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Abstract
North American Vitis species serve as a vital reservoir of genetic variation, offering valuable resources for molecular 
breeding programs focused on developing cultivars with enhanced resistance, adaptability, and quality traits for sustain-
able viticulture. The effective conservation and utilization of collections involving these species require a thorough under-
standing of their genetic diversity, population structure, and gene flow. In this study, 323 North American Vitis accessions 
categorized into six species groups were genotyped using 29 polymorphic microsatellite (SSR) markers. The objectives 
were to assess the genetic diversity and population structure, as well as to establish a representative core collection. 
Additionally, SSR markers associated with 15 resistance loci (R-loci) were analyzed to identify potential resistance to 
downy mildew, powdery mildew, black rot, Pierce’s disease, and phylloxera. The analysis revealed high genetic diversity, 
with 643 alleles identified, an expected heterozygosity (HE) of 0.86, and an observed heterozygosity (HO) of 0.74. Nine 
genetic groups were identified, with clear evidence of a substructure within some species. A core collection comprising 
95 accessions capable of retaining all SSR alleles detected in the entire collection was established. Characterization of 
the R-loci revealed that 123 wild genotypes carried a single R-locus, 36 carried two R-loci, and 10 harbored three R-loci 
associated with pathogen resistance. The richness evident in the studied genetic pool represents an extensive reservoir of 
underexplored genetic diversity and crossbreeding potential. These findings have the potential to bolster the sustainable 
management, conservation, and subsequent molecular breeding applications of wild Vitis resources amidst emerging chal-
lenges in viticulture.
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1  Introduction

The domesticated grapevine (Vitis vinifera L.) is the most 
widely cultivated grape species; however, its productivity 
has historically been constrained by its susceptibility to 
pests and diseases (Dry et al. 2019). Additionally, factors 
such as the restricted genetic diversity of commercially rel-
evant V. vinifera cultivars and the widespread reliance on a 
small number of rootstocks have resulted in increased inter-
est in wild Vitis species as valuable resources for viticul-
ture (Migicovsky et al. 2016; Aguirre-Liguori et al. 2022). 
Most wild Vitis species exhibit substantial genetic diversity, 
which represents a valuable reservoir of alleles that could 
significantly contribute to the improvement of global viti-
culture (Atak 2024). Through coevolution with a wide range 
of pathogens, North American wild grapevines are believed 
to have developed diverse resistance strategies. As a result, 
they have been continuously used in crossbreeding pro-
grams as parental lines to increase natural disease resistance 
in both scion cultivars and rootstocks (Vezzulli et al. 2022; 
Péros et al. 2023). In recent years, the pressures related to 
climate change have highlighted the urgent need to identify 
additional germplasms for rootstock and scion breeding, 
especially due to the fact that grapevines are perennial crops 
that propagate clonally, which limits their ability to undergo 
rapid evolution (Heinitz et al. 2019; Aguirre-Liguori et al. 
2022).

The potential value of different Vitis species must first be 
determined to establish the viability of their use in cross-
breeding programs. The prebreeding process involves all 
activities related to identifying desirable traits and genes in 
unadapted germplasms, such as wild species, and transfer-
ring them into well-adapted genetic backgrounds (Sharma 
et al. 2013). One of the main challenges in practical pre-
breeding involves the determination of which activities are 
necessary and how many activities are required to evalu-
ate exotic material for identifying subsets of donors that 
are likely to harbor novel and useful genetic variation for 
breeding (Sukumaran et al. 2022). In practice, the pheno-
typic screening of large germplasm collections in field or 
greenhouse environments for all traits of interest is unfeasi-
ble due to logistical and financial limitations. The develop-
ment of representative subsets of reduced sizes is a widely 
used strategy when germplasm collections are too large for 
practical use. The objective of these core collections is to 
identify allelic diversity and optimize characterization and 
evaluation efforts by focusing on a subset of accessions 
(Boccacci et al. 2021).

DNA markers, such as simple sequence repeats (SSRs) 
and single nucleotide polymorphisms (SNPs), are now 
widely used for developing core collections, analyzing 
genetic diversity, determining genetic relationships, and 

conducting DNA fingerprinting, even in the early stages of 
plant development (Žulj Mihaljević et al. 2020; de Oliveira 
et al. 2020; Wang et al. 2021; Kaya et al. 2023; Tao et al. 
2023). These markers accurately represent the genetic 
diversity of the entire collection and help circumvent issues 
related to incomplete provenance information and environ-
mental interactions, as polymorphisms are directly detected 
at the DNA level and are free from environmental influences 
(Boccacci et al. 2021; Amiteye 2021). The identification of 
genetic markers associated with agronomic and fruit quality 
traits enables the use of marker-assisted selection (MAS) 
during prebreeding, thereby allowing for screens of large 
plant populations and progenies. This approach provides 
important supplementary information, thus facilitating the 
identification of individuals carrying beneficial alleles for 
strategic crossbreeding combinations (Collard and Mackill 
2008; De Lorenzis et al. 2022).

In grapevines, the screening of resistance loci (R-loci) 
containing genes associated with pathogen resistance is 
especially effective for the targeted selection of parental 
lines with the potential to combine multiple R-loci in their 
offspring, thus increasing both the level and durability of 
resistance (Eibach and Töpfer 2015; Zini et al. 2019; Vez-
zulli et al. 2019; Possamai et al. 2020). Downy mildew 
(DM) and powdery mildew (PM) have been the most exten-
sively studied biotic stress factors in quantitative trait loci 
(QTL) mapping, thereby leading to a vast and continually 
expanding list of R-loci. In contrast, for other types of biotic 
stress factors, such as phylloxera, Pierce’s disease (PD), and 
black rot (BR), the number of identified R-loci remains lim-
ited. To date, 37 loci associated with DM resistance (Rpv) 
and 18 loci associated with PM resistance (Ren/Run) have 
been reported. For phylloxera resistance (Rdv), eight loci 
have been described, with only three loci being linked to 
BR resistance (Rgb), and one locus being linked to PD resis-
tance (Pdr) (VIVC 2024).

Typically, population structure studies represent the first 
step in examining sample sets, thus providing a foundation 
for subsequent genetic analyses or allowing for the infer-
ence of the origins of individuals with unknown popula-
tion characteristics, especially when population admixture 
is possible (Porras-Hurtado et al. 2013). When considering 
that North American Vitis species of the subgenus Euvitis 
are dioecious and interfertile, species delimitation becomes 
confusing, which is partly due to the lack of consensus 
among systematic botanists regarding what defines a true 
species and partly due to the extreme morphological varia-
tion observed within species (Wan et al. 2013; Heinitz et 
al. 2019; Péros et al. 2023). Molecular methods, which 
complement traditional morphological approaches, have 
been increasingly employed to address these taxonomic 
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challenges and aid in Vitis systematics (Myles et al. 2010; 
Ma et al. 2018; Péros et al. 2023).

Considering the importance of wild Vitis species for 
developing new pathogen-resistant cultivars and identifying 
super-donor parents of resistance, the Fondazione Edmund 
Mach (FEM) maintains a germplasm bank with accessions 
from different North American Vitis species with the poten-
tial for incorporation into molecular breeding programs. 
However, information on the origin of this material is lim-
ited, and the species classification of the accessions is based 
on the female parent plant during seed collection. Without 
information on the number of seeds originating from the 
same cluster or female parent plant, establishing the genetic 
relationships between accessions and assessing the diversity 
preserved in the collection becomes challenging. Thus, the 
objective of this study was to describe the level of diver-
sity and genetic structure of North American Vitis species 
in this germplasm bank using SSR markers. Additionally, 
we aimed to determine the composition of a core collec-
tion representative of the entire allelic variation. Finally, 
a secondary objective was to conduct R-loci screening to 
identify potential resistance donors for strategic crossbreed-
ing combinations. Overall, the results obtained represent 
an essential prebreeding step, guiding the effective use of 
genetic diversity in this collection and lay the groundwork 
for the incorporation of wild grapevine species into molecu-
lar breeding programs.

2  Materials and methods

2.1  Plant material and DNA extraction

A total of 323 grapevine accessions from the Fondazione 
Edmund Mach (FEM) wild germplasm collection in San 
Michele all’Adige, Italy (46°11’N, 11°08’E, 223  m asl) 
were utilized in this study (Supplementary Table S1). These 
accessions were subsequently integrated into the historical 
collection described by Emanuelli et al. (2013) and origi-
nated from seeds collected from female vines in the Univer-
sity of California, Davis (USA) germplasm collection. The 
seeds from open-pollinated female parents were categorized 
into six North American species: 50 Vitis aestivalis, 61 Vitis 
arizonica, 90 Vitis cinerea, 98 Vitis monticola, 12 Vitis 
mustangensis, 8 Vitis rotundifolia, and 4 unknown species 
(Fig. 1). The germplasm sub-collection was established in 
2018 with a spacing of 2.5 m (interrow) × 1 m (intrarow), 
and the vines were trained using the vertical shoot position-
ing (VSP) method. Due to the mortality of some accessions, 
the age of the vines differed depending on the introduction 
and regeneration dates of the original plants. They were 
maintained according to local standard commercial prac-
tices for weed and pest control, fertilization, and pruning.

Genomic DNA was extracted from young leaf mate-
rial homogenized in a TissueLyser (Qiagen, Valencia, CA, 
USA) using the cetyltrimethylammonium bromide (CTAB) 
protocol (Doyle 1991) in 96-well plates, with minor modifi-
cations. The buffer consisted of 2% CTAB, 1400 mM NaCl, 
2% 2-mercaptoethanol, 20 mM EDTA, 200 mM Tris-HCl 
(pH 8.0), and 2% w/v polyvinylpyrrolidone (PVP-40). The 
solution was preheated, and the samples were incubated at 
60 °C in a water bath for 1 h, followed by two washes with 

Fig. 1  Representative accessions of the utilized Vitis species groups in this study
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PA, USA), with the GeneScan 500 LIZ size standard used 
as an internal ladder (Life Technologies, Foster City, CA, 
USA). The complete SSR genotyping dataset, including 
allele sizes for all of the loci and accessions, is provided in 
Supplementary Table S1.

2.3  Genetic diversity and population structure 
analyses

Genetic diversity was estimated both within species groups 
and across the entire germplasm. Descriptive statistics 
based on the genotyping data were generated by using 
GenAlEx 6.5 (Peakall and Smouse 2012) to assess the num-
ber of alleles per locus (Na), effective number of alleles 
(Ne), observed heterozygosity (HO), expected heterozygos-
ity (HE), Shannon’s information index (I), fixation index 
(F), and private alleles (Pa). Additionally, the null allele 
frequency (r) and polymorphism information content (PIC) 
were determined by using CERVUS 3.0.7 (Kalinowski et al. 
2007). Discrimination power (Dj) values were also assessed 
to compare the effectiveness of the SSRs in identifying and 
differentiating varieties (Tessier et al. 1999). An identity 
analysis was conducted by using CERVUS, with a mini-
mum matching criterion of 20 loci used and an allowance 
for one fuzzy match, in order to prevent a duplicate analysis 
of identical genotypes.

A Bayesian model-based cluster analysis was performed 
by using STRUCTURE 2.3.4 software (Pritchard et al. 
2000) to estimate the approximate number of clusters (K) 
within the dataset and to assign individuals to the most suit-
able cluster. The STRUCTURE settings were configured to 
disregard population information and to apply an admix-
ture model with correlated allele frequencies. Additionally, 
a “hierarchical structure analysis” (Vähä et al. 2007) was 
conducted, and STRUCTURE was separately utilized in a 
second round of analysis for clusters that exhibited poten-
tial substructures, as indicated by other genetic structure 
analyses.

All of the simulations employed the admixture model, 
with 100,000 replicates used as burn-in and 1,000,000 rep-
licates used for the Markov chain Monte Carlo (MCMC) 
processes. The number of clusters (K) ranged from 1 to 15 
in the first round and from 1 to 10 in the second round, with 
10 replicate runs being conducted to assess the variation in 
likelihood for each K. The most likely K value was selected 
by using the Evanno method (Evanno et al. 2005), as imple-
mented in the Structure Harvester software (Earl and von-
Holdt 2012). The best alignment across the 10 runs for the 
optimal K values was achieved by using the greedy algo-
rithm in CLUMPP 1.1.2 (Jakobsson and Rosenberg 2007), 
and the results were visualized with DISTRUCT software 
1.1 (Rosenberg 2004). The genotypes were classified into 

chloroform–isoamyl alcohol (24:1). A 2/3 volume of cold 
isopropanol and 10 µL of 3 M NaAc per sample were then 
added. The samples were washed twice with 70% ethanol, 
and finally, the pellet was dried and resuspended in 100 
µL of ultrapure water. The DNA quality was checked via 
1% agarose gel electrophoresis, the DNA concentration 
was quantified using a NanoDrop 8000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA), and the 
DNA concentration was normalized to 10 ng/µL.

2.2  Microsatellite analysis

A set of 29 SSR markers was used to genotype the wild 
accessions, including the following nine reference SSRs 
selected by the international scientific community for uni-
versal grapevine identification according to the GenRes081 
and GrapeGen06 EU projects (This et al. 2004; Maul et al. 
2012): VVS2 (Thomas and Scott 1993), VVMD5, VVMD7 
(Bowers et al. 1996), VVMD25, VVMD27, VVMD28, 
VVMD32 (Bowers et al. 1999), VrZAG62, and VrZAG79 
(Sefc et al. 1999). The remaining 20 SSRs were identified 
from an analysis of R-loci based on their distribution across 
the genome and locus quality: UDV025, UDV111, UDV095 
(Di Gaspero et al. 2005), GF13-9, GF13-1 (Zhang et al. 2009), 
VVIP26 (Merdinoglu et al. 2005), GF05-13 (Fechter et al. 
2014), UDV360 (Venuti et al. 2013), UDV737, UDV305 
(Di Gaspero et al. 2012), GF09-46, GF09-47 (Schwander et 
al. 2012), Sc47-18, Sc08_0071_014 (Coleman et al. 2009), 
CenGen6 (van Heerden et al. 2014), ScorGF15-32 (Zendler 
et al. 2017), GF14-42 (Rex et al. 2014), VMC2C3 (Goto-
Yamamoto et al. 2006), SC34-8 (NCBI: GF111545), and 
VVCh14-77 (Riaz et al. 2018b). Additional information on 
the loci selected for genetic analysis (including SSR primer 
sequences) is available in Supplementary Table S2.

The forward primers of all the loci were labeled with dis-
tinct fluorescent dyes (6-FAM, HEX, or NED). The R-loci 
markers were amplified using the KAPA2G Fast Multiplex 
PCR Kit 2X (Kapa Biosystems, Düren, Germany) in 10 
µL reaction mixtures containing 5 µL of master mix, 100 
pmol of each primer, and 1 ng of template DNA. Ampli-
fications of the nine reference loci were performed in a 10 
µL final volume using the Qiagen Multiplex Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s instruc-
tions. All PCRs were conducted using a GeneAmp 9700 
thermal cycler, with the protocols provided in Supplemen-
tary Table S2. The ‘Pinot Noir’ and ‘Teroldego’ varieties 
were used as reference genotypes because of their well-
characterized allelic profiles for the analyzed loci. Capil-
lary electrophoresis of all SSR loci was performed using an 
ABI 3130xl Genetic Analyzer (Life Technologies, Foster 
City, CA, USA). The fragments (alleles) were sized using 
GeneMarker software v3.0 (SoftGenetics, State College, 
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In this study, the absence of R-loci specifically refers only to 
R-loci with exploitable associated markers, without exclud-
ing the possibility of known loci lacking reliable markers or 
novel/unknown loci.

3  Results

3.1  Genetic diversity

No redundancies were detected among the 323 Vitis acces-
sions analyzed by using 29 SSR markers, which yielded 323 
distinct molecular profiles (Supplementary Table S1). The 
mean Na was 22.24, ranging from 6 alleles (GF09-47) to 
38 alleles (UDV305), with a total of 643 alleles across the 
entire collection (Table 2). The Ne varied from 1.55 (GF09-
47) to 16.48 (UDV305), with a mean value of 8.97.

Across the entire germplasm, the analysis revealed a high 
mean HE value, also referred to as the genetic diversity index 
(0.86), ranging from 0.36 (GF09-47) to 0.94 (UDV305). The 
mean HO was 0.74, ranging from 0.31 (GF09-47) to 0.93 
(GF13-9). HE was higher than HO at 24 loci and very similar 
at the remaining 5 loci. Among these 24 loci (He > HO), the 
probability of null alleles (r) was significantly high (> 0.20) 
for four loci (VVMD32, GF05-13, CenGen6 and SC34-8). 
However, the exclusion of these loci did not substantially 
affect the inference of genetic structure when compared to 
the complete marker set (Supplementary Fig. S3). The PIC 
estimates ranged from 0.32 (GF09-47) to 0.94 (UDV305), 
with a mean value of 0.84. The Dj value was greater than 
0.80 for 27 of the 29 loci, with the highest value calculated 
for the UDV305 locus (0.95). Overall, 24 loci showed high 
values for both the PIC and Dj (> 0.80). Among the 643 SSR 
alleles identified, 28.4% had frequencies greater than 5% 
and were categorized as common alleles; 35.6% had fre-
quencies between 1 and 5% and were classified as less com-
mon alleles; and 36.0% had frequencies below 1% and were 
considered rare alleles.

Statistical indices were calculated for each subset to 
assess the genetic diversity within each species group 
(Table 3). The average Na ranged from 3.79 in the unknown 
species group to 13.55 in V. monticola, whereas the average 
Ne varied from 2.39 in V. mustangensis to 5.60 in V. cine-
rea var. helleri. The V. mustangensis group also presented 
the lowest values for HE (0.49) and Shannon’s informa-
tion index (I, 0.91), whereas the highest values for HE and 
I were observed for V. rotundifolia (0.84) and V. aestivalis 
var. aestivalis (1.86), respectively. The fixation index (F) 
ranged from − 0.11 for V. cinerea var. floridana to 0.21 for 
V. rotundifolia.

Among the 643 observed alleles, 505 were shared among 
the species groups, whereas the remaining 138 represented 

genetic groups based on a membership probability threshold 
(q) of ≥ 0.70.

Discriminant analysis of principal components (DAPC) 
was conducted by using the R package adegenet, which 
applies a nonparametric approach that does not rely on the 
Hardy–Weinberg equilibrium assumption (Jombart et al. 
2010). This analysis was employed to illustrate the genetic 
divergence among clusters, enabling the identification of 
related clusters. The find.clusters function was employed to 
identify the number of clusters within the wild germplasm 
by performing successive rounds of K-means clustering 
with an increasing number of clusters (K), with 20 set as 
the maximum. The optimal cluster number was determined 
based on the Bayesian information criterion (BIC). The 
DAPC outcomes are displayed as multidimensional scaling 
plots.

Genetic relationships among the accessions were evalu-
ated by using a distance-based model estimated via Rog-
ers’ genetic distance (Rogers 1972). The resulting distance 
matrix was utilized to construct a dendrogram employing 
the neighbor-joining (NJ) algorithm (Saitou and Nei 1987) 
with 1,000 bootstrap replicates implemented in the R pack-
age poppr (Kamvar et al. 2014). The final dendrogram was 
generated by using iTOL 6.8.2 (Letunic and Bork 2021).

2.4  Construction of a core collection

The R package Core Hunter v.3 (De Beukelaer et al. 2018) 
was used to generate a core collection that maximizes the 
representation of alleles that are present in the full col-
lection within a reduced number of accessions. Different 
samples were created by adjusting the size parameter of the 
core collections to identify subsets of genotypes capable of 
capturing 100% of allele coverage. The sampling fractions 
ranged from 0.1 to 0.3 for the entire collection. The genetic 
diversity parameters of the resulting core collections were 
then compared to those of the full dataset by using GenAlEx 
v.6.5 (Peakall and Smouse 2012).

2.5  R-loci analysis

Using the “all-vs-all” approach (Zini et al. 2019; Vezzulli et 
al. 2019), all of the accessions were examined for 15 screen-
able and reliable R-loci: six loci linked to DM resistance 
(Rpv1, Rpv3, Rpv10, Rpv12, Rpv14, and Rpv27), five loci 
associated with PM resistance (Run1, Ren1, Ren2, Ren3, 
and Ren9), two loci correlated with BR resistance (Rgb1 
and Rgb3), one locus associated with PD resistance (PdR1), 
and one locus linked to Phylloxera resistance (Rdv1). The 
resistance gene symbols, causal agent names for the dis-
eases (traits), markers related to resistance, associated resis-
tance alleles, and genotypes of origin are detailed in Table 1. 
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3.2  Genetic structure and relationships

STRUCTURE analysis was conducted to determine the 
probable number of genetic groups (K) within the data-
set, and ancestral values per genotype for K values rang-
ing from 1 to 15 were recorded. Using the Evanno method 
(Evanno et al. 2005), the most likely number of popula-
tions was determined to be K = 8, as it presented the highest 

private alleles (Pa) specific to distinct species. The V. monti-
cola and V. cinerea var. helleri subsets exhibited the greatest 
number of private alleles, with 36 and 26, respectively. In 
contrast, the V. mustangensis group and the unknown spe-
cies group demonstrated the lowest numbers of Pa at 8 and 
5, respectively.

Table 1  Resistance (R) loci with causal agents, chromosomes, associated markers, corresponding resistance alleles/haplotypes, and reference 
genotypes. Additional information about the R-loci is available in the vitis international variety catalog (VIVC) (www.vivc.de, session: data on 
breeding genetics) and Bettinelli et al. (2023a)
Symbol Resistance Trait Chromosome Associated Marker Resistant Allele/Haplotype Reference Genotype
Rpv1-Run1 Plasmopara viticola/Erysiphe necator 12 VMC4f3.1 186 VRH3082-1-42

VMC8g9 160
Sc34-8 216
Sc35-2 238

Rpv3-1 Plasmopara viticola 18 UDV305 299 Regent
UDV737 279

Rpv3-2 UDV305 null Souvignier gris
UDV737 297

Rpv3-3 UDV305 null Merzling
UDV737 271

Rpv3321−312 UDV305 321 Chancellor
UDV737 312

Rpv3361−299 UDV305 361 Eger 28
UDV737 299

Rpv3299–314 UDV305 299 Courderc 13
UDV737 314

Rpv3null−287 UDV305 null Chancellor
UDV737 287

Rpv10 9 GF09-44 230 Severnyi
GF09-46 416
GF09-47 299

Rpv12 14 UDV340 197 Kunleany
UDV345 236
UDV360 227

Rpv14 5 GF05-13 294 Börner
UDV111 114

Rpv27 18 VVCS1H077H16R1-1 96 Norton
UDV737 294

Ren1 Erysiphe necator 13 Sc47-18 249 Kishmish vatkana
SC8_0071_014 143

Ren2 14 VVIP26 144 NY95.03
UDV025 125

Ren3 15 ScORGF15-02 242 Regent
Ren9 15 CenGen6 287 Regent
Rgb1 Phyllosticta ampelicida 14 GF14-42 332 Merzling

UDV095 123
Rgb3 14 VVIP22 335 Merzling

VMC2C3 159
Rdv1 Daktulosphaira vitifoliae 13 GF13-01 213 Börner

GF13-09 339
PdR1 Xylella fastidiosa 14 VVCh14-77 202/204 V. arizonica

VVIP26 146–146
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Table 2  Genetic parameters of the 29 microsatellite loci analyzed across 323 Vitis spp. Accessions, including the number of alleles per locus (Na), 
effective number of alleles (Ne), observed heterozygosity (HO), expected heterozygosity (HE), polymorphism information content (PIC), discrimi-
nation power (Dj), and estimated null allele frequency (r)
Locus Na Ne HO HE PIC Dj r
VVS2 22 8.97 0.84 0.89 0.88 0.89 0.03
VVMD5 26 13.02 0.73 0.92 0.92 0.93 0.12
VVMD7 18 7.92 0.64 0.87 0.86 0.88 0.16
VVMD25 21 11.07 0.92 0.91 0.90 0.91 -0.01
VVMD27 24 11.46 0.92 0.91 0.91 0.92 -0.01
VVMD28 30 12.68 0.71 0.92 0.92 0.92 0.13
VVMD32 23 6.21 0.54 0.84 0.83 0.84 0.23
VRZAG62 28 9.91 0.84 0.90 0.89 0.90 0.04
VRZAG79 19 7.49 0.80 0.87 0.85 0.87 0.04
UDV025 22 7.12 0.87 0.86 0.85 0.86 -0.01
VVIP26 36 14.75 0.90 0.93 0.93 0.94 0.01
VVCh14-77 26 12.06 0.88 0.92 0.91 0.92 0.02
UDV111 20 8.48 0.84 0.88 0.87 0.88 0.03
GF05-13 28 12.37 0.58 0.92 0.91 0.92 0.22
UDV360 16 5.02 0.81 0.80 0.78 0.80 -0.01
UDV737 36 13.37 0.86 0.93 0.92 0.93 0.03
UDV305 38 16.48 0.70 0.94 0.94 0.95 0.15
GF13-9 25 13.40 0.93 0.93 0.92 0.93 -0.01
GF13-1 16 7.54 0.85 0.87 0.86 0.87 0.01
Sc47-18 20 6.15 0.82 0.84 0.82 0.84 0.01
Sc08_0071_014 24 7.77 0.83 0.87 0.86 0.87 0.02
CenGen6 29 10.53 0.52 0.91 0.90 0.92 0.28
ScorGF15-32 8 5.14 0.66 0.81 0.78 0.81 0.10
SC34-8 8 3.14 0.42 0.68 0.64 0.68 0.24
GF09-46 20 6.12 0.66 0.84 0.82 0.84 0.12
GF09-47 6 1.55 0.31 0.36 0.32 0.36 0.10
GF14-42 20 6.44 0.71 0.84 0.83 0.85 0.09
UDV095 19 8.94 0.78 0.89 0.88 0.89 0.06
VMC2C3 15 5.05 0.72 0.80 0.78 0.80 0.05
Total 643 260.15
Mean 22.17 8.97 0.74 0.86 0.84 0.86
SEa 1.46 0.67 0.03 0.02 0.02 0.02
aStandard errors of the mean values

Table 3  Descriptive statistics of the mean loci values observed for each Vitis species group, including the sample size (N), number of alleles (Na), 
shannon’s information index (I), observed heterozygosity (HO), expected genetic diversity (HE), fixation index (F), and private alleles (Pa)
Species Groups N Na Ne I HO HE F Pa
Vitis aestivalis 24 9.90 4.29 1.67 0.73 0.73 -0.02 11
Vitis aestivalis var. aestivalis 26 11.34 5.01 1.86 0.79 0.78 -0.02 13
Vitis arizonica 61 11.38 3.88 1.61 0.75 0.71 -0.08 18
Vitis cinerea var. floridana 22 8.93 3.68 1.51 0.73 0.66 -0.11 11
Vitis cinerea var. helleri 68 11.90 5.60 1.82 0.76 0.76 0.01 26
Vitis monticola 98 13.55 4.39 1.76 0.77 0.75 -0.05 36
Vitis mustangensis 12 4.03 2.39 0.91 0.44 0.49 0.03 8
Vitis rotundifolia 8 7.66 5.59 1.80 0.62 0.84 0.21 10
unknown 4 3.79 3.24 1.20 0.70 0.77 -0.06 5
Mean 35.89 9.16 4.23 1.57 0.70 0.72 -0.01 15.33
SEa 1.86 0.28 0.12 0.03 0.02 0.01 0.02 3.10
aStandard errors of the mean values
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of unknown classification, two were identified as admixed 
and two were assigned to the VAE group.

A second round of the STRUCTURE analysis was con-
ducted for the VA-VC group due to its heterogeneous com-
position (Fig.  3b), with the aim of identifying potential 
substructures, as suggested by the other clustering analyses 
(Figs. 4 and 5). The highest ΔK value was observed at K = 2 
(Supplementary Fig. S1), indicating the presence of two 
subgroups within this group. Essentially, the V. cinerea var. 
floridana accessions formed the VCF subgroup (21), all of 
which showed high membership values (q ≥ 0.70), whereas 
the VA-VC2 subgroup (31) consisted of the remaining V. 
aestivalis and V. cinerea var. helleri accessions from the 
VA-VC group.

Furthermore, DAPC was conducted with no prior infor-
mation about the grouping of the evaluated accessions. 
An analysis of the BIC values indicated that the partition-
ing of the accessions into nine clusters was the most plau-
sible approach for explaining the variance within this set 
of genotypes (Supplementary Fig. S2). In the preliminary 
data transformation step, DAPC was able to explain 99% of 
the total genetic variation through the maintenance of 150 
principal components (PCs). The DAPC scatter plot, which 
is based on the first and second discriminant functions, 
depicts the distributions of the nine groups (Fig.  4), thus 
revealing significant genetic differentiation among most of 
the groups and low variance within the groups. The color 

ΔK value (Fig. 2). After establishing the threshold for the 
group assignment at q ≥ 0.70, 273 accessions (84.5%) were 
unequivocally assigned to a cluster at K = 8; the remaining 
50 accessions (15.5%) exhibited membership values lower 
than 0.70 and were considered admixed genotypes. At this 
level of structure (K = 8), a clear separation was observed 
among the sampled accessions based on species, with an 
evident substructure within certain species (Fig. 3a).

The V. monticola accessions were distributed between the 
groups VMO1 (n = 36) and VMO2 (n = 34), with 70 acces-
sions showing high association values (q ≥ 0.70) and 28 
accessions exhibiting intermediate associations (q < 0.70), 
thus classified as admixed. The VAR group was associated 
with the V. arizonica species, with 49 accessions showing 
q ≥ 0.70. The VMU group (n = 12) consisted exclusively of 
V. mustangensis accessions, whereas the VAE group (n = 29) 
was associated with V. aestivalis var. aestivalis. The VA-VC 
group was unique in exhibiting a predominance of mul-
tiple species, comprising accessions of V. aestivalis (21), 
V. cinerea var. floridana (21), and V. cinerea var. helleri 
(10) simultaneously. The remaining V. cinerea var. helleri 
accessions were distributed between the VCH1 (n = 29) and 
VCH2 (n = 30) groups. The eight accessions classified as V. 
rotundifolia were not clustered together: three were classi-
fied as admixed, whereas the others were distributed among 
the VMO1, VAE, and VCH2 groups. Among the accessions 

Fig. 2  The most likely number 
of genetic clusters (K) within 
the full dataset of 323 acces-
sions was determined by using 
the method described by Evanno 
et al. (2005). K values from ten 
separate runs, ranging from 1 to 
15, are shown. The delta K graph 
shows the maximum value at 
K = 8
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distinct major clusters. Within the large branch compris-
ing the remaining species, V. arizonica emerged as the most 
genetically distinct. Additionally, above the species level, 
closer genetic relationships were observed between V. mus-
tangensis and V. aestivalis var. aestivalis, as well as among 
V. cinerea var. helleri, V. cinerea var. floridana, and V. aes-
tivalis. The genetic similarity analysis indicated that the 
accession Arizonica Carlin-125 (ID: 125), previously clas-
sified as an unidentified species, clustered with accessions 
identified as V. monticola, suggesting a potential taxonomic 
assignment. The NJ dendrogram also revealed some cases 
where the initial taxonomic classifications were inconsis-
tent with their placement in the dendrogram. A total of nine 
accessions were flagged as potentially misclassified within 
the collection. Among these, three accessions classified as 
V. rotundifolia were distributed into different clusters: two 
(IDs 123 and 124) grouped with V. monticola accessions, 
and one (ID 274) clustered with V. aestivalis var.  aestivalis. 
Furthermore, two Vitis aestivalis accessions (IDs 238 and 
246) grouped within the V. aestivalis var. aestivalis clus-
ter, and two V. cinerea var. helleri accessions (IDs 315 and 

coding from the STRUCTURE assignment was used in 
the DAPC visualization. The allocation of individuals into 
clusters based on the DAPC results showed strong similar-
ity to those obtained from the Bayesian clustering analysis. 
Both analyses revealed the same clustering pattern, reflect-
ing the gene pools of the species. Specifically, DAPC clus-
ters 1 through 9 corresponded to the STRUCTURE groups 
VMO2, VA-VC2, VCF, VAR, VMU, VMO1, VAE, VCH1, 
and VCH2, respectively. Similar to what was observed in 
the STRUCTURE analysis, the V. rotundifolia accessions 
did not form a single group in the DAPC and were distrib-
uted across clusters 1, 6, 7, and 9. Moreover, the accessions 
with unknown species were allocated to clusters 1 and 7.

Finally, a neighbor-joining (NJ) clustering analysis 
was performed to further explore the genetic relationships 
among the grapevine genotypes (Fig. 5). Overall, the result-
ing dendrogram exhibited a pattern consistent with the pre-
vious analyses, providing a clear visualization of clustering 
based on the species group classification. The dendrogram 
highlighted V. monticola as being genetically more distant 
from the other species, with its accessions forming two 

Fig. 3  Bar plot of the estimated membership coefficients (q) for the 
323 analyzed Vitis accessions. Each vertical bar represents an indi-
vidual, divided into colored segments that indicate the proportional 
membership in each inferred cluster. Groups were labeled based on 
the predominant species within the accessions. (A) First round of the 
STRUCTURE analysis, showing the inferred genetic structure for 
K = 8. Clusters VMO1 and VMO2: V. monticola; Cluster VAR: V. ari-

zonica; Cluster VMU: V. mustangensis; Cluster VAE: V. aestivalis var. 
aestivalis; Cluster VA-VC: V. aestivalis, V. cinerea var floridana, and V. 
cinerea var. helleri; Clusters VCH1 and VCH2: V. cinerea var. helleri. 
(B). Second round of the STRUCTURE analysis showing substructur-
ing within the VA-VC cluster for K = 2. Cluster VCF: V. cinerea var 
floridana; Cluster VA-VC2: V. aestivalis and V. cinerea var. helleri
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3.3  Development of a core collection

Three independent sampling proportions, ranging from 10 
to 30% of the total dataset, were established to minimize 
redundancy in the collection and enhance its practical appli-
cation in crossbreeding programs. The objective was to 
identify the smallest subset of accessions capable of rep-
resenting the available allelic diversity. Core10, composed 
of 32 accessions, captured 464 alleles, corresponding to 
72.16% of the total (Table 4). Core20, with 62 accessions, 

320) were placed with V. cinerea var. floridana accessions. 
The dendrogram also highlighted some outlier accessions, 
particularly those without a defined species and the remain-
ing V. rotundifolia accessions. One of the unknown acces-
sions, Arizonica Carlin-126 (ID 126), did not cluster with 
any recognized species and remained isolated. The other 
unknown accessions, along with the remaining V. rotundifo-
lia accessions, were positioned near certain species groups 
but located on distinct branches, indicating potential taxo-
nomic divergence.

Fig. 4  DAPC scatterplots based on the K-means algorithm were used 
to determine the optimal number of clusters. Each dot represents an 
individual, with clusters represented in distinct colors. Accessions 
from different Vitis species were assigned to nine clusters (K = 9): 
Clusters 1 and 6, predominantly V. monticola accessions; Cluster 2, 

composed of V. aestivalis and V. cinerea var. helleri accessions; Cluster 
3, V. cinerea var. floridana accessions; Cluster 4, V. arizonica acces-
sions; Cluster 5, V. mustangensis accessions; Cluster 7, predominantly 
V. aestivalis var. aestivalis accessions; and Clusters 8 and 9, associated 
with V. cinerea var. helleri
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2.36 (Core10) to 2.47 (Core30), which was lower than that 
of the whole collection only for Core10.

The Core30 sample, comprising 29.41% of the whole 
collection, was the only one capable of representing 100% 
of the alleles identified using 29 SSR markers across all 323 
accessions. All clusters detected in the STRUCTURE and 
DAPC analyses are represented in Core30. Specifically, in 
the DAPC analysis (K = 9), 22 accessions were observed in 
Cluster 1, 14 in Cluster 2, 6 in Cluster 3, 13 in Cluster 4, 5 
in Cluster 5, 3 in Cluster 6, 18 in Cluster 7, 5 in Cluster 8, 
and 9 in Cluster 9 (Fig. 6). When considering species-based 
grouping, the composition of Core30 was not exactly pro-
portional to the total number of accessions in each group. 

encompassed 583 alleles (90.66%), whereas Core30, con-
sisting of 95 accessions, successfully captured all 643 
alleles present in the whole collection. The genetic diver-
sity indices obtained for the core subsets were similar to or 
greater than those of the entire germplasm. The HO values 
ranged from 0.69 (Core10) to 0.74 (Core30), with the latter 
being identical to that observed for all 323 accessions. The 
three subsets presented HE values equal to those observed 
for the complete dataset (0.86). In contrast, the Ne values 
of the samples were higher than those of the entire collec-
tion, ranging from 273.64 (Core10) to 283.32 (Core30). 
Finally, the Shannon’s information index (I) ranged from 

Table 4  Comparison of genetic diversity between the sampled core collections and the entire dataset. N: number of accessions. Na: number of 
alleles. Ne: number of effective alleles. HO: observed heterozygosity. HE: expected heterozygosity. I: shannon’s information index
Sample name N Na Ne HO

* HE
* I* Allele coverage (%)

Core10 32 464 273.64 0.69 (0.02) 0.86 (0.02) 2.36 (0.09) 72.16
Core20 62 583 276.25 0.73 (0.02) 0.86 (0.01) 2.45 (0.09) 90.66
Core30 95 643 283.32 0.74 (0.02) 0.86 (0.02) 2.47 (0.09) 100
Whole collection 323 643 260.15 0.74 (0.03) 0.86 (0.02) 2.39 (0.08) 100
*The standard error is shown in parentheses

Fig. 5  Neighbor-joining dendrogram illustrating the genetic relationships among 323 Vitis accessions based on 29 SSR loci. Accessions are color-
coded to represent their respective species groups
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R-loci Rpv1, Rpv10, Rpv12, Ren1, Run1, and Rgb3 were not 
detected in any of the analyzed genotypes. Among the PM 
R-loci, Ren3 was the most abundant (26.9%), followed by 
Ren9 (5.5%) and Ren2 (2.5%). While Ren3 and Ren9 were 
distributed across different species groups, Ren2 was exclu-
sively identified in eight V. cinerea var. helleri accessions 
within the VCH1 group (DAPC Cluster 8).

With respect to the DM R-loci, Rpv3 was identified in 62 
genotypes (19.19%). The Rpv3-2 haplotype was the most 
prevalent in the germplasm, found in 30 genotypes, fol-
lowed by Rpv3null − 287 (9 genotypes), Rpv3-1 (8 genotypes), 
Rpv3361 − 299 (7 genotypes), Rpv3-3 (6 genotypes), and 
Rpv3321 − 312 (2 genotypes). Notably, the Rpv3-3 haplotype 
was detected exclusively in V. aestivalis accessions within 
the VAE group (DAPC Cluster 7), whereas Rpv3321 − 312 
was detected only in V. arizonica accessions from the VAR 
group (DAPC Cluster 4). The other DM R-locus, Rpv27, 
was identified in 19 genotypes (5.9%), including 4 classified 
as V. monticola, 13 as V. aestivalis var. aestivalis, and 3 as 
V. aestivalis. These genotypes were predominantly distrib-
uted across the VAE (DAPC Cluster 7) and VMO2 (DAPC 

The core collection consisted of 23 accessions classified as 
V. monticola, 16 as V. cinerea var. helleri, 14 as V. aesti-
valis var. aestivalis, 13 as V. arizonica, 11 as V. aestivalis, 
6 as V. cinerea var. floridana, 5 as V. rotundifolia, 5 as V. 
mustangensis, and 2 classified as unknown. Interestingly, 
almost all accessions of V. rotundifolia were included in the 
Core30 sample, whereas fewer V. arizonica accessions were 
selected compared to V. aestivalis var. aestivalis, despite V. 
arizonica exhibiting more than twice the total number of 
accessions.

3.4  R-loci detection

Fifteen screenable and reliable R-loci were examined in all 
323 wild grapevine accessions, along with the reference gen-
otype for each R-locus described in Table 1. The Rpv3 locus 
represents a unique case in which different resistant haplo-
types have been characterized (Di Gaspero et al. 2012); for 
this locus, we used a paired status (e.g., Rpv3-1 + Rpv3-2). A 
list of the R-loci detected in each genotype of the wild germ-
plasm collection is shown in Supplementary Table S3. The 

Fig. 6  Composition of the 
Core30 sample based on groups 
identified via the DAPC analysis, 
highlighting the distribution of 
species within each cluster. The 
colors used in the sunburst chart 
follow the same color scheme 
as the DAPC analysis for group 
representation
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findings revealed that pyramiding (stacking of at least two 
R-loci against the same disease) of Rpv loci occurred in 
only four (1.2%) genotypes; for Run/Ren loci, pyramiding 
was observed in six (1.8%) genotypes within the collection. 
Only ten individuals (3.1%) harbored three R-loci, including 
three occurrences in V. monticola featuring the combination 
Ren3 + Ren9 + Rpv3-1 and seven occurrences in V. aestiva-
lis species, each exhibiting a distinct combination. Notably, 
one individual among the V. aestivalis var. aestivalis group 
(ID 263) exhibited a unique combination, possessing two 
variants of Rpv3 (Rpv3-1 and Rpv3-3) in addition to Ren3 
and PdR1.

4  Discussion

4.1  Assessing genetic diversity

For advancements in sustainable grapevine crossbreed-
ing programs, strategically utilizing genetic resources and 
thoroughly characterizing genetic diversity are crucial. This 

Cluster 1) groups. Additionally, Rpv14 was detected in only 
3 (0.9%) genotypes, comprising 2 classified as V. aestivalis 
from the VA-VC2 group (DAPC Cluster 2) and 1 as V. aes-
tivalis var. aestivalis from the VAE group.

In terms of BR R-loci, Rgb1 was detected in 13 genotypes 
(4%), with 7 classified as V. monticola and 6 as V. arizonica, 
primarily distributed within the VMO2 and VAR groups, 
respectively. Additionally, five genotypes (1.5%) harboring 
the PdR1 locus associated with PD resistance were identi-
fied. Among these, two genotypes were classified as V. ari-
zonica from the VAR group, and three were classified as 
V. aestivalis var. aestivalis from the VAE group. Finally, 
the Rdv1 locus associated with phylloxera resistance was 
detected in 12 genotypes (3.7%), comprising 7 V. monticola, 
4 V. cinerea var. helleri, and 1 V. aestivalis var. aestivalis, 
which are distributed across different genetic groups.

Notably, in 47.7% of the analyzed genotypes, none of 
the examined R-loci were detected (Fig. 7). Within the col-
lection, 38.1% of the genotypes carried a single R-locus 
associated with resistance to at least one of the studied dis-
eases, whereas 11.1% carried two loci. Furthermore, our 

Fig. 7  Grouped bar chart showing the percentage of accessions with 
a single resistance (R) locus (blue), a combination of two (green) or 
three R-loci (magenta), and the absence of any investigated R-locus 
(gray). Rpv: resistance to Plasmopara viticola; Run: resistance to 

Uncinula necator (from Muscadinia spp.); Ren: resistance to Erysiphe 
necator (from Vitis spp.); Rgb: resistance to Phyllosticta ampelicida; 
PdR: resistance to Xylella fastidiosa; Rdv: resistance to Daktulosph-
aira vitifoliae
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at frequencies typically observed, are unlikely to introduce 
significant bias into assessments of genetic relationships. 
Additionally, Carlsson (2008) emphasized that an increase 
in the number of loci and the degree of genetic differentia-
tion has a much greater impact on assignment accuracy than 
the presence of null alleles. This is particularly relevant in 
studies involving taxonomically broad collections or wild 
populations, where null alleles are more likely to occur. As 
long as the marker set retains sufficient polymorphism and 
discriminatory power, the overall reliability of population 
structure analyses remains unaffected. Nonetheless, loci 
with low null allele frequencies should always be preferred 
to minimize ambiguity and maximize assignment power 
(Dakin and Avise 2004; Carlsson 2008; Huang et al. 2022).

Given the lack of sampling information, such as the num-
ber of parent plants and seeds per plant collected to estab-
lish the germplasm, the diversity analysis among the species 
groups provided valuable insights into potential genetic 
bottlenecks and the levels of representativeness within 
each group. The analysis revealed a lower level of genetic 
variability within V. mustangensis than in the other groups 
(Table 3). The diversity parameters indicate a more homo-
geneous population, with the fixation of specific alleles. 
The smaller population size likely increased inbreeding, 
suggesting that the accessions from this species may have 
originated from a limited number of progenitors from a 
specific population. In the case of the V. rotundifolia spe-
cies group, the analysis indicated high genetic variability 
(HE = 0.84 and I = 1.80), despite the small number of acces-
sions analyzed, suggesting the presence of highly divergent 
individuals within the group. However, signs of inbreeding 
were also observed within this species group (HE >HO and 
F = 0.21), possibly resulting from the presence of genetically 
similar individuals with a shared origin, an effect that may 
be aggravated by the group’s small size. The other species 
groups exhibited genetic diversity ranging from moderate 
to high, with evidence of substantial variation among indi-
viduals within each group, confirming that the accessions 
possess the genetic potential to integrate new materials into 
crossbreeding programs.

The presence of private alleles across all species groups 
underscores the importance of their conservation, as well 
as their potential as unique sources of genetic variation. 
These alleles can be strategically utilized in crossbreeding 
programs and genetic studies to increase allele richness, 
enhance adaptability and improve resistance to changing 
environmental conditions (de Souza et al. 2015; Salem and 
Sallam 2015; Sun et al. 2016) In this study, species groups 
with a greater number of individuals, such as V. monticola 
and V. cinerea var. helleri, exhibited a greater number of 
private alleles. This outcome may reflect a broader sam-
pling of genetic variation; however, it could also indicate 

strategy involves both the identification and incorporation 
of diverse genetic materials and an understanding of their 
genetic makeup and variability to enable more effective 
and targeted breeding efforts (Kaya et al. 2023; Magon et 
al. 2023). This study provides a valuable starting point for 
the introgression of North American wild Vitis genetic back-
ground into diverse genetic foregrounds.

The genotyping results confirmed that the collection is 
composed exclusively of unique genotypes, which is con-
sistent with their origin from seeds and the outcrossing 
reproductive system that is typical of wild grape species 
(Riaz et al. 2018a; Cunha et al. 2020). The high heterozy-
gosity values highlight the potential of these genetic materi-
als as valuable sources of diversity. The HE values observed 
in the FEM wild Vitis germplasm exceeded those reported 
for collections composed solely of V. vinifera accessions 
(e.g. Riaz et al. 2018a; Zdunić et al. 2020); however, they 
were comparable to values observed in non-vinifera collec-
tions (Migliaro et al. 2019; Riaz et al. 2020; de Oliveira et 
al. 2023). The taxonomic breadth of this germplasm is fur-
ther evidenced by the high Na (~ 22), due to the fact that 
a relatively large proportion of the identified alleles were 
rare (36%). Overall, the wild grape germplasm represents a 
valuable reservoir of unique alleles, thus providing breeders 
with a diverse set of genetic resources that can support the 
development of stress-resilient cultivars (de Oliveira et al. 
2020).

The extensive array of alleles generated by the 29 SSR 
primer set significantly influenced both the PIC and Dj. In 
accordance with the categorization of Botstein et al. (1980), 
most of the SSR loci were classified as highly informative 
(PIC > 0.50), thereby confirming their suitability for assess-
ing genetic diversity and structure. Only GF09-47 (0.32) 
exhibited reduced polymorphism and the lowest values of 
Dj, Na, and Ne, potentially limiting its use in distinguishing 
closely related genotypes. The PIC is influenced by vari-
ous factors, including the breeding behavior of the species, 
genetic diversity within the collection, collection size, and 
the genomic location targeted by the utilized primers in the 
study (Singh et al. 2013). A similar range of PIC values 
has been reported in other grapevine studies utilizing SSR 
markers (Marsal et al. 2016; Migliaro et al. 2019; Miazzi et 
al. 2020; de Oliveira et al. 2020).

Although null alleles were detected at four loci, the 
DAPC and dendrogram analyses that were performed after 
excluding these loci yielded clustering patterns and popu-
lation structures that were highly consistent with those 
obtained by using the complete marker set (Supplementary 
Fig. S3). In a review of 233 studies, Dakin and Avise (2004) 
reported that the frequency of simulated null alleles is often 
overestimated, which may undervalue the informativeness 
of SSR markers. They also demonstrated that null alleles, 
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genetically divergent species, belonging to distinct clades 
(Wan et al. 2013; Klein et al. 2018; Zecca et al. 2020). Con-
versely, these studies also revealed that V. mustangensis, V. 
cinerea, and V. aestivalis share a closer genetic relationship, 
with their clusters branching from a common node. Accord-
ing to a study conducted by Klein et al. (2018), V. cinerea 
and V. aestivalis exhibit even greater genetic proximity and 
are part of the same subclade. This close relationship may 
explain the clustering of certain V. aestivalis and V. cinerea 
accessions in the first round of the STRUCTURE analysis 
(VA-VC group). In the DAPC analysis and second round 
of the STRUCTURE analysis, the V. cinerea var. floridana 
accessions formed a distinct group (VCF group and DAPC 
Cluster 3). However, the clustering of V. cinerea var. hel-
leri and V. aestivalis accessions remained evident (VA-
VC2 group and DAPC Cluster 2) and was also observed 
in the NJ dendrogram. An alternative explanation could be 
the potential misclassification of some accessions, which 
might represent variants of either V. cinerea or V. aestiva-
lis. In the study by Wan et al. (2013), accessions classified 
as V. cinerea var. floridana were consistently placed within 
the V. aestivalis clade. According to the authors, this clas-
sification highlights the historical confusion regarding the 
synonym Vitis simpsonii, which has been attributed to two 
different species, one belonging to the Aestivales group and 
the other to the Cinerescentes group. Studies conducted by 
Zecca et al. (2020) and Péros et al. (2023) revealed a closer 
genetic relationship between V. cinerea var. floridana and V. 
aestivalis than between V. cinerea var. floridana and other 
varieties of V. cinerea. Furthermore, Péros et al. (2023) sug-
gested that V. cinerea var. floridana does not belong to V. 
cinerea but is more likely a pure species or a hybrid closely 
related to V. aestivalis. Zecca et al. (2020) further suggested 
that the placement of V. cinerea var. floridana within the 
“V. aestivalis-like” clade might indicate instances of cross-
breeding where the ranges of these species overlap. These 
findings support the hypothesis that the accessions in the 
VA-VC2 group (DAPC Cluster 2), due to their genetic prox-
imity to the V. cinerea var. floridana cluster, are actually all 
V. aestivalis-like or hybrids closely related to this species, 
with misidentification being limited to the accessions in this 
group labeled V. cinerea var. helleri.

Passport data for wild species often contain incomplete 
or inaccurate information. Therefore, molecular data are 
frequently used to identify genetic signatures that aid in 
classifying genotypes within species or to flag accession 
identities as suspects (Klein et al. 2018; Riaz et al. 2020; 
Zecca et al. 2020). In this study, the NJ dendrogram sug-
gested taxon names for one previously unknown accession, 
whereas nine accessions were potentially misidentified in 
the FEM wild Vitis germplasm. Although the NJ dendro-
gram analysis could not definitively place some accessions 

greater intrinsic diversity, as the population size is not 
always directly correlated with the number of private alleles 
(de Souza et al. 2015; de Oliveira et al. 2020; Buck and 
Worthington 2022). Despite the small sample size, the V. 
rotundifolia group exhibited a high proportion of private 
alleles, thereby emphasizing its genetic distinctiveness.

4.2  Germplasm genetic structure and clustering

Without detailed information on the genetic relationships 
among most genotypes, as is the case in this study, identify-
ing the most accurate clustering method is challenging. The 
application of multiple clustering criteria and the use of the 
predominant structure from these methods are essential to 
ensure that the results are not merely artifacts of the utilized 
techniques (Liang et al. 2015; Rodriguez et al. 2019; Tian 
et al. 2024). The consistency between the STRUCTURE, 
DAPC, and NJ dendrogram results reinforces the accuracy 
of the analyses and highlights a robust genetic structure 
within the evaluated germplasm, thereby supporting the 
hypothesis that dividing the germplasm into nine clusters is 
the most appropriate approach.

The identification of substructuring within the species 
V. monticola, V. cinerea, and V. aestivalis, which was high-
lighted in all three clustering analyses, provides additional 
insights into the origins of the accessions and helps identify 
varying levels of genetic relatedness among them within 
the species group. This divergence often arises from factors 
such as geographic isolation or the sampling of individu-
als from different locations along a geographical gradient 
(Maurya et al. 2024). In a previous study, Riaz et al. (2020) 
reported significant differences among V. cinerea accessions 
collected from different areas of North America, thus indi-
cating regional types or varieties; moreover, they empha-
sized that species from different regions may contribute to 
unique genetic pools. Recently, Margaryan et al. (2023) 
also demonstrated that the wild population exhibits distinct 
grouping patterns and differentiation based on geographic 
location by analyzing the genetic structure of V. vinifera ssp. 
sylvestris in Armenia. In the case of the accessions used in 
this study, although the mother plants from which the seeds 
were sampled belonged to the same species, they may have 
originated from different populations, likely from geograph-
ically distinct regions. The V. monticola accessions classi-
fied as admixed via STRUCTURE may result from crosses 
between parent plants from different populations (such as 
VMO1 and VMO2), as these parents may be located close 
to each other in the grapevine collection field at the Univer-
sity of California, where the seeds were collected.

The relationships among the North American Vitis spe-
cies analyzed in this study align with previous findings, 
which identified V. monticola and V. arizonica as the most 
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of the original collection, and all of the alleles present in the 
original collection were preserved. These results indicate 
that the core collection maintains sufficient genetic varia-
tion, thus making it a strategic starting point for the incor-
poration of this genetic resource into molecular breeding 
programs. However, although all of the alleles detected by 
the markers utilized in this study are fully represented in the 
core collection, this scenario does not necessarily ensure the 
inclusion of the full spectrum of functional genetic diver-
sity present in the entire germplasm, due to the fact that the 
preservation of allelic diversity is not always compatible 
with the preservation of phenotypic variability (Mahmoodi 
et al. 2021; Xue et al. 2021). Moreover, the utilized SSR 
markers are neutral and not gene-based; thus, they primar-
ily reflect polymorphisms in non-coding DNA regions and 
may not capture the variation that is directly associated with 
functional traits. Future efforts to refine the core collection 
may benefit from the integration of additional layers of 
characterization, including functional markers, phenotypic 
evaluations, and ecogeographical traits, in order to further 
enhance its functional representativeness and maximize its 
utility for breeding programs (Kumar et al. 2016; Boccacci 
et al. 2021).

4.4  Identifying potential sources of disease and 
pest resistance

Advancements in genetics/genomics and crossbreeding 
applications have utilized wild grapevine plants to introduce 
disease resistance genes and increase tolerance to a variety 
of abiotic stress factors, as well as diverse climatic condi-
tions (Vezzulli et al. 2022). The identification of genetic 
markers associated with agronomic and fruit quality traits 
would enable the screening of large plant populations and 
progenies, allowing the selection of individuals carrying 
beneficial alleles (De Lorenzis et al. 2022). Moreover, not 
all of the identified R-loci have suitable marker choices 
available in the literature. In this study, we utilized only 
R-loci associated with resistance to different pathogens that 
have a defined set of robust and exploitable SSR markers 
for MAS. The lack of detection of the R-loci Rpv1, Rpv10, 
Rpv12, Ren1, and Run1 in any of the analyzed genotypes 
can be attributed to the absence of genotypes derived from 
V. amurensis and V. vinifera species, as well as to the low 
representation of V. rotundifolia species in the collection. 
However, alternative technical factors should also be con-
sidered, as failures in the amplification of one of the two 
alleles at a target locus in a competitive PCR reaction may 
result from either sequence-independent factors or allele-
specific sequence variations (Blais et al. 2015). Mutations 
at one or both primer-binding sites can lead to mismatches 
between the primer and the target DNA, thereby potentially 

within the clades due to low bootstrap support, it provided 
indications of their close association with certain species 
groups (Klein et al. 2018). The DAPC and STRUCTURE 
analyses support the reidentification of most of these acces-
sions; however, morphological analyses should be con-
ducted for more accurate conclusions. The lack of grouping 
among the V. rotundifolia accessions reinforces the possibil-
ity of misidentification and supports the findings from the 
diversity analysis of this species group, which revealed the 
presence of highly divergent individuals, as reflected in the 
high HE value. Additionally, some accessions were closely 
clustered in the dendrogram, suggesting the presence of 
related individuals within the species group, which aligns 
with the inbreeding signals identified in the diversity analy-
sis (HE >HO and F = 0.21).

4.3  Building the core collection

The aim of developing a core collection is to increase the 
use, management, and conservation of germplasms by pro-
viding a subset of accessions that captures the majority 
of the genetic diversity within the entire collection while 
minimizing redundancy (de Souza et al. 2015; Anglin et al. 
2024). The size of a core collection is influenced by mul-
tiple factors, including the heterozygosity of the species, the 
germplasm population size, the level of genetic diversity, 
and the sampling strategy utilized (Wang et al. 2023). In this 
study, approximately 30% of the accessions (Core30) were 
sampled to capture the entire allelic diversity present in the 
whole collection. In other collections consisting solely of 
the species V. vinifera, core collections with smaller per-
centages of individuals (4–15%) have been reported (Cunff 
et al. 2008; Cipriani et al. 2010; Emanuelli et al. 2013). Con-
versely, in taxonomically broader collections that include 
wild species and interspecific hybrids, the percentage of 
individuals tends to be similar to that observed in this study 
(~ 30%) (Upadhyay et al. 2013; Migliaro et al. 2019; de 
Oliveira et al. 2020). This result is due to the fact that cul-
tivated genotypes tend to be less diverse compared to their 
wild counterparts (Cunff et al. 2008; Laucou et al. 2011). 
Consequently, collections that include wild accessions from 
different species require a larger number of individuals to 
adequately represent genetic diversity, which is due to the 
higher frequency of rare alleles (Lamboy and Alpha 1998), 
many of which are unique to specific species, as evidenced 
in the present study.

The designated core collection (Core30) provided a fair 
and proportionally balanced representation of each of the 
nine groups that were identified in the structure analyses, 
with a composition proportional to the number of acces-
sions belonging to each species group. The genetic diversity 
indices obtained for the core collection were similar to those 
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same pathogen as a form of parallel evolution (Bailey et 
al. 2017). However, SSRs have limitations that can lead to 
misleading interpretations for MAS, such as the occurrence 
of homoplasy, where two alleles are identical in state but not 
identical by descent. This occurrence results in instances of 
evolutionarily independent events that can confound studies 
of genetic variation within and among populations (Viard et 
al. 1998). Regardless, the inclusion of field resistance data 
will be crucial for elucidating these hypotheses, assessing 
the level of resistance in the field, and validating the MAS 
results.

In this study, six distinct Rpv3 haplotypes were identified 
among the accessions classified as V. aestivalis, V. cinerea, 
V. arizonica, and V. monticola. Previous analyses of the 
Rpv3 locus in North American Vitis species revealed seven 
conserved haplotypes exclusive to resistant accessions (Di 
Gaspero et al. 2012), thereby suggesting that this locus in 
resistant breeding lines originated from multiple ancestral 
sources. Among the haplotypes detected in this study, Rpv3-
2 was the most prevalent. However, its association with 
resistance depends on the presence of at least one null allele 
at the UDV305 locus. The detection of this null allele com-
plicates MAS in genotypes lacking documented pedigrees, 
as it is not possible to determine whether the signal reflects a 
true null allele or a homozygous state for alleles of identical 
size. Similar limitations apply to the Rpv3-3 and Rpv3null − 287 
haplotypes, thus underscoring the importance of incorporat-
ing phenotypic data to validate resistance predictions, par-
ticularly in wild populations. To sum up, in addition to the 
multihaplotypic nature of the Rpv3 locus, it is important to 
consider that a recent seminal study demonstrated that the 
same haplotype can underlie (slightly) different resistance 
genes, which may impact the actual host-pathogen interac-
tion (Wilkerson et al. 2025).

Different North American Vitis species, including V. 
monticola, which possesses seven genotypes of the Rgb1 
locus identified in this study, have been reported to exhibit 
high levels of resistance to BR (Bettinelli et al. 2023b). In 
contrast, V. arizonica, which also carried Rgb1 genotypes in 
this collection, has been described as susceptible in a recent 
review (Bettinelli et al. 2023b). This susceptibility may 
result from pathogen strains capable of overcoming specific 
resistance mechanisms, which is possibly due to selective 
pressures from prolonged coexistence with resistant hosts. 
Additionally, differences in pathogen strain composition 
across years or regions, as well as the inherent genetic vari-
ability within species, may influence resistance outcomes, 
and these factors are difficult to identify in studies with lim-
ited sampling (Bettinelli et al. 2023b). Therefore, caution is 
needed when generalizing susceptibility to an entire species. 
Notably, this study reports for the first time the presence 

resulting in allele dropout and misclassification of heterozy-
gous individuals as being homozygous. Moreover, the phe-
nomenon of allelic dropout may also involve preferential 
amplification of one allele over the other during the PCR 
thermocycling process, which may occur due to stochastic 
effects or technical issues such as suboptimal DNA quality, 
PCR inhibitors, or variations in thermocycling conditions 
(Guichoux et al. 2011; Blais et al. 2015; Jahnke et al. 2022). 
Therefore, the absence of these R-loci must be interpreted 
with caution, as technical limitations in molecular detection 
cannot be entirely ruled out.

Interestingly, nearly half of the genotypes lacked any of 
the analyzed R-loci associated with resistance to the inves-
tigated biotic factors, including all of the V. mustangensis 
accessions. However, this absence does not necessarily 
imply susceptibility; rather, it highlights an opportunity to 
identify novel resistance sources. Although further analy-
ses are required for definitive conclusions, ongoing studies, 
including a preliminary phenotypic screening for DM resis-
tance in greenhouse-grown potted plants, have indicated the 
presence of resistant genotypes among those lacking detect-
able Rpv loci in this study. In this experiment, eight acces-
sions were randomly selected and inoculated following 
the protocol described by Vezzulli et al. (2018) (additional 
details are provided in Supplementary Table S4). Among 
them, two accessions lacking any of the evaluated R-loci 
exhibited high resistance to DM, based on the OIV descrip-
tor 452 (OIV 2022), including one V. mustangensis acces-
sion, which may represent a potential new donor.

When considering the occurrence of each R-locus inde-
pendently, regardless of its combination with other R-loci, a 
higher frequency of Ren3 and Rpv3 was noted. This finding 
is consistent with the results reported by Zini et al. (2019) 
in a collection of hybrids, where a significant predominance 
of Rpv3 and Ren3 was also observed. The resistance to E. 
necator conferred by the Ren3 and Ren9 loci is believed to 
stem from an as-yet-unidentified North American Vitis spe-
cies (Zendler et al. 2017). In this study, these two loci in 
different species were grouped into distinct genetic pools 
via structural analyses. Additionally, some loci, such as 
the Rpv3, Rpv14, Rpv27, Rdv1, and PdR1 loci, have been 
identified in species other than those described as resistance 
sources. Different haplotypes of an R-locus can emerge 
randomly and be preserved in isolated populations with 
varying genetic backgrounds if they provide resistance to 
local pathogen variants. These haplotypes lead to vary-
ing levels of field resistance (Foria et al. 2018). However, 
exploratory studies of R-loci across different genetic back-
grounds from the discovered resistance source are rare. One 
hypothesis for the observed results is that related species 
sharing similar environments exposed to the same selec-
tion pressure may share a defense mechanism against the 
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5  Conclusions

The molecular characterization of germplasm collections 
is essential for the efficient management and utilization of 
genetic resources. In this study, the comprehensive geno-
typing of the FEM wild grapevine collection revealed high 
levels of genetic diversity and the presence of key R-loci, 
thus underscoring the importance of the conservation of this 
germplasm both for its ecological value and for its poten-
tial to contribute to sustainable viticulture. These geno-
types represent valuable sources of known resistance alleles 
and offer opportunities to identify novel resistance traits. 
However, the limited number of available reliable markers 
compared to the numerous QTLs described in grapevine 
research highlights the need to integrate phenotypic data. 
Such integration is crucial to validate the MAS results, 
accurately assess resistance levels, and validate new R-loci. 
The structure and genetic diversity analyses provided 
important insights into the relationships among the geno-
types, thereby enabling the identification of distinct genetic 
pools within species groups. This information is especially 
valuable for crossbreeding programs, given the limitations 
of passport and sampling data associated with these acces-
sions. Furthermore, the establishment of a core collection 
offers a practical approach for the targeted identification of 
candidate genes as well as the evaluation of key traits, thus 
reducing redundancy while ensuring representative genetic 
diversity. Overall, this study represents a milestone for 
future molecular breeding strategies, boosting marker- and 
genomics-assisted breeding and potentially supporting the 
application of new genomic techniques applications.
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of Rgb1 in six V. arizonica genotypes, thereby highlighting 
their potential as sources of BR resistance.

The Rdv1 locus, associated with phylloxera resistance 
via a hypersensitive response, is thought to have originated 
from V. cinerea (Zhang et al. 2009; Hausmann et al. 2011). 
Among the 12 identified accessions carrying Rdv1, four 
were classified as V. cinerea, and seven were classified as V. 
monticola. Although phylloxera resistance in V. monticola 
has been rarely reported, this species was previously classi-
fied as tolerant (Wapshere and Helm 1987). Its limited use 
in rootstock breeding is likely due to its poor rooting ability 
and very slow growth (Cousins and Lauver 2003; Heinitz et 
al. 2019). However, the results of the present study, which 
demonstrated the presence of multiple R-loci conferring 
resistance to PM, DM, BR, and phylloxera in V. monticola, 
underscore its potential as a valuable genetic resource for 
biotic stress resistance. Notably, species such as V. monti-
cola and V. cinerea var. helleri are currently restricted to 
narrow natural habitats and experience significant threats 
from human activities and invasive species (Heinitz et al. 
2019; Zecca et al. 2020). The survival and establishment of 
the accessions analyzed in this study under the harsh winter 
conditions of northern Italy further demonstrate their adapt-
ability and potential utility in European grapevine cross-
breeding programs.

The PdR1 locus, mapped to chromosome 14, has played 
a key role in developing PD-resistant grapevine variet-
ies (Krivanek et al. 2006; Riaz et al. 2009). In this study, 
five accessions carrying the PdR1 locus were identified, 
belonging to V. arizonica and V. aestivalis var. aestivalis. 
Previous studies have also reported PdR1 in V. arizonica 
accessions resistant to PD, including both pure species and 
hybrids distributed across the arid southwestern USA and 
northern Mexico (Krivanek et al. 2005; Riaz et al. 2006, 
2018b, 2023). Furthermore, Riaz et al. (2020) demonstrated 
that PD resistance extends beyond V. arizonica, as other 
North American wild Vitis species have demonstrated vary-
ing levels of resistance to the disease. Notably, accessions of 
V. aestivalis have exhibited the ability to tolerate relatively 
high bacterial loads without excessive leaf scorch. More-
over, V. aestivalis has been incorporated into the genetic 
background of several PD-resistant varieties released in 
the USA (Riaz et al. 2020). In Europe, Pierce’s Disease 
has been observed as an emerging threat since its first offi-
cial detection in grapevines in Mallorca (Balearic Islands) 
in 2017 (Moralejo et al. 2019). Thus, the establishment of 
effective control strategies and the initiation of molecular 
breeding programs aimed at developing resistant cultivars 
are urgently needed. The results obtained in this study have 
facilitated the identification of potential sources of PD resis-
tance, thereby providing valuable genetic combinations for 
upcoming crossbreeding efforts.
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