvinylpyrrolidone
(PVP) into the extraction buffer to eliminate polyphenolic compounds commonly found in melon leaves, along
with sthe addition of saturated phenol to the washing buffer thereby improving DNA quality and yield. Fresh
leaf tissue (0.2 g) was ground in liquid nitrogen until fully powdered. The powdered tissue was transferred to a
2 mL microtube, followed by the addition of 1 mL extraction buffer (comprising 2% CTAB, 100 mM Tris-HCI
(pH 8.0), 20 mM EDTA, 1.4 M NaCl, and 1% PVP) and 10 pL B-mercaptoethanol. After vortexing, the samples
were incubated in a water bath at 65 °C for 1 h, with gentle inversion every 15 min.

Subsequently, 1 mL of phenol:chloroform:isoamyl alcohol (25:24:1) was added, and the mixture was gently
inverted for 15-20 min, followed by centrifugation at 13,000 rpm for 15 min to achieve phase separation. The
aqueous phase was carefully transferred to a new 1.5 mL microtube, and DNA was precipitated by adding 60 uL
of 3 M sodium acetate and 600 pL of cold isopropanol. Samples were incubated at —20 °C for 24 h.

Following precipitation, the DNA was pelleted by centrifugation at 10,000 rpm for 5 min at 15 °C. The
supernatant was discarded, leaving only the white DNA precipitate. The pellet was washed with 1 mL of 70%
ethanol, incubated at room temperature for 15 min, and centrifuged at 10,000 rpm for 8 min. The ethanol was
completely removed, and the DNA pellet was air-dried at 37 °C. Finally, the DNA was resuspended in 40 pL of
TE buffer and stored at -20 °C. The quality and quantity of the extracted DNA were assessed using a Nanodrop
spectrophotometer and 1% agarose gel electrophoresis.

142

PCR reactions and marker analyses
To optimize PCR amplification, two DNA samples from each population were selected for preliminary primer
evaluation to identify those yielding clear band profiles while excluding primers that produced low-quality or
weak bands. Out of the 19 SCoT and 15 ISSR primers tested, 14 SCoT primers and 11 ISSR primers generated
distinct and consistent bands and were subsequently used for the final amplifications (Table 2). Polymerase
chain reaction was performed using a thermocycler (Bio-Rad T100, USA) in a volume of 10 pl. Each reaction
contained the following materials: 1 L PCR buffer (10x), 0.5 uL MgCl, (50 mM), 0.2 uL. dNTPs (10 mM), 1
uL primer (10 pmol/ pL), 0.11 pL DNA Taq polymerase enzyme (10 u/ uL), 20 ng genomic DNA per reaction
(1 pL of 20 ng/ pL stock) and 6.19 pL double-distilled water. The PCR thermal cycle was as follows: 1 cycle of
initial denaturation at 94 °C for 4 min, followed by 35 cycles of denaturation at 94 °C for 45 s annealing at the
primer-specific temperatures (Tm) as listed in Table 2 for 1 min, extension at 72 °C for 1.5 min, and 1 cycle of
final extension at 72 °C for 10 min. A 1.7% agarose gel electrophoresis was used to determine the quality and
analyze of PCR products.

Table 2 shows the sequences of SCoT and ISSR primers synthesized by CinnaGen Company, Tehran, Iran.
The selection of primers was based on previous studies, focusing on those primers with the highest gene location
and the highest number of polymorphic bands**-%°.

Band scoring and data analysis

After PCR, bands appearing on the agarose gel were scored. Since the markers used were dominant, amplified
bands were scored for the presence of a band (1) and the absence of a band (0). Scoring was done manually and
only for clearly visible bands. For each marker, the total number of bands produced (TB), polymorphic bands
(PB), the monomorphic bands (MB), and the percentage of polymorphism bands (PPB%) were determined
using Excel 2016. Additionally, the polymorphic information content (PIC) (Roldan-Ruiz et al., 2000) was
calculated online using the Gene Calc tool (https://gene-calc.pl/pic) based on the equation PIC=2fi(1- fi).

SCoT primers ISSR primers

No | Primers | Sequence (5'>3') TM (°C) | No | Primers | Sequence (5'>3’) | TM (°C)
1 |S1 CAACAATGGCTACCACCA |52 1 | UBC-812 | (GA)8 A 52

2 |83 CAACAATGGCTACCACCG | 52 2 | UBC-823 | (TC)8C 52

3 S4 CAACAATGGCTACCACCT | 50.7 3 UBC-824 | (TC)8 G 50.7
4 |S5 CAACAATGGCTACCACGA | 52 4 | UBC-825 | (AT)8T 52

5 |S7 CAACAATGGCTACCACGG | 51.5 5 | UBC-835 | (AG)8 YC 51.5
6 S9 CAACAATGGCTACCAGCA | 52 6 UBC-841 | (GA)8 YC 51

7 |S10 CAACAATGGCTACCAGCC | 53 7 | UBC-842 | (CT)8 YG 53

8 | S11 AAGCAATGGCTACCACCA |53 8 | UBC-853 | (TC)8 RT 53

9 S13 ACGACATGGCGACCATCG | 58 9 UBC-861 | 6(ACC) 58
10 |S14 ACGACATGGCGACCACGC | 57 10 | UBC-873 | (GACA)4 57
11 |S17 ACCATGGCTACCACCGAG | 55 11 | UBC-876 | (GATA)2(GACA)2 | 55
12 | 8§21 ACGACATGGCGACCCACA |55

13 | S22 AACCATGGCTACCACCAC | 54

14 |S23 CACCATGGCTACCACCAG | 56

Table 2. SCoT and ISSR primers specifications.
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The effective multiplex ratio (EMR) was calculated using the equation the EMR=NP x 3, where §=NP/N,
NP is the number of polymorphic bands, and N refers to the number of amplified bands. The marker index
(MI), which represents the degree of polymorphism and serves as an indicator a marker efficiency in assessing
unknown germplasms, was calculated using the formula MI=PIC x EMR. The resolving power (RP) of primers
was calculated using the RP=XI, formula. The value of Ib, which ranges from 0 to 1, is calculated as follows:
I, =1-[2x(0.5-p)].

Genetic diversity within and between populations was assessed using analysis of molecular variance
(AMOVA) for ISSR and SCoT markers using GenAlEx 6.5 software’®. For cluster analysis, dendrograms
were constructed using the Jaccard similarity coefficient and the UPGMA method, utilizing PAST software®’.
Additionally, principal coordinate analysis (PCoA) was performed to identify relationships between populations
and species, also using PAST software.

Population structure was inferred using a Bayesian clustering approach implemented in STRUCTURE
v2.3.4*8%° This method probabilistically assigns individuals to subpopulations (K) while estimating allele
frequencies and admixture proportions. The analysis involved 10 independent runs for each K value (ranging
from 1 to 10), with a burn-in period of 50,000 iterations followed by 500,000 Markov Chain Monte Carlo
(MCMC) iterations under the admixture model with independent allele frequencies. Convergence of the
MCMC chains was assessed by examining the stability of log-likelihood values across iterations and ensuring
that multiple independent runs yielded consistent results. The optimal K value was determined using both the
log probability of the data [LnP(D)] and the AK statistic®, calculated via the Structure Harvester web platform®!.

Results

SCoT and ISSR banding profiles

Genetic diversity among 80 melon genotypes from 20 populations in western Iran and the Kurdistan Region
of Iraq was assessed using 14 SCoT and 11 ISSR primers. Figure 2 shows representative banding profiles of
SCoT17 and UBC812 primers. SCoT markers demonstrated superior amplification performance, generating
245 total fragments with 77.67% polymorphism. Band production varied considerably among primers, with
SCoT4, SCoT14, and SCoT23 producing the highest number of total bands (22 each), while SCoT3 produced
the fewest (13). For polymorphic bands, SCoT23 generated the highest number (22), followed by SCoT4 (19).
Complete polymorphism (100%) was achieved by three primers (SCoT3, SCoT5, and SCoT23), whereas SCoT21
showed notably lower polymorphism at 40% (Table 3). ISSR primers generated 166 fragments with 68.67%
polymorphism. Performance variation was evident, with UBC-876 producing the most bands and UBC-825 the
fewest. Two primers (UBC-825 and UBC-853) achieved complete polymorphism, while UBC-812 and UBC-835
showed the lowest polymorphism rates at 50% (Table 4). The high overall polymorphism rates observed with
both marker systems underscore substantial genetic diversity within the studied germplasm.

Genetic indices

Polymorphic information content (PIC) values served as a key measure of marker informativeness and
discriminatory power. SCoT markers showed PIC values ranging from 0.198 to 0.498, with an average of 0.435,
indicating high genetic informativeness across most primers. The lowest PIC value was observed for primer
SCoT21 (0.198), reflecting its limited ability to detect polymorphisms, while primers SCoT11 and SCoT23
exhibited the highest PIC values (0.498), demonstrating maximum discriminatory power. ISSR markers

A

Fig. 2. Amplification profile of melon accessions collected from Iran and Iraq using (A) S17 SCoT primer and
(B) UBC-812 ISSR primer. The middle line represents 1 kb molecular weight ladder.

Scientific Reports |

(2026) 16:1715 | https://doi.org/10.1038/s41598-025-31312-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Primer ‘ TB | PB | MB | PPB% | PIC | EMR MI | RP
S1 17 8 9 47.05 |0.426 | 3.76 | 1.61 21.37
S3 13 13 0 100 0.475 | 13.00 | 4.76 3.067
S4 22 19 3 88.26 | 0.470 | 16.41 | 7.72 27.32
S5 15 15 0 100 0.491 | 15 7.38 20.32
S7 18 15 3 83.33 | 0.370 | 12.50 | 4.63 27.17
S9 16 13 3 81.25 | 0.426 | 10.56 | 4.50 22.15
S10 16 13 3 81.25 | 0.486 | 10.56 | 5.24 20.92
S11 15 14 1 93.33 | 0.498 | 13.07 | 6.51 15.75
S13 20 14 6 70 0.478 | 9.80 | 4.05 28.3
S14 22 11 11 |50 0.401 | 550 |2.21 31.77
S17 17 14 3 82.35 |0.494 | 11.53 | 5.70 17
S21 15 6 9 40 0.198 | 2.4 0.48 26.65
S22 17 12 5 70.58 |0.385 | 8.47 |3.26 25.12
S23 22 22 0 100 0.498 | 22.00 | 6.41 23.29
Total 245 189 |56 6.096 | 154.5 | 64.03 310.0
Average | 17.5 135 | 4 77.67 |0.435 | 11.04 | 4.57 22.15

Table 3. Diversity indices obtained for SCoT primers on 80 melon accessions collected from Iran and Iraq
countries. TB = Total number of bands, PB = Number of polymorphic bands, MB =Number of monomorphic
bands, PPB =% of polymorphism, PIC = Polymorphic information content, Rp =Resolving Power, MI = Marker
index.

Primer |TB PB MB | PPB% | PIC | EMR | MI RP

UBC812 | 14 7 7 50 0.385 | 3.50 | 1.34 21.75
UBC823 | 13 7 6 53.84 |0.365 |3.76 | 1.37 19.85
UBC824 | 15 12 3 80 0.351 [ 9.60 |3.36 24.75
UBC825 | 10 10 0 100 0.387 | 10.00 | 3.87 12.77
UBC835 | 14 7 7 50 0.461 | 3.50 | 1.61 23.82
UBC841 | 15 9 6 60 0215 | 5.4 1.161 | 24.52
UBC842 | 15 9 6 60 0.298 | 2.88 |0.85 29.62
UBC853 | 16 16 0 100 0.224 | 16 3.58 20.25
UBC866 | 16 11 5 58.75 |0.264 | 7.56 |3.51 22.57
UBC873 | 17 15 2 88.24 |0.483 | 13.24 | 6.39 20.00
UBC876 |21 11 10 52.38 |0.484 | 576 |2.79 34.05
Total 166 114 52 391 | 812 |29.85|253.95
Average |15.09 | 10.36 | 4.72 | 68.47 |0.356 |7.38 |2.71 23.08

Table 4. - Diversity indices obtained for ISSR primers on 80 melon accessions collected from Iran and Iraq
countries. TB = Total number of bands, PB = Number of polymorphic bands, MB =Number of monomorphic
bands, PPB =% of polymorphism, PIC = Polymorphic information content, Rp = Resolving Power, MI = Marker
index.

displayed a similar pattern but with generally lower values, averaging 0.356 and ranging from 0.215 (UBC-841)
to 0.484 (UBC-876). These PIC values indicate that both marker systems are highly informative, with SCoT
markers showing slightly superior performance in genetic discrimination (Tables 3 and 4).

The effective multiplex ratio (EMR) and marker index (MI) provided additional insights into marker
efficiency and overall informativeness. SCoT markers showed considerable variation in EMR, ranging from 2.4
(SCoT21) to 22 (SCoT23), with primer SCoT4 displaying the highest MI value (7.72) and SCoT21 the lowest
(0.48). The average MI for SCoT markers was 4.57, reflecting their overall efficiency in detecting genetic variation.
ISSR markers demonstrated more consistent performance, with EMR values averaging 7.38 and ranging from
2.88 (UBC-842) to 16 (UBC-853). The average MI for ISSR markers was notably higher at 2.71, with UBC-873
showing the highest MI value (6.39) and UBC-842 the lowest (0.85).

Resolving power (Rp) analysis revealed complementary strengths between the two studied marker systems.
For SCoT markers, the mean Rp was 22.15 for, SCoT14 exhibiting the highest value (31.77) and SCoT3 the
lowest (3.067). In contrast, ISSR markers showed a higher mean Rp 23.08, ranging from 12.77 (UBC-825) to
34.05 (UBC-876). This higher resolving power suggests that ISSR markers may be particularly effective for fine-
scale genetic differentiation and phylogenetic analyses (Tables 3 and 4).
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SCoT markers proved more effective overall for genetic diversity assessment, generating more total bands
(245 vs. 166) with higher polymorphism rates (77.67% vs. 68.47%) and superior discriminatory power (average
PIC=0.435 vs. 0.356). The average number of polymorphic bands per primer was also higher for SCoT markers
(13.5) compared to ISSR markers (10.36). Nevertheless, ISSR markers compensated with superior resolving
power and higher MI values, indicating their utility for specific applications requiring enhanced resolution.
These complementary characteristics highlight the value of combining both marker systems in comprehensive
genetic diversity studies, with SCoT markers being particularly valuable for breeding programs and germplasm
characterization due to their higher informativeness and polymorphism detection capacity.

Molecular variance
Analysis of molecular variance (AMOVA) revealed distinct patterns of genetic variation within and among
melon populations using ISSR and SCoT markers (Table 5). For the ISSR marker, inter-population variation
accounted for 40% of total genetic variance (SS=514.738, Est. Var.=4.928), while intra-population variation
contributed 60% (SS=442.750, Est. Var.=7.379). The corresponding fixation index (PhiST =0.40), equivalent to
Fst for dominant markers, indicates high population differentiation according to Wright's classification. Similarly,
the SCoT marker showed that inter-population variation represented 38% of total variance (SS=1091.800,
Est. Var.=10.265), with intra-population variation dominating at 62% (SS=984.250, Est. Var.=16.404). The
corresponding FST value of 0.385 also reflects substantial genetic differentiation among populations. When
data from both markers were pooled, inter-population variation decreased slightly to 39% (SS=1606.538, Est.
Var.=15.193), while intra-population variation remained predominant at 61% (SS = 1427.000, Est. Var.=23.783).
The combined Fst value of 0.39 confirms high genetic differentiation among melon populations, indicating
limited gene flow and significant population structure. These Fst values (0.38-0.40) fall within the range
considered indicative of very high genetic differentiation (Fst>0.25), suggesting that geographic isolation and/
or local adaptation have contributed to substantial population divergence in the studied melon germplasm.

Principal coordinate analysis (PCoA)

The Principal Coordinate Analysis (PCoA) revealed patterns of genetic relationships among melon accessions
using different marker systems. However, though the first two axes captured relatively low proportions of total
variance (20.65-25.50%), which is typical in high-dimensional genetic datasets and may limit the resolution of
finer-scale structure (Fig. 3). In the SCoT-based analysis (Fig. 3A), the first two principal coordinates explained
22.104% of the total variation (PC1 =14.289%, PC2=7.815%).

The plot suggested separation of the accessions into four main groups: Group 1 comprised populations
from Sulaymaniyah, Akre, Dehglan, and part of Dohuk; Group 2 included populations from Harir, Saghez,
Bukan, Baneh1, Hewlér, and Koye; Group 3 contained populations from Penjwin, Bukan, Kerkiik, Shekhan, and
Marivan; while Group 4 consisted of Qaladze, Kifri, Baneh2, Zakho, Mahabad, and Dohuk populations.

The ISSR marker analysis (Fig. 3B) accounted for 25.50% of the total variation in the first two coordinates
(PC1=15.591%, PC2=9.909%). This analysis revealed two major clusters with suggested population structuring,
demonstrating a different pattern of genetic relationships compared to the SCoT markers.

The combined SCoT +ISSR analysis (Fig. 3C) explained 20.65% of total variation (PC1=13.338%,
PC2=7.3125%) and revealed three suggested groups. The first group comprised populations from Qaladze,
Kifri, Zakho, Baneh2, Mahabad, Akre, Dehglan, Dohuk, and Sulaymaniyah; the second group included Banehl,
Saghez, Koye, Helebce, Harir, and Hewlér; and the third group contained populations from Shekhan, Kerkiik,
Penjwin, Bukan, and Marivan. This combined analysis provided a more comprehensive view of population
structure, suggesting that the integration of both marker systems offered complementary information for
understanding genetic relationships among the studied melon populations, consistent with patterns observed in
cluster analysis despite the limited variance explained by the primary axes.

Cluster analysis

The hierarchical cluster analysis suggested distinct patterns of genetic relationships, with varying levels of genetic
distance among melon populations. The SCoT-based dendrogram (Fig. 4A) demonstrated higher resolution,
separating populations into five well-defined clusters with genetic distances ranging from approximately 0.525-

Marker | Source df | SS MS Est. Var | Variation (%) | Fst

Inter population | 19 | 514.738 | 27.091 | 4.928 | 40% 0.40
ISSR Intra population | 60 | 442.750 | 7.379 | 7.379 | 60%

Total 79 | 957.488 12.307 100%

Inter population | 19 | 1091.800 | 57.463 | 10.265 | 38% 0.38
SCoT Intra population | 60 | 0984.250 | 16.404 | 16.404 | 62%

Total 79 | 2076.050 26.669 100%

Inter population | 19 | 1606.538 | 84.555 | 15.193 | 39% 0.39
ISSCS%T * | Intra population | 60 | 1427.000 | 23.783 | 23.783 | 61%

Total 79 | 3033.538 38.976 100%

Table 5. Analysis of molecular variance (AMOVA) for melon populations using markers ISSR, SCoT,
SCoT +ISSR.
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Fig. 3. PCoA biplot of melon populations based on (A) SCoT, (B) ISSR and (C) SCoT +ISSR data.

0.975. The first and largest cluster showed the closest genetic relationships (distance =~ 0.525-0.650) among
populations from geographically proximate regions, including Helebce, Banehl, Koye, Saghez, Harir, and
Hewlér, suggesting possible gene flow between these populations. This cluster also included populations from
more distant locations (Kifri, Qaladze, Zakho, Mahabad, Baneh2, Dohuk, Akre, Dehglan, and Sulaymaniyah),
indicating potential historical connections or similar selection pressures.

The ISSR-based dendrogram (Fig. 4B) revealed five clusters with genetic distances ranging from 0.75 to 6.0,
indicating broader genetic differentiation compared to SCoT markers. The clustering pattern partially aligned
with geographical distribution, particularly evident in the first cluster, where populations from northern regions
(Helebce, Banehl, Koye, Saghez) grouped together. The second cluster predominantly included populations
from central and eastern regions (Kifri, Qaladze, Zakho, Dohuk).

The superior performance of SCoT markers in clustering analyses can be attributed to several factors: more
consistent clustering patterns aligned with geographical distribution, better resolution of genetic relationships
at both close and distant genetic distances, more stable clustering patterns with fewer singleton groups, and a
higher correlation with known ecological and geographical boundaries. The clustering results revealed three
main centers of genetic diversity: the northern region, dominated by closely related populations (e.g., Helebce,
Banehl, Koye); the central region, characterized by intermediate genetic distances and a mixed population
structure; and the eastern region, which exhibited higher genetic differentiation and unique genetic profiles.
This pattern of genetic structuring likely reflects a combination of historical population movements and current
ecological adaptations, with SCoT markers proving particularly effective in capturing these relationships.

Population structure

Model-based clustering analysis, based on the Bayesian statistical indices, seeks to elucidate the populations
distance structure. It was assumed that the ancestry model is of admixture type and the allele frequency model
is continuous, with k ranging from 1 to 10 (where k indicates the number of populations). The STRUCTURE
analysis identified the optimal number of genetic clusters as K=5 for SCoT, K=3 for ISSR, and K=6 for the
combined dataset. These clusters did not show complete isolation according to the provinces or locations from
which the genotypes were collected. The observing mixing in the germplasm suggest that the studied genotypes
are of admixture type. Additionally, allelic frequencies may be similar across different populations due to
migration or common ancestry. The results of grouping the studied genotypes into genetically distinct subgroups
using STRUCTURE software are presented in Fig. 5. The AK values, calculated using the Evanno method™,
exhibited distinct peaks indicating the optimal number of subpopulations (Fig. 5a). Specifically, for SCoT
markers, AK reached its maximum at K=5, supporting a division into five subpopulations. For ISSR markers,
the highest AK occurred at K=3, indicating three subpopulations. In the combined SCoT +ISSR dataset, the
peak AK was observed at K=6, suggesting six subpopulations. The corresponding ancestry proportions and
subpopulation assignments for each optimal K are illustrated in the bar plots (Fig. 5b).
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Fig. 4. Cluster analysis of melon populations based on (A) SCoT and (B) ISSR markers.

Discussion
Molecular markers such as ISSR and SCoT are essential for elucidating genetic diversity in crops with complex
population structures, such as melon (Cucumis melo L.). In this study, we comprehensively evaluated the
utility of these markers in characterizing 80 genotypes from Iran and Iraq, regions that represent a critical
yet understudied reservoir of melon diversity. Our findings indicate that SCoT markers demonstrate notable
efficiency, exhibiting higher polymorphism (77.67% vs. 68.47%), polymorphic information content (PIC: 0.435
vs. 0.356), and marker index (MI: 4.57 vs. 2.71) compared to ISSR markers. However, further studies with a
larger number of primers are needed to confirm the definitive superiority of these markers.

These results align with findings in summer squash (Cucurbita pepo)'®, sponge gourd (Luffa cylindrica)®,
and pointed gourd (Trichosanthes dioica)?!, where SCoT’s gene-targeted primers provided enhanced resolution
of genetic relationships. The higher MI and effective multiplex ratio (EMR) of SCoT markers (4.57-11.04 vs.
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Fig. 5. (a) Determining the structure of populations based on the K index with the aim of determining the
appropriate number of groups based on markers of SCoT, ISSR, SCoT +ISSR. (b) Population structure of 80
genotypes of melon species based on SCoT, ISSR, SCoT +ISSR markers analyzed in Structure software and
Bayesian statistical index. The numbers on the horizontal axis indicate the code of the 80 genotypes and the
numbers on the vertical axis indicate the membership coefficient of each individual to the subpopulations.
Each color indicates a subpopulation.

ISSR’s 2.71-7.38) reflect their ability to amplify functional regions near start codons, capturing loci under
selection pressure and thus offering greater relevance for breeding programs!*%%. Recent reviews on marker
systems emphasize SCoT’s reproducibility and functional relevance, particularly in non-model crops, due to its
alignment with conserved gene regions involved in stress responses and developmental traits>**%. Conversely,
while ISSR markers are cost-effective for preliminary screening, they exhibited slightly higher resolving power
(Rp=23.08 vs. SCoT’s 22.15), likely due to their reliance on hypervariable microsatellite regions, which may
suffer from homoplasy or uneven genome coverage®*°.

Analysis of molecular variance (AMOVA) revealed that intra-population diversity (60-62%) significantly
exceeded inter-population variation (38-40%) for both markers. This pattern is consistent with cross-pollinated
species, where gene flow and local adaptation drive heterogeneity within populations®. This trend mirrors
findings in Diospyros®* and Lasiurus sindicus®®, where anthropogenic practices, such as seed mixing and
ecological pressures (e.g., drought, soil variability), have amplified within-population diversity. The higher total
estimated variance for SCoT (26.669) compared to ISSR’s (12.307) highlights its robustness in capturing subtle
genetic subdivisions, likely due to its alignment with conserved gene regions®. A combined marker analysis
reduced inter-population variation to 39%, suggesting complementary strengths: ISSR’s broad genome coverage
and SCoT’s specificity for functional locus synergize to resolve complex population dynamics®*. Similar
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integrative approaches in Cucurbita pepo® and Citrullus lanatus®? have effectively captured both neutral and
adaptive genetic variation, which is critical for breeding climate-resilient varieties.

Principal coordinate analysis (PCoA) and cluster analysis supporting evidence for the effectiveness of SCoT
markers in grouping genotypes. SCoT suggested the grouping of genotypes into four clusters that partially
corresponded with geographic origins—northern (e.g., Helebce, Baneh1), central (mixed structure), and eastern
(unique profiles)—while ISSR produced overlapping groups. However, though interpretations are tempered by
the relatively low variance explained by the primary PCoA axes (20.65-25.50%), with consistency observed
across complementary cluster analyses.

These findings align with studies in Dendrocalamus manipureanus®® and Clerodendrum serratum?®?, where
SCoT markers resolved ecogeographic patterns linked to historical migration and localized adaptation. The
combined use of marker uses improved resolution, dividing genotypes into three groups, a strategy advocated
for complex diversity studies®*®. The UPGMA dendrogram, supported by Jaccard similarity coefficients,
corroborated these findings, with SCoT outperforming ISSR in grouping accuracy. Such precision is critical for
breeding programs, particularly in cross-pollinated species like melon, where heterosis exploitation relies on
selecting parents with maximal genetic distance®®®”. In Cucumis sativus, similar clustering patterns using SCoT
markers have been linked to fruit quality traits, demonstrating their utility in trait-assisted selection®®.

Population structure analysis revealed significant admixture among Iranian and Iraqi genotypes, suggesting
historical gene flow or shared ancestry. The delta K method® identified three optimal subpopulations, while
SCoT marker system detected finer subdivisions—a trend observed in Aegilops triuncialis®® and Andrographis
paniculata®. The integration of STRUCTURE and UPGMA analyses provided complementary insights
into population genetic structure. STRUCTURE bar plots (Fig. 5b) demonstrated extensive admixture, with
many individuals showing ancestry from multiple subpopulations (average admixture coefficient>0.3 across
populations), whereas the UPGMA dendrogram (Fig. 4) identified three distinct genetic clusters. This apparent
methodological inconsistency requires careful interpretation: UPGMA clustering, based on genetic distance
matrices, emphasizes overall genetic similarity and creates discrete hierarchical separations, effectively “forcing”
individuals into distinct groups regardless of admixture levels. In contrast, STRUCTURE employs a model-based
Bayesian approach that probabilistically assigns individuals to populations while simultaneously estimating
admixture proportions, thereby capturing the continuous nature of gene flow and shared ancestry.

To reconcile these contrasting patterns, we propose that the UPGMA dendrogram reflects the underlying
population structure (three main genetic lineages), while STRUCTURE reveals the dynamic processes (gene
flow and admixture) that have modified this basic structure over time. The extensive admixture detected by
STRUCTURE (with many individuals showing less than 70% assignment to any single cluster) indicates that
while distinct genetic lineages exist, they are not reproductively isolated. This pattern is particularly evident in
genotypes from border regions between Iran and Iraq, which showed intermediate assignments in STRUCTURE
but were placed in discrete clusters by UPGMA. Such patterns are common in outcrossing crops like melon,
where human-mediated seed exchange may maintain gene flow while geographic or ecological barriers create
partial structuring’®. This methodological complementarity strengthens our interpretation: the populations
exhibit hierarchical genetic structure with significant ongoing gene flow, a pattern consistent with melon’s
breeding system and cultivation history in the region.

This admixture likely reflects human-mediated seed exchange or overlapping cultivation zones, as
documented in bamboo®® and Juniperus’!. Notably, the northern populations (e.g., Kurdistan, West Azerbaijan)
exhibited closer genetic ties, possibly due to shared agroclimatic conditions or traditional farming practices that
facilitate seed exchange. In contrast, eastern populations demonstrated higher differentiation, potentially due to
isolation by mountain ranges or divergent selection pressures®!72.

Reconciling these results suggests that while distinct genetic clusters exist, they are not isolated; rather, they
are connected through moderate levels of admixture. This finding which has implications for conservation,
highlighting the need to preserve gene flow corridors. A recent study on Neolitsea seicea landraces in Eastern
Asia” similarly identified geographic barriers as key drivers of population divergence, reinforcing the role of
landscape features in shaping genetic structure.

While ISSR markers remain valuable for rapid, low-cost screening, SCoT’s stability, reproducibility, and
functional relevance make it preferable for detailed germplasm characterization. This study, the first to integrate
ISSR and SCoT markers for melon diversity in Iran and Iraq, provides a robust framework for conserving
landraces and guiding marker-assisted breeding. Future efforts should prioritize on: 1) Trait-linked studies
that associate marker-derived diversity with agronomic traits (e.g., drought tolerance, fruit quality) to identify
adaptive alleles, as demonstrated in Cucumis melo by Dilipan and Nisha’*, who linked SCoT markers to salinity
tolerance; 2) Genomic expansion to develop additional SCoT primers that cover untapped genomic regions
and improve linkage mapping, leveraging advances in functional genomics”; and 3) Conservation strategies
that target eastern populations with unique genetic profiles for in situ preservation to mitigate genetic erosion,
following successful models in Citrullus colocynthis’®. By bridging the gap between molecular data and practical
breeding, this work advances efforts to enhance melon resilience in the face of climate change and global food
security challenges, aligning with global initiatives to conserve crop wild relatives.

Although 11 ISSR and 14 SCoT primers provided sufficient polymorphic and informative loci for robust
diversity and population structure analyses, we acknowledge that the total number of primers limits the
breadth of genome coverage. These primers were selected after preliminary screening for reproducibility and
polymorphism from larger sets of 50 ISSR and 40 SCoT primers, ensuring high informativeness. Nevertheless,
increasing the number of primers or integrating additional marker systems (e.g., SNP-based genotyping) could
provide finer resolution and more comprehensive coverage of the melon genome in future studies. Moreover,
combining the present marker data with morphological evaluations and their associations would enhance the
utility of the results for breeding and conservation purposes. Such an integrative approach will yield a more
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comprehensive understanding of diversity patterns and facilitate the identification of marker-trait associations
for targeted breeding and conservation strategies.

Conclusion

Molecular marker studies such as ISSR and SCoT play a pivotal role in identifying intra-specific genetic diversity
and enabling precise differentiation among various genotypes. In this study, melon genotypes from Iran and
Iraq—regions known as valuable reservoirs of indigenous landraces—were investigated. The obtained results
elucidated the genetic structure and level of differentiation among these genotypes, highlighting the presence
of unique genetic resources likely shaped by regional cultivation history and restricted gene flow across
geographical borders. These findings may serve as a foundation for future research focused on selecting suitable
parental lines for hybridization and breeding programs. However, to accurately evaluate the potential of local
landraces in traits such as stress tolerance or high yield, phenotypic and field evaluations will be essential in
subsequent stages. Moreover, integrating molecular data with farmers’ traditional knowledge can contribute to
the conservation of genetic diversity and the advancement of sustainable agriculture under changing climatic
conditions.

Data availability
The authors confirm that the data supporting the findings of this study are available within the article and/or its
supplementary materials.
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