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Dimitrios Taskos 3 , Salama El Fatehi 5 , Nouhaila Dihaz 5, Theodora Pitsoli 3, Vladimir Meglič 1 ,
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Abstract

Traditional Mediterranean grapevine landraces represent irreplaceable reservoirs of adap-
tive diversity, yet many regional germplasm pools remain poorly characterized, limiting
conservation strategies and climate-resilient breeding. This study presents the first compar-
ative genetic assessment of 154 local Vitis accessions from three historically interconnected
but genomically underrepresented Mediterranean regions: Greece, Morocco, and Slove-
nia. Using 12 highly polymorphic nuclear SSR markers, we detected substantial genetic
diversity (168 alleles; mean heterozygosity He = 0.881) with distinct regional signatures.
Moroccan accessions exhibited the highest allelic richness and 11 private alleles, reflecting
diverse agroecological adaptation. Slovenian germplasm formed a cohesive, genetically
stable cluster with high effective allele numbers. Greek accessions exhibited the highest
observed heterozygosity and 14 private alleles, consistent with the Aegean’s role as a major
diversification hotspot. Despite >90% of variance occurring within individuals, AMOVA
and pairwise FST (0.050–0.061) revealed low to moderate but significant geographic dif-
ferentiation. Multivariate analyses (PCA, UPGMA) and Bayesian clustering (sNMF, K = 3)
consistently resolved three regional genetic groups with varying admixture levels, consis-
tent with a mosaic domestication model, as previously proposed for the Mediterranean
basin, shaped by recurrent introductions, wild introgression, and region-specific selec-
tion. Our results show that peripheral Mediterranean germplasm harbors meaningful,
regionally distinctive, substantial, non-redundant diversity not fully represented in sur-
veys focused on climate adaptation, disease resistance breeding, and long-term genetic
resource conservation. These findings challenge simplistic diffusion models and empha-
size the strategic importance of geographically comprehensive sampling in grapevine
conservation programs.
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1. Introduction
Grapevine (Vitis) is both a lasting symbol of agricultural heritage and a cornerstone of

the global agroeconomy, supporting a viticulture and winemaking sector valued at over
USD 300 billion annually, with the global wine market estimated at approximately USD
549 billion in 2025 [1–3]. Domesticated about 8000 years ago from its wild ancestor V.
vinifera subsp. sylvestris, the species has spread along ancient trade routes and maritime
networks, creating a geographically structured genetic mosaic shaped by centuries of
human selection, ecological adaptation, and cultural exchange [4]. However, this rich
genetic legacy is increasingly at risk. Modern viticulture depends on a limited set of
commercial cultivars propagated clonally, while traditional varieties, often adapted to
specific terroirs and environmental conditions, are being marginalized, especially under
the combined pressures of climate change and industrial agriculture [5–8].

The Mediterranean basin, recognized as the birthplace of grape cultivation [9,10],
remains a key center of grapevine diversification. Its traditional landraces contain a rich
array of allelic combinations and adaptive traits, including tolerance to drought, pathogens,
and regional stressors [5,11,12]. These valuable traits are often lacking in widely cultivated
commercial cultivars. For example, ‘Pinot Noir’ is considered highly susceptible to several
economically important diseases, including gray mold and downy mildew caused by
Botrytis cinerea and Plasmopara viticola, respectively. However, much of grapevine diversity
remains poorly documented, scattered across smallholder vineyards [13–15], or threatened
by demographic bottlenecks and modernization [16,17]. These challenges mentioned above
highlight the urgent need for comprehensive molecular surveys as well as phenotypical
evaluations to map and preserve this undercharacterized diversity before further erosion
limits its value for breeding and conservation [5,18].

Although advances in genomic tools such as SNP arrays and whole-genome sequenc-
ing have improved our ability to explore grapevine diversity at high resolution, nuclear
simple sequence repeats (SSRs) continue to play a central role in cultivar identification,
parentage studies, germplasm management, and diversity assessments [19–24]. Their high
polymorphism, reproducibility, and long-term interlaboratory comparability make SSRs
uniquely suited for cross-study integration and for sampling broad germplasm collections
with robust analytical power [19–21]. Extensive SSR-based inventories have reshaped our
understanding of grapevine diversity by revealing intricate patterns of parentage, clonal lin-
eage propagation, and fine-scale geographic structure within Western European germplasm
collections [22–24]. These efforts have significantly advanced understanding of varietal
synonymy, genetic bottlenecks, and historical dispersal routes, particularly in well-curated
repositories in Italy, France, Spain, and Portugal. However, the genetic signature of Vitis
vinifera populations from major Mediterranean regions outside this core, especially in North
Africa and the Balkans, remains underexplored [25–27]. Various studies in Morocco [24,28]
and Tunisia [29–31] have identified unique SSR alleles and potential ancestry components
absent from Western germplasm, indicating an underappreciated reservoir of diversity
shaped by centuries of cultivation under semi-arid conditions and Arab-Andalusian cul-
tural influence [32]. Likewise, recent efforts in Slovenia and the former Yugoslav regions
have documented high levels of genetic distinctiveness among local landraces, many of
which are not represented in global collections and may be at risk of disappearance [33–39].
This uneven sampling not only limits the ability to reconstruct the full phylogeographic
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history of grapevine domestication and diffusion but also obscures valuable adaptive varia-
tion that could enhance climate resilience and disease tolerance in future breeding efforts.
Therefore, a more comprehensive genetic characterization of geographically peripheral
or neglected Mediterranean germplasm is essential to develop a truly representative and
evolutionarily informed understanding of grapevine diversity. In this study, we focus on
three historically interconnected but genetically underrepresented Mediterranean regions:
Greece, Morocco, and Slovenia, to explore patterns of diversity, structure, and evolutionary
distinctiveness in traditional grapevine germplasm. These regions form a geographically
and culturally meaningful gradient within the Mediterranean basin, from Greece, the early
heartland of Vitis domestication, through Morocco, a crossroads between Europe and North
Africa shaped by Arab-Andalusian viticulture; to Slovenia, a genetic and ecological bridge
between the Balkans and Central Europe [32,35,37].

We hypothesize that traditional grapevine germplasm from these regions retains dis-
tinct, historically shaped genetic signatures that reflect the combined influence of local
selection pressures, centuries of cultural isolation, and region-specific agroecological adap-
tation. To address this hypothesis, this study aims to comprehensively characterize and
compare the genetic diversity within these regional gene pools, determine the extent of ge-
netic structuring and admixture among them, and provide a broader evolutionary context
for their differentiation. In doing so, we aim to offer valuable genetic insights to support
future grapevine breeding, guide germplasm conservation priorities, and contribute to the
resilience and sustainability of Mediterranean viticulture in the face of global change.

2. Materials and Methods
2.1. Plant Material and DNA Extraction

A total of 154 Vitis accessions were sampled from three Mediterranean countries:
Greece (n = 31 accessions), Morocco (n = 86 accessions), and Slovenia (n = 37 accessions),
where n denotes the number of sampled individuals (Table S1, Figure S1). Detailed infor-
mation on collection locations, ecological zones, and cultivar usage (table grape vs. wine
grape) for each accession is provided in Supplementary Table S1 and Figure S1. Young,
healthy leaf tissues were collected and stored at −20 ◦C until DNA extraction. Genomic
DNA was isolated using the DNeasy Plant Pro Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol, with the modification of omitting the PS buffer during
homogenization, as described by Pipan et al. [40]. DNA quality and concentration were
initially assessed with a NanoDrop spectrophotometer, and DNA integrity was confirmed
by 1% agarose gel electrophoresis. Final DNA quantification was performed with a Qubit
3.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA), and samples were diluted
to a working concentration of 12.6 ng/µL for downstream applications. Concerning the
Greek genetic material sampled from cultivation centers, names of genotypes were assigned
as designated by grapevine growers. For certain genotypes, upon subsequent analysis,
the empirical names given by vine growers were found to be misnomers (denoted as
“Unknown”). Additionally, “Unidentified” denotes varieties maintained in the national
collection (ELGO-DIMITRA, Lykovrysi, Athens, Greece) whose true-to-type identity has
not yet been clarified. Among the 31 Greek accessions, four were designated “Unknown”
(grower-assigned names found to be misnomers) and three were designated “Unidentified”
(accessions from the ELGO-DIMITRA collection with unconfirmed identity); exact counts
are also listed in Supplementary Table S1. All 31 accessions, regardless of nomenclature
status, were included in all downstream genetic analyses, as molecular profiling does not
require prior verified nomenclature.

https://doi.org/10.3390/agriculture16131380

https://doi.org/10.3390/agriculture16131380


Agriculture 2026, 16, 1380 4 of 19

2.2. Marker Selection and Genotyping

A total of 12 nuclear simple sequence repeat (SSR) markers were selected for geno-
typing based on their high polymorphism and frequent use in grapevine diversity studies.
These loci are part of the internationally standardized reference SSR panel endorsed by
the International Organisation of Vine and Wine (OIV) and have been consistently applied
across major Mediterranean germplasm surveys [20,21,23,41]. These included markers from
the VVMD, VVS, VrZAG, and VMC series: VVMD5, VVMD7, VVS2, VVMD25, VVMD27,
VVMD28, VrZAG62, VrZAG67, VVMD32, VMC3C9, VMC5G6, and VrZAG79 (Table 1).
These loci have been widely validated across international Vitis germplasm collections,
ensuring comparability and robustness in population structure assessments [26,40]. PCR
amplifications were performed in 15 µL reactions containing 20 ng genomic DNA, 1× PCR
buffer (Promega, Madison, WI, USA), 2 mM MgCl2, 0.2 mM each dNTP, 0.5 U GoTaq®

DNA Polymerase (Promega), and a three-primer system following Schuelke’s M13-tailed
approach [42]. The M13-tailing approach was employed as a cost-effective fluorescent
labeling strategy: a universal M13(-21) fluorescently labeled primer is incorporated into
PCR amplicons during amplification, enabling multiplex capillary electrophoresis genotyp-
ing without the need for individually dye-labeled locus-specific primers. For each locus,
2 pmol each of forward and reverse primers was used, along with 2.5 pmol of M13(-21)
fluorescently labeled tail primer tagged with 6-FAM, VIC, PET, or NED dyes to enable
multiplex fragment analysis. The fluorescent dye assigned to each SSR marker is specified
in Table 1. Thermal cycling was carried out using a touchdown PCR protocol to enhance
amplification specificity: initial denaturation at 95 ◦C for 2 min; 5 cycles of denaturation
at 94 ◦C for 30 s, annealing from 60 ◦C to 55 ◦C (decreasing 1 ◦C per cycle) for 45 s, and
extension at 72 ◦C for 90 s; followed by 30 cycles at 94 ◦C for 30 s, 55 ◦C for 45 s, and 72 ◦C
for 90 s; with a final elongation at 72 ◦C for 8 min. Amplified products were pooled based
on fluorophore compatibility, mixed with Hi-Di formamide and ROX 500 size standard,
and separated by capillary electrophoresis using an ABI 3130xl Genetic Analyzer (Applied
Biosystems, Waltham, MA, USA). Allele sizes were determined using GeneMapper® v6.0
software [43], with manual inspection of peak profiles to ensure scoring accuracy.

Table 1. Summary of genetic diversity parameters across twelve microsatellite loci in Vitis accessions.
Na, number of alleles; Ne, effective number of alleles; Ar, allelic richness; I, Shannon’s information in-
dex; Ho, observed heterozygosity; He, expected heterozygosity; Fis, fixation index; PIC, polymorphic
information content. Mean ± SE: mean value ± standard error across 12 loci.

Locus Dye Na Ne Ar Ho He Fis PIC I

VVMD5 6-FAM 11 9.149 8.028 0.919 0.891 −0.005 0.796 2.306

VVMD7 VIC 12 7.491 6.585 0.697 0.867 0.058 0.755 2.175

VVS2 NED 14 8.969 7.766 0.792 0.889 0.125 0.792 2.340

VVMD25 PET 12 8.651 7.161 0.747 0.884 0.164 0.784 2.262

VVMD27 6-FAM 16 10.460 8.061 0.974 0.904 −0.109 0.820 2.479

VVMD28 VIC 19 13.587 8.514 0.869 0.926 0.033 0.859 2.734

VrZAG62 NED 13 6.184 7.161 0.850 0.838 −0.010 0.710 2.047

VrZAG67 PET 19 11.669 9.254 0.804 0.914 0.083 0.839 2.657

VVMD32 6-FAM 13 8.532 8.284 0.879 0.883 −0.025 0.783 2.315

VMC3C9 VIC 12 6.653 7.990 0.758 0.850 0.007 0.733 2.169

VMC5G6 NED 16 7.042 7.312 0.697 0.858 0.120 0.747 2.303

VrZAG79 PET 11 7.722 6.877 0.758 0.871 0.029 0.761 2.162

Mean ± SE — 14.00 ± 0.82 8.842 ± 0.625 7.749 ± 0.220 0.812 ± 0.025 0.881 ± 0.008 0.039 ± 0.022 0.782 ± 0.013 2.329 ± 0.059
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2.3. Data Analysis

All analyses were conducted in R v4.3.2 [44]. Raw microsatellite (SSR) genotypes
were formatted as a genind object using the df2genind function in adegenet v2.1.10 [45].
Loci displaying more than 10% missing data or monomorphism were removed; following
quality filtering, no loci were excluded from the final dataset, as all 12 SSR loci exhibited
missing data rates below 10% and were polymorphic across all 154 accessions. Per-locus
missing data rates are reported in Supplementary Table S2. Null alleles were detected and
corrected using the nullAlleles function from PopGenReport v3.0.4 [46]. which implements
the Chakraborty et al. (1992) [47] frequency-based correction algorithm. Estimated null
allele frequencies ranged from 0.00 to 0.07 across loci, with no locus exceeding the critical
threshold of 0.10 [48]. Allele frequency changes before and after correction were minor
(≦2% at any locus) and are reported in Supplementary Table S2. Genetic diversity, metrics
including number of alleles (Na), effective alleles (Ne), observed heterozygosity (Ho),
expected heterozygosity (He), allelic richness (Ar), and Shannon’s diversity index (I) were
calculated using the poppr package v2.9.3 [49]. The polymorphic information content (PIC)
was calculated following [50] to assess marker informativeness. Fixation indices (Fis) were
estimated with the basic.stats function in hierfstat [51], and private alleles per population
were identified using private_alleles in Poppr (v2.9.3).

Population differentiation was quantified using Weir and Cockerham’s FST, computed
with StAMPP v1.6.3 [52] with 1000 permutations to assess significance. Gene flow (Nm) was
inferred using Slatkin’s private alleles approach [53], which accounts for allele frequency
variation and is robust to sample size effects. Overall Nm was estimated as:

Nm =
(k − 1)(1 − p)

4p

where k is the number of populations and p is the mean frequency of private alleles.
Pairwise Nm was computed for all population pairs using a custom R function based on
allele frequency stratification (Supplementary Code S1).

Population bottlenecks were investigated with the M-ratio test [54], which compares
the number of alleles at each SSR locus to the allele size range. M-ratios were calculated
per locus and averaged per population using the mRatio function in strataG v2.4.908 [55].
Lower mean M-ratio values indicate recent reductions in effective population size. Linkage
disequilibrium (LD) was quantified as the standardized index of association (r_D) using
poppr, with significance evaluated by random permutation of alleles among individuals
(n = 1000). Hierarchical partitioning of variance was performed with AMOVA in pegas,
decomposing genetic variance among populations, among individuals within populations,
and within individuals, and significance tested using 1000 permutations.

To investigate genetic structure and visualize relationships among the 154 grapevine
accessions, we performed Principal Component Analysis (PCA) on allele dosage data that
were centered and standardized using the scaleGen function from the adegenet package
(v2.1.10) [45]. Missing genotypes were imputed using locus-wise mean allele frequen-
cies [56]. We validated the robustness of this approach by comparing PCA results from
mean-imputed data with those from complete-case exclusion, in which individuals with
any missing data were removed. PC1 scores from the two methods were highly correlated
(R2 > 0.99) confirming that the imputation method did not materially affect the PCA config-
uration. Accessions with more than 50% missing alleles were excluded from the analysis.
PCA was conducted using the dudi.pca function in the ade4 package [57], retaining the first
five principal components based on the scree plot criterion. These five principal compo-
nents cumulatively explained 21.04% of the total genetic variance (PC1: 5.79%, PC2: 4.31%,
PC3: 4.12%, PC4: 3.50%, PC5: 3.32%).
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To complement the ordination-based approach, we performed hierarchical clustering
using Prevosti’s genetic distance matrix [58] and the Unweighted Pair Group Method with
Arithmetic Mean (UPGMA). Node support was evaluated with 1000 bootstrap replicates,
implemented via the bruvo.boot function with type = “PA” to ensure that bootstrap support
values corresponded to the Prevosti distance topology rather than Bruvo’s default distance.
The resulting node support values were mapped onto the dendrogram using the phytools
package (2.5-2) [59].

Finally, Bayesian clustering analysis using model-based ancestry inference was per-
formed using sNMF (sparse Non-negative Matrix Factorization) in the LEA package
(v3.25.0) [60], an efficient STRUCTURE-like approach to infer the genetic structure of the
Vitis germplasm and assess the proportion of shared ancestry among individual accessions.
Genotypes were converted to LEA’s.geno format using struct2geno, and a range of K values
(1–10) was tested with 30 independent runs per K to ensure convergence. The optimal K
was selected by minimizing the cross-entropy criterion, and the Q-matrix from the best run
(lowest cross-entropy) was used to calculate individual ancestry coefficients. Accessions
were classified as “assigned” when their maximum ancestry coefficient exceeded 0.80 and
as “admixed” otherwise (Supplementary Table S3).

3. Results
3.1. SSR Marker Polymorphism and Genetic Diversity Across Loci

A total of 154 diploid Vitis accessions from three Mediterranean regions were geno-
typed using 12 highly polymorphic SSR loci, resulting in the detection of 168 alleles, with
11 to 19 alleles per locus and a mean of 14 alleles per locus (Table 1). The number of al-
leles per locus (Na) ranged from 11 at loci VVMD5 and VrZAG79 to 19 at VVMD28 and
VrZAG67. Locus VVMD28 showed the highest allelic richness (Na = 19; Ne = 13.587), as
well as the highest expected heterozygosity (He = 0.926) and polymorphic information
content (PIC = 0.859), reinforcing its effectiveness for distinguishing individual genotypes.
Conversely, VrZAG62 had the lowest effective number of alleles (Ne = 6.184) and PIC
(0.710), though both values remained above 0.7, sufficient informativeness for population-
level comparisons.

Standardized allelic richness (Ar), corrected for sample size disparities, ranged from
6.585 (VVMD7) to 9.254 (VrZAG67), with a mean of 7.665 across loci. These results, together
with consistently high Shannon’s diversity indices (I = 2.047–2.734), highlighted the genetic
variation captured. Observed heterozygosity (Ho) ranged from 0.697 (VMC5G6) to 0.974
(VVMD27), while expected heterozygosity (He) ranged from 0.838 (VrZAG62) to 0.926
(VVMD28), indicating high levels of genetic variation across all loci examined. Among the
12 studied loci, four loci (VVMD5, VVMD27, VrZAG62, and VVMD32) showed negative
fixation index (Fis) values, suggesting an excess of heterozygotes, which may be attributed
to clonal propagation, cross-pollination, or selection favoring heterozygosity in grapevine.
In contrast, loci VVS2 and VVMD25 showed positive Fis values (0.125 and 0.164, respec-
tively), reflecting a deficit in heterozygosity that could be explained by non-random mating,
inbreeding, or substructuring within the sampled populations.

3.2. Population-Specific Genetic Diversity Patterns

A comprehensive assessment of genetic diversity across grapevine accessions from
Greece, Morocco, and Slovenia (Table 2) revealed marked variation in diversity metrics,
suggestive of different evolutionary histories and cultivation contexts. The Moroccan
collection, with the largest sample size (n = 86), exhibited the broadest genetic base, showing
the highest mean number of alleles per locus (Na = 11.75) and substantial allelic richness
(Ar = 7.684). Moroccan accessions also displayed high expected heterozygosity (He = 0.846)
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and a high Shannon information index (I = 2.113), indicating considerable allelic diversity
and evenness. Importantly, the presence of 11 private alleles is consistent with a distinctive
genetic composition, likely reflecting Morocco’s long-standing viticultural tradition and
diverse agroecological settings. We note that the larger sample size for Morocco (n = 86)
compared to Greece (n = 31) and Slovenia (n = 37) may partially inflate private allele counts,
and comparisons should be interpreted with this caveat in mind. The population showed a
moderate positive inbreeding coefficient (Fis = 0.055) and significant linkage disequilibrium
(LD) (Ia = 1.657; rD = 0.152; p < 0.001), indicating partial deviation from random mating.
The M-ratio analysis yielded a population mean M of 0.714, with 4 of 12 loci below the
critical threshold (Mc = 0.68), suggesting a recent bottleneck at specific loci, though the
overall mean remained consistent with equilibrium expectations (p = 0.789) (Figure 1).

Table 2. Genetic diversity and linkage disequilibrium in Vitis accessions from Greece, Morocco, and
Slovenia based on 12 SSR markers. Genetic diversity measures include Ne, effective number of
alleles; Na, mean number of alleles; Ar, allelic richness; PA, number of private alleles; Ho, observed
heterozygosity; He, expected heterozygosity; I, Shannon’s information index; Fis, fixation index.
Linkage disequilibrium measures are Index of Association (Ia) and standardized index of association
(rD). p-values were obtained from 999 Monte Carlo permutations.

Country Ne Na Ar PA Ho He I Fis Ia p (Ia) ¯
r D p (

¯
r D)

Greece 5.999 9.5 7.583 14 0.853 0.833 1.992 −0.024 2.137 0.001 0.203 0.001

Morocco 6.472 11.75 7.684 11 0.799 0.846 2.113 0.055 1.657 0.001 0.152 0.001

Slovenia 6.92 11.333 7.981 7 0.824 0.856 2.137 0.037 0.861 0.001 0.079 0.001

Mean ±
SE

6.464 ±
0.266

10.861
± 0.691

7.749 ±
0.119

10.667
± 2.028

0.825 ±
0.016

0.845 ±
0.007

2.081 ±
0.045

0.023 ±
0.024

1.552 ±
0.372

0.001 ±
0.000

0.145 ±
0.036

0.001 ±
0.000

Figure 1. Population-level M-ratio and bottleneck signals across SSR loci. Horizontal dashed line
indicates critical Mc threshold (0.68).

In Slovenia (n = 37), the highest effective number of alleles (Ne = 6.92) and expected
heterozygosity (He = 0.856) were observed, along with the highest Shannon index (I = 2.137),
highlighting both the richness and balanced distribution of genetic diversity (Table 2). The
relatively lower number of private alleles (PA = 7) may suggest shared ancestry or historical
gene flow from Central European germplasm pools. Low positive Fis (0.037) indicated
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near-random mating, while modest LD (Ia = 0.861; rD = 0.079; p < 0.001) reflects some
historical linkage. The M-ratio mean of 0.761, with only one locus below Mc, is suggestive
of relative genetic stability with little evidence of severe recent bottlenecks (p = 0.931).

Greek germplasm (n = 31) showed remarkably high observed heterozygosity
(Ho = 0.853), exceeding expected heterozygosity (He = 0.833) and resulting in a nega-
tive Fis (−0.024), indicating an excess of heterozygotes. Such patterns may result from
historical intercrossing, balanced selection, or sampling of divergent landraces. Greek
accessions harbored the largest number of private alleles (PA = 14), reflecting longstanding
preservation of distinct genetic variants. The highest LD (Ia = 2.137; rD = 0.203; p < 0.001)
may point to historical bottlenecks or clonal propagation. The M-ratio mean of 0.727, with 3
of 12 loci below Mc, indicates localized reductions in allelic diversity; however, the overall
signature was not statistically significant (p = 0.945) (Figure 1).

3.3. Hierarchical Genetic Structure and Population Differentiation

Notably, AMOVA revealed that the vast majority of total genetic variation (90.84%)
resided within individual accessions, consistent with the biology of grapevine as an out-
crossing, clonally propagated species exhibiting high intra-individual heterozygosity. De-
spite this high internal diversity, AMOVA detected statistically significant genetic struc-
turing at both inter- and intra-population levels. Specifically, 4.63% of total variation was
attributed to differences among populations (ΦCT = 0.046; p = 0.001), and 4.53% to dif-
ferences among individuals within populations (ΦSC = 0.048; p = 0.001) (Table 3). All
pairwise FST comparisons indicated low to moderate but statistically significant genetic
differentiation: Greece–Morocco (FST = 0.050), Greece–Slovenia (FST = 0.058), and Morocco–
Slovenia (FST = 0.061). While statistically robust, these FST values are modest in absolute
terms and characteristic of historically connected cultivated populations in which extensive
trade and clonal propagation have historically attenuated drift-driven divergence. Gene
flow estimates suggested moderate historical connectivity: Nm = 8.125 (Greece–Morocco),
7.75 (Greece–Slovenia), and 3.625 (Morocco–Slovenia); overall mean Nm = 4.83 (Table 4).

Table 3. Hierarchical analysis of molecular variance (AMOVA) partitioning genetic variation among
and within Mediterranean Vitis populations across three countries (999 permutations).

Source of Variation Df Sum Sq Mean Sq Var Comp % Var Φ p-Value

Among Countries 2 85.72 42.86 0.381 4.63 0.046 0.001

Among Accessions
Within Countries 151 1241.541 8.222 0.373 4.53 0.048 0.001

Within Accessions 154 1151.348 7.476 7.476 90.84 0.092 0.001

Total 307 2478.609 NA 8.23 100 NA NA

Table 4. Pairwise genetic differentiation (Fst) and estimated gene flow (Nm) among Vitis populations
from Greece, Morocco, and Slovenia. Fst values are shown below the diagonal. Gene flow (Nm) is
shown above the diagonal.

Greece Morocco Slovenia

Greece 0 8.125 7.750

Morocco 0.050 0 3.625

Slovenia 0.058 0.061 0

3.4. Multivariate and Model-Based Resolution of Population Structure

To refine the hierarchical differentiation patterns revealed by AMOVA and Fst analyses,
we applied a complementary suite of multivariate, phylogenetic, and Bayesian cluster-
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ing approaches, which together provided a high-resolution reconstruction of the genetic
structure underlying the three Vitis populations. Principal component analysis (PCA) of
the 12 SSR loci revealed a geographically coherent yet partially overlapping population
structure (Figure 2). PC1 and PC2 accounted for 5.79% and 4.31% of the total variance,
respectively. Slovenian accessions clustered tightly on the negative side of PC1, while
Moroccan accessions shifted toward positive PC1 with substantially greater spread. Greek
accessions occupied an intermediate position, overlapping with both Slovenian and Moroc-
can clusters. This overlap reflects genuine admixture rather than limited discriminatory
power of the marker set, and geographic clustering becomes clearer when all five retained
PCs are considered together. The clustering pattern was statistically supported by PER-
MANOVA: df = 2; SS = 34.21; MS = 17.11; F = 9.43; R2 = 0.0592; p = 0.001 (full PERMANOVA
output in Supplementary Table S4).

Figure 2. Principal Component Analysis of SSR-Based Genetic Variation in 154 accessions of Vitis.
(A) PCA biplot of the first two principal components. Points represent individual accessions colored
by country of origin (Greece: dark blue, Morocco: salmon, Slovenia: teal). Arrows indicate the
contribution of each SSR locus (averaged over all alleles of that locus) to the PC axes; dashed ellipses
show 95% confidence regions for each population. (B) Sensitivity analysis comparing PC1 scores
from mean-imputed data versus complete-case exclusion (individuals with no missing data). Each
point represents one accession; the dashed diagonal line indicates perfect agreement. (C) Scree plot
of the first 20 principal components. The red dashed line marks the retention of five PCs.

Among the 12 SSR loci, VVMD27, VVMD28, VVS2, VVMD7, and VVMD25 contributed
most of the discriminating power. VVMD28 (11.75%) and VVMD27 (11.67%) were consis-
tently the most influential (Table 5). UPGMA analysis validated the population structure,
recovering three main clusters corresponding to Slovenia, Greece, and Morocco, with
bootstrap support exceeding 70% across major nodes (Figure 3). Nodes with bootstrap
support below 70% are not interpreted in terms of specific biological relationships; only
branches with ≥70% support are considered robust. Slovenian accessions formed the
most homogeneous cluster; Moroccan accessions displayed deeper branching and greater
intra-population distances; Greek accessions showed intermediate topology.
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Table 5. Principal Component Analysis (PCA) loadings and explained variance for the first five
principal components (PCs) across 12 SSR loci analyzed in Vitis accessions.

Locus PC1 PC2 PC3 PC4 PC5

Eigen value 9.730 7.234 6.918 5.882 5.569

% Variance Explained 5.790 4.310 4.120 3.500 3.320

VVMD28 9.537 12.914 15.529 7.051 15.731

VVMD27 14.621 12.403 12.955 6.091 11.361

VVS2 6.810 8.433 11.893 11.705 11.416

VVMD7 9.768 8.878 9.616 13.730 6.445

VrZAG67 4.530 10.147 7.157 7.703 7.803

VMC5G6 8.889 4.827 2.346 8.006 5.596

VVMD25 6.400 12.517 10.575 7.355 7.748

VMC3C9 9.641 4.410 4.027 11.435 9.349

VVMD32 10.613 5.193 2.940 5.376 9.236

VrZAG79 8.921 7.478 5.687 10.281 8.491

VrZAG62 2.945 8.565 12.406 3.757 2.766

VVMD5 7.325 4.235 4.869 7.510 4.057

Figure 3. UPGMA clustering of the 154 Vitis accessions. Bootstrap support values (>50%) from
1000 replicates are shown at major nodes.

Bayesian clustering using sNMF confirmed three genetically distinct clusters (optimal
K = 3; Figure 4). Run 27 at K = 3 yielded the lowest masked cross-entropy value (0.313).
Slovenian accessions showed high ancestry proportions (>0.80) within a single cluster.
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While K = 3 was supported by the cross-entropy criterion, substantial admixture remains
visible in many accessions, particularly Greek and Moroccan, indicating that the three
inferred clusters represent predominant ancestry contributions rather than discrete, isolated
gene pools. This is biologically expected given the documented history of Mediterranean
grapevine trade and cultivation. The asymmetric distribution of admixed individuals (12 in
Slovenia, 29 in Greece, 35 in Morocco) reflects regional differences in germplasm mobility
and historical gene flow.

Figure 4. Bayesian model-based clustering of the 154 Vitis accessions inferred from sNMF (K = 3).
(A) Ancestry proportions of individual accessions across three inferred genetic clusters. (B) Distri-
bution of assigned and admixed accessions per country based on ancestry coefficients. Assigned:
maximum ancestry coefficient Q > 0.80 for a single cluster. Admixed: maximum Q ≤ 0.80, indicating
mixed ancestry across ≥2 clusters.

4. Discussion
This study presents one of the most comprehensive SSR-based assessments of Vi-

tis germplasm from three historically interconnected but genetically underrepresented
Mediterranean regions. The twelve SSR loci used here showed strong discriminatory
power, generating 168 alleles with a mean of 14 alleles per marker and a mean PIC of 0.782.
This places our panel among the most informative SSR sets used in recent Mediterranean
surveys [23] and confirms that this internationally standardized marker set captures mean-
ingful genetic differentiation across the sampled regions. The outstanding performance of
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VVMD28 and VVMD27 as the top discriminatory loci aligns with their established role in
cultivar fingerprinting and pedigree reconstruction [17,61,62], identifying them as priority
candidates for integration into international grapevine databases such as the VitisDiversity-
Portal. The consistently high heterozygosity levels (mean Ho = 0.812; He = 0.881) confirm
the biological signature of Vitis as a predominantly outcrossing species in which millen-
nia of clonal propagation have preserved extensive within-genotype variability [63–65]
and validate the capacity of our marker panel to reflect this variability accurately at the
population level.

We acknowledge that 12 SSR loci provide substantially lower resolution than SNP
arrays or whole-genome sequencing approaches, and this limitation shapes our interpre-
tation throughout. The geographic structure and admixture patterns we document are
robust, reproducible features of the dataset, confirmed independently by three analyti-
cal frameworks and supported by PERMANOVA (F = 9.43; R2 = 0.059; p = 0.001), but
attribution to specific domestication events, colonization routes, or fine-scale historical
dispersal trajectories requires genomic-scale evidence. All interpretations are therefore
explicitly framed as hypotheses consistent with existing genomic evidence rather than
independent conclusions, and we call for follow-up studies incorporating whole-genome
approaches with broader geographic sampling. The negative Fis values observed at sev-
eral loci (VVMD5, VVMD27, VrZAG62, VVMD32) indicate heterozygote excess, a pattern
frequently reported in grapevine and attributed to long-term clonal propagation, bal-
ancing selection in heterogeneous Mediterranean environments, or introgression from
regional V. sylvestris populations [25,66,67]. Positive Fis values at VVS2 and VVMD25
likely reflect cryptic substructure, Wahlund effects, or residual null allele frequency follow-
ing correction [22]; these loci should be interpreted with additional caution in fine-scale
population comparisons.

Population-specific analysis revealed distinct, though cautiously interpreted, evolu-
tionary and demographic contexts for each of the three regional germplasm pools. Mo-
roccan accessions exhibited the highest total allelic richness and the greatest number of
private alleles, consistent with the composite history of North African viticulture shaped by
Phoenician, Roman, and Arab-Andalusian introductions across ecologically diverse agroe-
cological zones [32,68]. The presence of private alleles beyond what historical introductions
alone would predict may indicate additional in situ processes, including introgression
from North African V. sylvestris populations [28] or de novo mutations favored under
semi-arid conditions. Relatively high linkage disequilibrium (rD = 0.152) and moderate Fis
(0.055) are consistent with past demographic contractions associated with the post-colonial
decline of viticulture and subsequent re-establishment from a restricted genetic base [24].
However, Morocco’s larger sample size (n = 86) may partially inflate private allele counts
relative to the smaller Greek and Slovenian samples, so comparisons should be interpreted
accordingly. Slovenian accessions formed a relatively homogeneous, allelically rich cluster
with the highest effective allele number (Ne = 6.92), near-panmictic Fis (0.037), and the
highest population-level M-ratio (0.761), collectively consistent with a demographic history
of relative stability and limited bottleneck pressure. This pattern aligns with diversity
assembled through extensive historical gene flow along Central European trade networks
rather than prolonged in situ differentiation [33,38], and is reflected in the comparatively
lower private allele count (PA = 7). Greek accessions occupied an intermediate but evolu-
tionarily distinctive position, combining the highest observed heterozygosity (Ho = 0.853),
the most negative Fis (−0.024), and the largest private allele pool (PA = 14) of the three
populations. This profile reinforces the role of the Aegean basin as both an early center
of grapevine domestication and a persistent corridor for trans-Mediterranean gene flow,
through which successive historical periods repeatedly introduced and blended diverse
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germplasm into a background of longstanding landrace cultivation [4,69,70]. The high link-
age disequilibrium observed in Greek accessions (rD = 0.203) may also indicate historical
bottleneck episodes associated with rural depopulation and viticultural contraction during
the twentieth century.

The private alleles identified in each regional germplasm pool may have adaptive sig-
nificance for locally relevant traits, though direct functional linkage cannot be established
from SSR data alone, and phenotypic validation is essential before targeted deployment
in breeding programs. Greek private alleles, found in accessions from environments his-
torically exposed to prolonged Aegean summer drought, high irradiance, and thermal
stress, are of particular interest for drought tolerance, stomatal regulation, and phenologi-
cal plasticity—traits that are increasingly critical under projected Mediterranean climate
trajectories [5,8,39]. Moroccan private alleles, shaped by semi-arid agroecological con-
ditions across diverse elevational and edaphic gradients, may encode tolerance to heat,
sustained water deficit, and soil salinity—adaptive attributes largely absent from the
narrow genetic base of commercially dominant cultivars [11,15]. Slovenian private alle-
les likely reflect adaptations to cooler, continental-influenced conditions, including frost
tolerance, late-season phenological adjustment, and resistance to fungal pathogens charac-
teristic of Central European viticultural systems, particularly downy mildew (Plasmopara
viticola) and Botrytis cinerea [33,37]. Collectively, these private allele pools represent non-
redundant adaptive variation that is underrepresented or absent in major Western European
germplasm repositories, reinforcing the conservation value of geographically inclusive
sampling strategies [71]. Future functional genomics, association mapping, and QTL stud-
ies targeting private allele-bearing accessions from all three regions are therefore warranted,
with priority traits including drought resistance, pathogen response, phenological plasticity,
and berry quality parameters directly relevant to climate-adaptive viticulture.

Hierarchical analyses of population structure confirmed genuine genetic discontinu-
ities among the three regional pools. The global FST, although low to moderate in absolute
terms, was statistically significant and consistent with the level of differentiation expected
among historically connected cultivated populations where extensive germplasm exchange
has attenuated, but not eliminated, drift-driven divergence—a pattern documented in
other Mediterranean SSR surveys of comparable scope [22,23]. Importantly, the gradient of
pairwise differentiation—lowest between Greece and Morocco, highest between Morocco
and Slovenia—is geographically and historically coherent rather than arbitrary, and is inde-
pendently corroborated by multivariate ordination, distance-based clustering, and Bayesian
ancestry inference. High historical gene flow between Greece and Morocco aligns with
well-documented Arab-Andalusian viticultural exchanges and subsequent Ottoman-period
interregional trade networks [33,72], while comparatively lower connectivity between
Morocco and Slovenia reflects weaker historical, geographic, and cultural links across this
axis of the Mediterranean—an asymmetry consistent with the broader phylogeographic
structure of Mediterranean grapevine diversity [4,25]. Arguably, the most consequential
finding of AMOVA—that the vast majority of total genetic variation resided within individ-
uals rather than among populations—is characteristic of outcrossing species maintained
through clonal propagation [22,63] and carries a direct conservation implication: preserving
individual accession diversity, not only population-level structure, is essential for capturing
the full adaptive breadth of Mediterranean grapevine germplasm. This argues against
focusing conservation efforts on a small number of representative accessions per region
and instead supports broad, accession-level ex situ and in situ strategies.

Combined PCA, UPGMA, and sNMF analyses revealed a consistent tripartite genetic
structure, and the concordance across these three independent analytical frameworks, each
operating under different assumptions and distance metrics, strengthens confidence in the
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biological reality of this structure beyond what any single method could support [44,59].
Although the first two PCA axes together explained only a modest proportion of total
variance, this is expected for SSR-based ordination in highly heterozygous outcrossing
species, where individual-level genotypic variation dominates the eigenvalue spectrum
and geographic signal is distributed across multiple components [22,27]. The biological
interpretability of the ordination is confirmed by the statistically significant PERMANOVA
result and its agreement with both UPGMA topology and sNMF ancestry assignments.

Slovenian accessions formed the most internally homogeneous cluster, consistent with
a demographically stable Central European viticultural trajectory characterized by clonal
propagation within a geographically bounded vineyard network, near-panmictic mating,
and restricted long-range introgression [25,38,73]. The absence of significant bottleneck sig-
natures and the high population-level M-ratio further support a continuous demographic
history with limited large-scale disruption. Greek and Moroccan accessions showed sub-
stantially higher admixture, consistent with their historical roles as major hubs of grapevine
diffusion and reciprocal germplasm exchange. In Greece, successive historical periods—
Classical, Byzantine, and Ottoman—repeatedly introduced diverse planting material into a
background of longstanding Aegean landrace cultivation, producing the layered genetic
signature observed here [4,9,69]. In Morocco, Phoenician, Roman, and Arab-Andalusian
introductions, combined with probable introgression from North African V. sylvestris popu-
lations and demographic contractions during the post-colonial period, generated the broad
allelic dispersion and elevated admixture characteristic of the Moroccan cluster [24,28,68].
The pronounced admixture observed in accessions from both regions confirms that the
three inferred clusters represent predominant ancestry contributions rather than discrete,
isolated gene pools—a biologically expected outcome given the documented continuity of
Mediterranean viticultural exchange networks across millennia [2,72].

The persistence of geographically structured allelic signatures despite this history of
circulation is compatible with a model involving multiple introduction events, recurrent ad-
mixture with regional V. sylvestris lineages, and sustained human-mediated selection across
ecologically and culturally heterogeneous landscapes [4,5] Our SSR data are broadly con-
sistent with, but do not independently confirm, the mosaic domestication model proposed
by large-scale genomic studies [4,25] we present this explicitly as a working hypothesis
consistent with existing genomic evidence, one that requires rigorous testing with whole-
genome sequencing data and geographically broader sampling before it can be considered
an independent conclusion. The distinct genetic architectures documented here—cohesive
in Slovenia, layered in Greece, and dispersed in Morocco—nonetheless carry a clear and ac-
tionable conservation message: traditional landraces from these peripheral Mediterranean
regions harbor meaningful, regionally distinctive genetic diversity that is substantially
underrepresented in surveys focused on Western European core collections and constitutes
a critical, currently underutilized resource for conservation planning, pre-breeding research,
and the development of climate-adaptive viticulture systems suited to the environmental
challenges of the coming decades.

5. Conclusions
This study offers a comprehensive SSR-based characterization of grapevine germplasm

from three historically interconnected yet genetically underrepresented Mediterranean
regions. Our results indicate that regionally structured, historically shaped genetic diversity
persists in peripheral Mediterranean grapevine germplasm and highlight the importance
of geographically inclusive sampling strategies in grapevine conservation programs. The
contrasting genetic architectures of Slovenian (cohesive), Greek (layered), and Moroccan
(dispersed) germplasm demonstrate the value of incorporating geographically diverse
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sampling in genetic resource programs, as each region contributes distinct components to
the species’ overall genetic diversity.

Our findings support a mosaic model of grapevine dispersal and diversification,
presented here as a working hypothesis that requires further genomic investigation. The
private alleles and unique genotypic combinations identified may be valuable for future
climate-adaptive breeding programs, although phenotypic validation of specific accessions
will be necessary before targeted deployment.

Differentiated conservation recommendations based on our findings are as follows.
For Morocco: establish a dedicated ex situ core collection of at least 30 representative acces-
sions, prioritizing those with private alleles. For Greece: prioritize in situ conservation of
traditional landrace vineyards, complemented by molecular-assisted identity verification of
the “Unknown” and “Unidentified” accessions in the ELGO-DIMITRA reference collection.
For Slovenia: implement targeted clonal selection within existing collections and continue
monitoring wild V. vinifera subsp. sylvestris populations.

Unlocking the potential of this genetic heritage will require sustained investment in
genetic resource conservation, pre-breeding research, and participatory selection programs
that engage traditional grape growers as partners in safeguarding this evolutionary legacy.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agriculture16131380/s1, Figure S1: Map illustrating the geo-
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Grapevine Genetic Resources; Table S2: Per-locus missing data rates and null allele frequencies before
and after correction in 154 Vitis accessions genotyped with 12 SSR markers; Table S3: Sensitivity
analysis of ancestry assignment across three Q-threshold values (Q > 0.70, Q > 0.80, Q > 0.90) for K = 3
genetic clusters inferred by sNMF in 154 Mediterranean Vitis accessions; Table S4: Full PERMANOVA
results for pairwise genetic distance matrices among three Mediterranean Vitis populations (Greece,
Morocco, Slovenia) based on 12 SSR loci. Supplementary code: Script for genetic diversity analyses,
population structure inference, and figure generation for 154 Vitis accessions genotyped at 12 SSR loci.
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