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Abstract: By exploring seed samples from vineyards and natural habitats across the
Eurasian range of Vitis vinifera, our analysis revealed substantial morphological varia-
tion within populations. Through the analysis of domestication index values, probabilities,
and entropy, we assessed seed diversity. Samples with high domestication probability
values—predominantly from vineyards—exhibited low heterogeneity and entropy, with
similar patterns observed in natural habitats, suggesting the presence of feral vines. In
parallel, seeds with low domestication index values, found mainly in natural habitats, also
displayed low entropy and are likely associated with Vitis sylvestris or other wild Vitaceae
species. Intermediate domestication values pointed to hybrid swarms, highlighting the
crucial role of hybridization in the development of modern grapevine cultivars. The study
identified mixed populations across the Iberian Peninsula, Italy, and the South Caucasus,
which act as significant gene reservoirs. A domestication gradient is evident, with higher
domestication rates in the South Caucasus compared to Western Europe and East Asia. The
results demonstrate the significance of these mixed populations as repositories of genetic
diversity, underscoring their conservation value, particularly considering the negative
impact of habitat alterations, especially in riparian forests due to major public works.

Keywords: feral; grapevine; Vitis sylvestris; introgression; heterogeneity estimate; Shannon
index; hybridization; wild relatives; biodiversity
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1. Introduction

Heterogeneity represents a fundamental organizing principle of biological systems,
manifesting across multiple scales from the molecular to the ecosystem level. This inher-
ent variability encompasses the morphological, functional, and interactive dimensions of
organisms and their populations. In cultivated species such as Vitis vinifera L., popula-
tion heterogeneity is particularly evident in the phenotypic and genetic variation among
individuals within defined cultivar groups.

The application of entropy—a concept derived from information theory and thermo-
dynamics—provides a robust quantitative framework for analyzing such biological diver-
sity. In population biology, entropy metrics effectively quantify the distribution patterns
of phenotypic traits, genetic markers, or physiological responses within populations [1].
Higher entropy values correspond to increased population heterogeneity, reflecting greater
informational complexity and reduced predictability in population structure [2].

In viticultural systems, entropy values demonstrate significant variation between
genetically diverse populations and clonally propagated monocultures. Higher entropy
metrics in heterogeneous vineyards reflect increased informational complexity across
multiple parameters, including genotypic diversity, pathogen-resistance profiles, and yield
characteristics. This quantitative framework for assessing population heterogeneity has
substantial implications for viticulture, informing germplasm selection, disease-resistance
breeding programs, and the development of sustainable cultivation strategies. Moreover,
understanding the relationship between population entropy and phenotypic plasticity
provides valuable insights for enhancing vineyard resilience in the context of contemporary
viticultural challenges.

Grapevine domestication is a complex process that has likely occurred over thousands
of years, starting in the Near East and South Caucasus at least since the Neolithic period,
about 11,000 years ago [3]. The wild grapevine species Vitis sylvestris C.C. Gmelin is widely
regarded as the primary ancestor of the cultivated grapevine Vitis vinifera L., although the
species rank for Vitis sylvestris is not universally accepted. The domestication process has
resulted in the selective modification of key phenotypic traits, including sexual system
evolution from dioecy to monoecy, increased berry and foliar dimensions, enhanced sugar
accumulation, and altered seed morphology characterized by larger seeds with a reduced
proportional size relative to the berry dimensions [4]. Vitis sylvestris is a dioecious species,
meaning that male and female flowers are found on separate plants. In contrast, Vitis vinifera
is predominantly hermaphroditic, with both male and female reproductive organs present
in the same flower. The transition in reproductive strategy facilitated the domestication
process through enabling a consistent fruit set and yield stability [4].

The domestication of Vitis vinifera from its wild progenitor V. sylvestris represents a
pivotal transformation in agricultural development. This process, characterized by the
selection of desirable traits, has had profound cultural and economic implications. The
emergence of viticulture and oenology as specialized fields underscores the grapevine’s
importance in various ancient civilizations. The dissemination of grapevine cultivation
facilitated intercultural exchange, encompassing technological innovations and diverse
cultural practices across regions of the Old World [4]. This agricultural advancement has
not only shaped ancient societies but continues to influence modern viticultural practices
and the global wine industry.

Genetic studies have provided substantial insights into the complexities of grapevine
domestication, with molecular evidence suggesting, though not conclusively, the possibility
of multiple domestication events involving diverse V. sylvestris populations or related taxa.
This hypothesis is corroborated by the high genetic diversity observed in modern cultivated
grapevines, reflecting a rich evolutionary history. The genetic diversity preserved in V.
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sylvestris populations, despite traits such as small bunches, poor-quality fruit, flowers that
fail to ripen, or the lack of fruit production in male individuals, represents a valuable
resource for contemporary grapevine breeding programs. This diversity harbors valuable
traits, including disease resistance and tolerance to environmental stress, which could be
introgressed into cultivated grapevines to enhance their resilience in a changing climate [4].

The range of wild grapevine (V. sylvestris) spans from the Hindu Kush mountain range
to Western Europe and the Mediterranean region, covering latitudes from 30-31° N (Ourika
River, Morocco) to 49-50° N (Rhine River, Ludwigshafen am Rhein, in Germany) [5,6].
Wild grapevines are primarily dioecious, meaning they have separate male and female indi-
viduals [7]. Female flowers exhibit morphological hermaphroditism, but their pollen is non-
functional. On the other hand, male flowers carry functional pollen and a non-functional
gynoecium, although there can be exceptions where male flowers exhibit hermaphroditic
characteristics, referred to as androids by Levadoux [8].

In Vitis species, pollen grain morphology is closely associated with the plant’s re-
productive strategy. Male and hermaphroditic vines produce tricolporate pollen grains,
characterized by three germinal furrows (colpi) and pores. These structures facilitate the
release of male gametes. In contrast, female vines produce acolporate pollen grains, which
lack these apertures, rendering them functionally sterile [9,10].

Hermaphroditism in grapevine populations emerged through mutations affecting
male reproductive development. This evolutionary modification of sexual morphology en-
abled self-fertilization capacity, a characteristic that significantly enhanced cultivar stability
during domestication [11]. Cultivated grapevine varieties (Vitis vinifera) exhibit high levels
of heterozygosity and genetic diversity [11]. This genetic variability is a consequence of the
species’ evolutionary history, multiple domestication events, ongoing hybridization with
wild relatives, and human-mediated selection processes.

The differentiation between wild grapevines (Vitis sylvestris) and their domesticated
counterparts (Vitis vinifera) has been a subject of extensive research in ampelography and
viticulture. While several morphological characteristics are commonly cited as distin-
guishing features, recent studies have highlighted the complexity and variability of these
traits.

Wild grapevines are generally characterized by a greater environmental hardiness
and distinct reproductive features. They typically produce small, black berries with a
rounded shape and acidic flavor, arranged in loose, small to medium-sized clusters. The
plants are dioecious, exhibiting sexual dimorphism in leaf morphology. Additionally, wild
grapevines are often reported to exhibit an open U-shaped or very open petiolar sinus,
though variations in this trait may occur under different stress conditions. Their seeds are
generally described as small, rounded, and characterized by a short beak [12-14].

Turkovic [15] proposed that the open petiolar sinus, reminiscent of American Vitis
rootstock genotypes or cultivars like V. rupestris Scheele “du Lot” or V. riparia Michx. “Gloire
de Montpéllier” could serve as a key distinguishing feature. However, this characteristic is
not exclusive to wild grapevines and may occur in some cultivars.

The purported enhanced disease resistance in wild grapevines, with the notable
exception of susceptibility to the erineum strain of Colomerus vitis, has been historically
cited as a distinguishing characteristic between wild and cultivated Vitis species. Recent
investigations have challenged this generalization, revealing that heightened resistance is
not a consistent trait across all wild grapevine populations. Instead, empirical evidence
indicates that significantly elevated resistance levels are confined to a limited subset of
wild accessions. This finding underscores the complexity of disease-resistance mechanisms
in Vitis species and highlights the need for nuanced approaches in comparative studies of
wild and cultivated grapevines [16].
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Distinguishing between V. vinifera, female V. sylvestris, and their hybrids presents
significant challenges. The primary differentiating factors include leaf size and trunk
thickness, which are generally larger in V. vinifera. Sexual dimorphism in leaf morphology
is observed in V. sylvestris populations, with geographical variations [17]. Subtle differences
in rhytidome (bark) structure may also be present. Historical observations (19th century) by
Rathay [18] in the upper Danube valley noted sexual dimorphism in wild grapevines, with
females exhibiting nearly entire leaves and males possessing highly divided (three-lobed)
leaves [19].

Levadoux [8] demonstrated the relativity of these distinguishing traits, observing that
wild grapevines can exhibit characteristics typically associated with cultivated varieties,
while some primitive cultivars may resemble wild grapevines. Certain traits, such as
black berry color, small size, rounded shape, high acidity, and loose clustering, tend to
dominate in sexually propagated cultivars. While cultivar characteristics are maintained
through vegetative propagation, they can undergo significant modifications during sexual
reproduction. For instance, seeds of cultivars like Pinot Noir or Petit Verdot may acquire
traits resembling those of V. sylvestris within a few generations of sexual reproduction.

This complexity underscores the need for integrative approaches, combining mor-
phological, genetic, and ecological data, to accurately distinguish between wild and do-
mesticated grapevines. The intricate relationship between wild and cultivated grapevines
continues to challenge researchers, highlighting the importance of comprehensive studies
in grapevine biology and evolution.

We emphasize the significance of investigating seed heterogeneity in both vineyards
and natural habitats to evaluate the phenotypic and genetic diversity within grapevines,
and as an indicator of introgression events. The examination of grape seeds serves as a
valuable tool for assessing the domestication levels of grapevines, both in contemporary
populations and archaeological contexts [11,16-35].

This study builds on previous research to distinguish between indigenous wild
grapevines, hybrids, and feral varieties. The term “wild” is commonly associated with
organisms growing without human intervention in natural habitats. However, “wild”
plants in the ecological sense constitute a very heterogeneous complex in terms of their
origin and morphology [35], as Levadoux [8] clearly stated in the case of the grapevine
(Figure 1). In this context, “wild” is used to denote any type of grapevine in natural
settings, encompassing a broad range of origins and morphologies. The term “wild” or
“autochthonous wild” refers to naturally occurring grapevines classified at the species
level as Vitis sylvestris. In contrast, grapevines exhibiting clear domestication traits are
classified as Vitis vinifera, where they are referred to as feral or sub-spontaneous when
found in natural habitats and as cultivars when cultivated in vineyards. Hybrids between
indigenous and cultivated wild individuals are termed hybrids, without a specific name.
Asian and American species, along with their hybrids, are designated by their accepted
scientific names as listed in POWO [36] or GRIN [37] except for Vitis sylvestris.

Our research questions and hypotheses are rooted in the work of Levadoux [8] that
defines a wild grapevine, lambrusque in French, lambrusca in Italian, and labrusca in Spanish,
as any grapevine seemingly growing in a wild state.

Various types of wild grapevines within the complex V. vinifera-V. sylvestris are identi-
fied based on their habitat and origin, and the major types are illustrated in Figure 1:

e  Post-cultural wild or post-cultural lambruscae thrive in abandoned vineyards, closely
resembling the ampelographic characteristics and seed parameters of the same cultivar
in cultivated vineyards.

e  Sub-spontaneous feral lambruscae grow in uncultivated soil from seeds originating in
domesticated grapevine vineyards. While sharing most characteristics with the parent
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grapevine cultivar, they exhibit greater differences from wild grapevines in the same
natural habitat.

e  Spontaneous wild lambruscae represents a natural autochthonous element of Western
Eurasian flora. This category has multiple origins:

(a) Colonial wild grapevines that arise from wild sub-spontaneous plants that
have found favorable conditions for returning to the wild. They are naturalized
but of cultivated origin.

(b) Autochthonous wild (spontaneous native) grapevines descended from ances-
tors that were likely never cultivated; these grapevines are predominantly
dioecious, wild, native, and autochthonous.

(0) Wild mestizo grapevines resulting from the hybridization of native wild plants
with post-cultural or sub-spontaneous lambruscae. They are naturalized but
non-native due to exogenous parentage.

Figure 1. Relationships between cultivated and wild grapevine populations and different “wild”
types. Image from D. Rivera based on Levadoux [8]. The yellow arrow represents a synthesis of
widely accepted presumptions, scientific scenarios, and interpretations of findings that link Vitis
sylvestris to the origins of Vitis vinifera. However, the potential contribution of other ancestors cannot
be disregarded.

This implies that at least four different types of “wild” vines may occur and often over-
lap in natural habitats: wild sub-spontaneous lambruscae, wild colonial, wild mestizo, and
wild autochthonous native. Their identification is a challenge that needs to be addressed.

Furthermore, various interspecific hybrids involving American Vitis species (V. berlandieri
Planch. x V. riparia, V. rupestris x V. berlandieri, V. solonis (Planch.) Millardet x V. riparia)
were developed in the 19th century to create phylloxera-resistant rootstocks for grapevine
cultivation. These American species and their hybrids have escaped cultivation, entering
natural habitats along European rivers, where they produce hybrids with V. sylvestris
and even V. vinifera, as observed in Hungary. The local presence of American species
and their hybrids has displaced preexisting V. sylvestris populations in certain areas of
Hungary and France [38,39]. In Italy, numerous feral populations of American Vitis species
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have led to the discovery of interspecific hybrids, such as V. xbaccoi Ardenghi, Galasso,
& Banfi (=V. riparia x V. vinifera), V. x goliath Ardenghi, Galasso, & Banfi (=V. riparia x V.
rupestris x V. vinifera), V. Xinstabilis Ardenghi, Galasso, Banfi, & Lastrucci (=V. riparia x V.
rupestris), V. xkoberi Ardenghi, Galasso, Banfi, & Lastrucci (=V. berlandieri X V. riparia), and
V. xruggerii Ardenghi, Galasso, Banfi, & Lastrucci (=V. berlandieri x V. rupestris), growing
in natural habitats. This complexity further complicates the study of wild grapevine
populations [40]. Similarly, in Spain, hybrids have been named after natural populations,
such as V. xgallica EM. Vazquez (=V. berlandieri x V. vinifera) and V. X hispanica FM. Vazquez
& D. Garcia (=V. rupestris x V. vinifera) [41]. In the Valencian hinterland, feral American
grapevine rootstocks are known as parrizos, parrizas, or viduefios in Spanish.

The study aims to explore and differentiate the ampelographic characteristics and
seed allometric relationships among the subtypes in the gradient from purely domesticated
cultivars to native autochthonous wild grapevine (cultivars, postcultural vines in aban-
doned vineyards, wild sub-spontaneous lambruscae, wild colonial, wild mestizo, and wild
autochthonous native), and in parallel determine their heterogeneity or entropy.

Our primary goal is to analyze and compare wild and domesticated Eurasian
grapevine seed samples in terms of their heterogeneity, entropy, and the amount of informa-
tion required to describe them. This analysis aims to identify links between heterogeneity
and potential introgression or hybridization between wild and domesticated grapevines.

The fundamental objective is thus to develop a methodology for detecting introgressed
or hybrid Vitis populations (wild mestizo) and to distinguish them from wild autochthonous
native grapevines, through the study of seed morphology. Another goal is to identify feral
populations of Vitis vinifera (wild sub-spontaneous lambruscae and wild colonial) in natural
habitats based on the different degrees of domestication observed in their seeds.

To achieve this, we plan to utilize domestication index values and domestication
probabilities, and the estimate of the heterogeneity within the seed ensemble of each single
sample as indicators of introgressions and hybrid swarms, providing a quantitative estimate
of variability within individuals and populations. Lastly, we seek to determine geographical
patterns at different levels (countries and regions) and the connections between wild and
domesticated grapevine diversity, shedding light on domestication events in these regions.

2. Materials and Methods
2.1. Geographic Locations of the Vineyards and Natural Habitats Sampled

A total of 4341 grape seeds from 816 samples were analyzed. But only 491 samples
consisted of between 3 and 26 seeds, averaging eight seeds per sample. Of the 816 samples
and 4341 seeds, 107 and 147, respectively, were fossils, 195 and 398 archaeobotanical,
and 514 and 3796 modern. Modern samples included, in addition to Vitis vinifera and V.
sylvestris, 5 samples of the genus Ampelopsis, 38 of American Vitis species, not only collected
in America, but also escaped in Europe, and 8 Asian Vitis species, collected in India, China,
and Japan.

From a geographical viewpoint, most samples were collected in Europe and the South
Caucasus. In France, 20 samples were collected, primarily sourced from vineyards (19),
with only 1 from a natural habitat. Georgia contributed 36 samples, with a balanced
representation from both natural habitats (16) and vineyards (20). Armenia stands out with
73 samples, where 29 came from natural habitats and 44 from vineyards. Italy provided
50 samples, predominantly from natural habitats (38), while 12 were from vineyards. Spain
exhibited the highest sample count at 183, comprising 80 from natural habitats and 103
from vineyards. Turkey and the USA, with 24 and 26 samples, respectively, showcased an
inverse pattern. In the case of Turkey, 19 out of 24 samples came from vineyards, while in
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the USA, only 1 sample came from a vineyard, and 25 came from natural habitats. Further
details can be found in Supplementary Tables S1 and S2.

2.2. Process of Seed Collection and Criteria for Inclusion in the Study

We aimed to achieve a comprehensive representation of variability within Vitis, encom-
passing both cultivated and wild populations, as well as archaeological and fossil materials.
In the assessment of heterogeneity, we endeavored to sample wild grapevine populations
extensively in Spain and Italy, supplemented by substantial samplings in Armenia and
Georgia. In the case of cultivars, they were directly sampled from production vineyards or
collections within various germplasm banks, notably in the Rioja’s collection at Mendavia
(Navarra, Spain), San Michele all’Adige (Trentino-Alto Adige, Italy), Agullent (Valencia,
Spain), and Geilweilerhof—Institut fiir Rebenziichtung (Siebeldingen, Germany).

Ripe grapes were manually collected in vineyards, natural habitats, and repositories
by members or collaborators of this research team. Care was taken to collect each sample
from one single individual, and when possible, from a couple of bunches of grapes. In
natural populations, this was very difficult as many bunches had a very low number of
grapes, so more were used.

The seeds were manually extracted from the grapes and then left to dry at room
temperature and stored in glass test tubes, 100 x 16 mm, fitted with a screw cap, labeled
inside and outside.

2.3. Methods Used for Calculating the Domestication Index and Probabilities of Domestication

Each of the 4341 seeds was individually described using 14 characters. Among these,
11 were quantitative, including the total seed length, maximum breadth and thickness,
breadth of the stalk at the junction and seed base, length of the beak in the dorsal and
ventral views, thickness of the beak at the seed base, total length of the chalaza scutellum,
maximum breadth of the chalaza scutellum, and distance from the chalaza apex to the seed
apex [27,35,42]. Additionally, there are three qualitative characteristics: contour type, with
options like ovoid, quadrangular, triangular, rounded, and pentagonal; the arrangement
of the fossettes, with choices such as parallel, furcate, convergent, and divergent; and the
presence/absence of radial furrows. But, for the present work, only the 3970 seeds of the
samples with three or more seeds were considered.

The quantitative and qualitative traits were assessed by analyzing digital images of
seeds. These seeds were photographed in the dorsal, ventral, and lateral views. Measure-
ments were conducted utilizing the open-source Fiji software 2.9.0, released on 14 Septem-
ber 2022 [43]. Additionally, scaled images of fossilized and archaeological seeds, sourced
from specialized literature, were incorporated for reference measurements. All recorded
traits were documented in an Excel spreadsheet, and allometric relationships were auto-
matically computed through dedicated algorithms.

The first step was to calculate six classical domestication indices for each individual
seed: Stummer’s [12], Facsar and Perret’s [20-23,26], and Mangafa and Kotsakis’ 1 to
4 indices [25]. The next step was to combine these indices into a single index, which we call
the domestication index (DI), and its complementary wildness (WI) index [35,42].

We used logistic regression models [35,44,45] and in parallel the random forest tech-
nique [35,46—49] to evaluate, using morphometric data and comparison collections, the
probability of individual seeds coming from a domesticated grapevine, or a wild native
autochthonous one, or presenting intermediate characteristics that prevent a clear alloca-
tion to one of the two categories. In the present study, “randomForest” in R version 4.4.1
(14 June 2024) and R Studio [50,51] assigns a probability value of being “domesticated”
to each single seed (PDIrF, probability of domestication estimated with randomForest),
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which ranges from 0 to 1. And Logit proceeds similarly in R [35] (PDILO, the probability of
domestication estimated with Logit). These together with the DI index served to identify
the “domestication syndrome” in grapevine seeds [35].

Details of the different calculation methods are given in the references cited and
accompany this paper, with Supplementary References [52-54], as Supplementary Materials
File S1: Methods.

2.4. Methods Used for Calculating the Heterogeneity and Entropy Levels

The heterogeneity within a sample tends to increase when there are a greater number of
distinct categories and a more even distribution of abundance or representation across those
categories. To quantify the degree of sample heterogeneity, various statistical estimators
can be employed, based on the behavior of the domestication values observed for the
individual seeds within each sample. Indicators reflecting the dispersion or spread of
values within each sample, such as the standard deviation or the range between the
minimum and maximum values, can effectively represent this sample-level heterogeneity.
Such heterogeneity may potentially be associated with the hybrid or admixed origin of the
sample under investigation.

The introgression index (HI), denoted by the standard deviation of domestication
index values (o (DI)), serves as an indicator of heterogeneity within the sample.

The proportion of wild seeds (PW) within each sample refers to the fraction of seeds
below the domestication threshold (DI < 0.2), denoted as “wild,” ranging from 0 to 1.
The term “wild” here signifies phenotypic characteristics, not merely habitat, and its
interpretation considers values across the entire sample and other contextual data, aiding in
distinguishing native wild plants, hybrids or mestizo, ferals (sub-spontaneous or colonial),
or complex populations with different types cohabiting.

The wild sum/2 (WS/2) for each sample is calculated using Equation (1).

WS _ mean (1—DI) + PW

5 = > 1)

This index integrates factors such as the wildness index (1 — domestication index) and
proportion of wild seeds, contributing to a comprehensive assessment of the sample. The
wild sum index is calculated by dividing the sum by 2 to ensure that the range of values
remains between 0 and 1. This approach maintains comparability with other indexes, where
0 represents fully domesticated and 1 represents fully wild. The mean value of 1 — DI
provides an indication of the wildness degree of the sample (with values > 0.8 meaning
wild autochthonous native), and when combined with PW, the proportion of wild seeds in
the sample, it allows for a preliminary evaluation of the heterogeneity within the sample.
A purely wild sample will yield a value of 1 due to DI = 0 and PW = 1, while conversely, a
purely domesticated sample will yield 0. Intermediate values suggest introgression.

The maximum and minimum value of the domestication index (max (DI) and min
(DI), respectively) within the sample allow us to calculate the range p(DI) (max (DI) — min
(DI)), which also serves as a distinctive parameter, facilitating the differentiation of major

types.

2.5. Methods Used for Calculating the Information and Entropy Levels

Theoretically, addressing the heterogeneity of a seed sample can involve calculating
information using the Shannon index. While this approach has found success in the
case of the Phoenix palms’ genus [2], its direct application to seed observations may lack
informativeness. However, when calculated based on individual values of DI, PDILO
(the probability of domestication estimated with Logit), and PDIrF (the probability of
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domestication estimated with random forest), the Shannon index proves to be extremely
useful.

To compute the Shannon index for grapevine seed sample heterogeneity (Ht), we
start with the premise that DI (domestication index) may have seven distinct values (0,
0.17,0.33, 0.5, 0.66, 0.83, 1), while PDILO (the probability of domestication estimated with
Logit) and PDIrF (the probability of domestication estimated with random forest), ranging
continuously from 0 to 1, are discretized into ten intervals of 0.1 each. Probabilities are
computed based on the frequency distribution of possible values within each sample. The
index is then calculated using Equation (2).

Hy = —Y7_, p(DI,) x log, (p(DI;) — L1%, p(PDILO;) x log, (p(PDILO;) —

Y9, p(PDIFF)  log, (p(PDIrF;) @

The magnitude of the total heterogeneity index (H;) serves as a quantitative indicator
of phenotypic diversity within seed assemblages. Higher H; values denote greater mor-
phological heterogeneity within a given seed sample, whereas lower H; values indicate
reduced phenotypic variation. When H; = 0, this signifies complete homogeneity, repre-
senting a monomorphic sample containing solely one domestication phenotype from the
possible morphological spectrum. This metric thus provides insights into the degree of
domestication-related diversity present within modern and archaeobotanical assemblages.

We employed the Shannon uniformity (or equitability) index (Ej) to quantify the
relative abundance distribution of morphological variants within each seed assemblage.
This metric enables the assessment of phenotypic evenness, thereby elucidating the distri-
butional patterns of domestication-related traits and providing insights into the taxonomic
origin and cultivation status of the source population. The Eh index functions as a reliable
discriminatory metric for differentiating among domesticated cultivars, their wild progeni-
tors, and the intermediate hybrid populations that constitute the domestication gradient.
This differentiation is achieved through the quantitative assessment of seed morphotype
uniformity patterns, which reflect the varying degrees of phenotypic stabilization charac-
teristic of populations at distinct stages along the domestication continuum. The presence
of hybrid swarms, representing admixed populations with intermediate phenotypes, can
be effectively identified through their distinctive Eh values (Equation (3)).

B =Y H; _ Hy(DI) H,(PDILO)  H;(PDIrF)
h i=1 Jog,(Niypes) X 3 log, (7) x3 ' log, (10) x 3 ' log, (10) x 3

)

The parameter Ej, varies between 0 and 1, where Ej, = 0 indicates minimal evenness,
suggesting pure samples of one single type, while the rest are missing. On the other hand,
maximum evenness, with E, = 1, is observed in samples where all potential types are
present and in equal proportions. The values of equitability are approximately 1/10 of the
Shannon index scores.

3. Results
3.1. Phenotypic Seed Patterns of Variability Within Samples

The samples analyzed exhibit a broad spectrum of variation, ranging from phenotypi-
cally purely wild to fully domesticated (Figure 2A,B). Notably, there are several transitional
degrees in between, some of which may correspond to ongoing introgression processes and
represent the full range from cultivars (PW =0, 1 — DI < 0.2) (Figure 2A) to postcultural
vines in abandoned vineyards, wild sub-spontaneous lambruscae, wild colonial, wild
mestizo, and wild autochthonous native plants (PW > 0.6, 1 — DI > 0.8) (Figure 2B).
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Figure 2. Relationships between the PW index (based on the proportion of wild seeds) and average
1 — DI. Wild index (1 — DI) = 1 minus the average of the domestication index values of the seeds
in each sample. (A) cultivars, purely domesticated; (B) purely wild autochthonous native plants.
“Proportion wild”, PW, = proportion of seeds below the wild threshold (DI < 0.2). Green dots, data
from seed samples; Dotted line of best fit, that models the data’s trend.

An inverse relationship is observed between the proportion of seeds in the sample
exhibiting the wild phenotype and the mean values of the domestication index. More
specifically, this relationship is directly correlated with the square of the mean wildness
degree within the sample (Figure 2). However, the significant dispersion of points for a
given PW value suggests the high heterogeneity of DI values across a substantial portion
of the samples. This method shows the variability and characterizes the cultivars well
but does not allow us to accurately characterize the intermediate types of mestizos or
wild colonial or sub-spontaneous lambruscae, and only to partially characterize the native
autochthonous wild types.

Morphological variability in seeds is depicted in Figure 3, where the mean values of
width and stalk length parameters, in mm, per seed sample are compared for different
grapevine types. The graph illustrates that the minimum values of stalk length are charac-
teristic of wild grapevines, regardless of their modern or fossil nature or their continental
origin, thus including Eurasian and American wild Vitis species. In the case of Vitis vinifera,
variability is notably high, but stalks generally tend to be longer than in the rest of the
Vitis species. In intermediate positions, we find samples interpreted as hybrids, which we
will explore later as they may be attributed to introgression processes from wild vines into
domesticated populations—a phenomenon that is not uncommon.

In addition to the above, Figure 3 allows us to distinguish the seeds of wild vines from
the South Caucasus, called V. caucasica, due to their greater width and longer stalk length
compared to Vitis sylvestris from central and western Europe. Differentiation of Asian wild
vines, American wild vines, and fossil seeds is not possible from Vitis sylvestris in Figure 3,
although some of the former have extremely short stalks. “Wild” Vitis vinifera includes
cultivars that in general show “primitive” traits that would link them to Vitis sylvestris.
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Figure 3. Seed breadth and stalk length as an example of phenotypic differences between wild,
intermediate, and domesticated Vitis. Note: Asian Vitis here includes Vitis romanetii Rom. Caill.,
V. piasezkii Maxim. var. pagnuccii (Rom. Caill. ex Planch.) Rehder, V. heyneana Schult., V. flexuosa
Thunb., V. ficifolia Bunge, and V. amurensis Rupr., from China, India, and Afghanistan; and American
Vitis includes Vitis vulpina L., V. shuttleworthii House, V. rupestris Scheele, V. rotundifolian Michx.,
V. riparia Michx., V. popenoei J. H. Fennel, V. peninsularis M. E. Jones, V. palmata Vahl, V. nesbittiana
Comeaux, V. mustangensis Buckley, V. monticola Buckley, V. labrusca L., V. cinerea var. helleri (L.
H. Bailey) M. O. Moore, V. cinerea (Engelm.) Millardet, V. californica Benth., V. bryoniifolia Bunge,
V. bloodworthiana Comeaux, V. blancoi Munson, V. biformis Rose, V. arizonica Engelm., V. aestivalis var.
linsecomii (Buckley) L. H. Bailey, V. aestivalis Michx. var. aestivalis, V. acerifolia Raf., V. xdoaniana
Munson ex Viala, and V. girdiana Munson, from the USA, Mexico, and natural habitats of Europe
(where some are invader species).

3.2. The Place and Role of Intermediate Samples: Markers of Introgression

The detection of intermediate or mixed heterogeneous phenotypes (Figure 3) reveals
introgression in varying levels among distinct groups within Vitis. Among those initially
labeled as “wild” due to their natural habitat, approximately 20% of samples exhibit inter-
mediate phenotypes that suggest introgression, although not only introgression, because
wild colonial plants partially reverting to or converging with wild phenotypes could present
similar values to those of truly wild mixed varieties and thus would be different to those
of wild autochthonous native varieties. This proportion significantly rises to 40-55% for
samples categorized as intermediate based on overall seed morphology. Cultivated samples
exhibit the lowest introgression, ranging only from 7 to 10%, likely those domesticated
phenotypes with wild traits (“wild” Vitis vinifera in Figure 3). Interestingly, this supports the
hypothesis of Levadoux and other authors regarding the hybrid origin of certain cultivars
(Figure 3).

We demonstrate that employing the mean domestication index for the sample p
(DI) and its variation level p (DI) can also aid in detecting potential introgression or
hybridization cases (Figure 4).
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Figure 4. Thresholds for recognizing introgression along the WS/2, wild sum index. The highest
values of the introgression index are found in samples that present an intermediate position with
respect to the domestication syndrome, expressed in terms of WS/2 (Figure 4). Blue dots represent
the 491 samples with 3 or more seeds. (A), yellow dots, constant IH = 0.2 threshold, (B), orange dots,
catenary threshold (Formula (3)), and (C), grey dots, hyperbolic cosine threshold (Formula (4)).

Contrary to a constant threshold value (TH(x) = 0.2) (Figure 4A), the introgression
index threshold appears to consist of values defined by hyperbolic curves. These curves
could take the form of a catenary (Figure 4B) and Equation (4),

TH (x) = 0.5cosh (x /0.5) —0.3,0 < x <1 4)
Or, more likely, a hyperbolic cosine (Figure 4C) and Equation (5),
TH (x) = cosh (x —05)—-08,0<x<1 (5)

This depends on the sample’s domestication level. Notably, higher threshold values
are observed towards the lower and upper extremes of the wild sum index (Figure 4).

Most samples identified as hybrid grapevines typically feature small seeds, displaying
mean dimensions more akin to those found in wild populations but with higher introgres-
sion index (HI) values. Interestingly, this occurrence of elevated HI values, suggesting
introgression or hybridization, is not observed among samples with larger seeds, commonly
associated with cultivars.

Furthermore, the introgression index (HI) exhibits elevated values in other Vitis species,
such as V. girdiana Munson and V. nesbittiana Comeaux from Mexico, or V. piasezkii Maxim.
var. pagnuccii (Rom. Caill. ex Planch.) Rehder and V. romanetii Rom. Caill. from China. This
could be attributed to the inherent characteristics of each species, implying a notable degree
of heterogeneity, or possibly to hybridization events in the history of analyzed accessions.
Given that our introgression index is specifically designed to discern the boundaries
between V. sylvestris and V. vinifera, its application to other species is not straightforward.
Therefore, it should be considered as an indicator deserving further exploration and testing.
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The behavior of the domestication index (DI) can facilitate the identification of seeds
based on their putative origin. In the context of vineyards, when the mean of DI (u(DI))
is less than or equal to 0.5, the minimum DI (min(DI)) is less than or equal to 0.5, and the
standard deviation of DI (p(DI)) is less than 0.5, these conditions are indicative of pheno-
typically wild cultivars (Table 1), which may be recognized as potentially primitive. When
comparable parameter values of the domestication index (DI, u(DI, min(DI)) are observed
in samples originating from natural habitats across Western Eurasia, these findings may
be interpreted as indicative of the presence of the wild grape species Vitis sylvestris within
those samples. The similarities in DI profiles likely reflect the shared phylogenetic affinities
and evolutionary histories between the wild V. sylvestris populations and the putatively
primitive cultivated grapevine accessions exhibiting analogous DI characteristics. Sim-
ilar DI parameter values are prevalent in nearly all analyzed ancient plant fossils and
approximately half of the Eurasian and American wild Vitis species (Table 1 and Figure 5).

Table 1. Joint distribution of seed domestication parameters and major grapevine types.

Parameters Types
u (DD II];II; p (DI) Int. Feral Cultivars  Wild Others = Fossils Primitive S
Vineyards

<05 <05 0 ) ) - - - - 2™ 2

0-0.4 - - - ; ; ) 2wt ’

0.6-1 7 - - - - ; - 2

0-0.4 - - 2 - _ _ _ 2

<0.5 0.4-0.6 - - 12 - ; ; _ 12

>0.6 0.6-1 7 - 0 - - ; - 2
>0.5 0 - - 185 - - - _ 185

0-0.4 - - 79 - - - - 79

Natural habitats

<0.5 0 - - - 7 12 84 103
0-0.4 1° - - 8 17 9 - 35

0.4-0.6 1° - - 12 8 - - 21

0.6-1 7 - - 2a 3 - - 12

<0.5 0-0.4 - 8 - - 2 _ _ 10

0.4-0.6 1 12 - - 1 ; - 14

506 0.6-1 20 - - - 5 - - 25
>0.5 - - 7 - - 2 17 - 26

0-0.4 - 28 - - 0 0 - 28

34 55 278 29 50 110 4

Abbreviations: p (DI), Mean domestication index value; min (DI), minimum domestication index value; p (DI),
domestication index range; Int., intermediate, introgressed, or hybrid; S, marginal frequencies. Notes: (*) For-
callat, Albarifio, Chardonnay Blanc, Chitistvala_Meskhuri, Brancellao, Garnacha Blanca, Merlot, (**) Pardillo,
Merseguera, Planta Nova, Rozsaszolo; (°) Guadiana River, Aragon River Dam, Samebis seri (Georgia), (*) Kve-
tari_04, presents one single seed with DI = 0.83 and the rest are clearly wild; similarly, in Huelva, one single seed
presents DI = 0.67. The colors used in the image are as follows: Pink (used for “Int.”), Light gray (used for “Feral
with heterogeneous domestication traits”), Dark gray (used for “Feral with homogeneous domestication traits”),
Bright blue (used for “Cultivars”), Light blue (used for Fossils), Yellow (used for “Primitive”), Bright green (used
for “Wild”), Beige/Orange (used for “Others”).

Conversely, in vineyards, the majority of cultivated grapevine accessions exhibit y(DI)
greater than 0.6, with min(DI) exceeding 0.5 and p(DI) ranging from 0 to 0.4. An analogous
pattern is observed in samples from natural habitats, which we interpret as indicative of
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feral grapevine populations (Table 1 and Figure 5). Interestingly, some American wild Vitis
species and ancient plant fossils also exhibit this cultivar-like DI parameter profile (Table 1).
This suggests that the domestication syndrome detectable in seeds, while unambiguous,
may in some cases replicate preexisting patterns present within wild Vitis populations.

Putative hybrid specimens, both from natural habitats and vineyards, are characterized
by a high p(DI) value, typically ranging from 0.6 to 1.0 (Table 1). The elevated variability of
DI values within a single sample may imply a process of introgression with domesticated
V. vinifera, whether of ancient or more recent origin.

Figure 5. Different seed types recorded from natural habitats in Italy and Spain. Digital microscopy
images: background, 1 mm orange graph paper. Samples, their types, and hybridization and do-
mestication index values: (A) WILD, 246 Antchatea-Plentzia, HI = 0.2, DI = 0.27; (B) HYBRID,
245 Armintza-Arroyo Amorrada, HI = 0.22, DI = 0.54; (C) INTROGREDED? 244 Balmaseda-Cadegua,
HI =0.15, DI = 0.65; (D) INTROGREDED? 582 Estena River Gorge, HI = 0.27, DI = 0.7; (E) WILD,
249 Urkuleta 1, HI = 0.12, DI = 0.08; (F) FERAL ROOTSTOCK, 260 V. berlandieri x V. riparia 5BB,
HI =0.19, DI = 0.13; (G) INTROGREDED? 568 Rio Irati (Navarra), HI = 0.24, DI = 0.43; (H) INTRO-
GREDED? 570 Piemonte (Italy), HI = 0.14, DI = 0.33.



Horticulturae 2025, 11, 92

15 of 31

Intermediate characteristics are not limited to wild populations colonizing natural
habitats; we have identified primitive traits in cultivars such as Albarifio, Brancellao,
Cainho, Tempranillo (p.p.), Chardonnay Blanc, Forcallat, Garnacha Blanca, Merlot, and
Tempranillo Blanco. Samples of varieties like Chardonnay Blanc, Forcallat, and Garnacha
Blanca fall within the range of wild-type characteristics. Additionally, varieties such as
Rozsaszolo, Planta Nova, Merseguera, or Pardillo display distinctly wild-type seeds and
low introgression index (HI) values (0.09-0.15).

3.3. Domestication Probability Variability Within Samples and Entropy Estimates

Obon et al. [35] recently showed that estimating the probability of domestication for
each seed using methods such as logistic regression and machine learning, specifically
“randomForest”, with the use of training sets, allows for a more comprehensive under-
standing of the overall domestication degree of the samples. When combined with the
analysis of heterogeneity, entropy, or information within each sample, we can achieve a
more precise insight. In the case of the dataset, the results are summarized in Table 2, where
a comparison is drawn between samples obtained from vineyards and those collected from
natural habitats (Figure 5).

Table 2. Comparative analysis of heterogeneity and mean domestication probability in samples from
vineyards and natural habitats !.

Vineyards
Het.\PD 0-0.1 01-0.2 0.2-03 03-04 04-0.5 0.5-0.6 0.6-0.7 %‘Z‘ %‘89" 09-1 MH

0 < Het. <1 0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000 0.0000 0.0000 0.6747 0.6747
1 < Het. <2 0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000 0.0000 0.0000 0.0683 0.0683
2 < Het. <3 0.0000  0.0000 ~ 0.0040  0.0000  0.0000  0.0000  0.0000 0.0000 0.0321 0.0643 0.1004
3 < Het. <4 0.0000  0.0080  0.0000  0.0000  0.0000  0.0000  0.0000 0.0000 0.0281 0.0120 0.0482
4 < Het. <5 0.0000  0.0000  0.0000  0.0120  0.0000  0.0000  0.0040 0.0000 0.0241 0.0000 0.0402
5 < Het. <6 0.0000  0.0000  0.0000  0.0040  0.0040  0.0040  0.0000 0.0120 0.0201 0.0000 0.0442
6 < Het. <7 0.0000  0.0000  0.0000  0.0000  0.0000 ~ 0.0080  0.0000 0.0000 0.0000 0.0000 0.0080
7 < Het. <8 0.0000  0.0000  0.0000  0.0000  0.0120  0.0040  0.0000  0.0000 0.0000 0.0000 0.0161

MP 0.0000  0.0080  0.0040  0.0161  0.0161  0.0161  0.0040 0.0120 0.1044 0.8193 1.0000

Natural Habitats
Het.\PD 0-01  01-02 02-03 03-04 04-05 05-0.6 0.6-0.7 %’Z‘ %'89' 09-1 MH

0 < Het. <1 0.1033  0.0083  0.0041 = 0.0000 = 0.0041  0.0000  0.0000 0.0000 0.0000 | 0.0331 0.1529
1 < Het. <2 0.0455  0.0207 @ 0.0000  0.0000  0.0000 = 0.0041  0.0041  0.0000 0.0000 = 0.0413 0.1157
2 < Het. <3 0.0165  0.0248  0.0041  0.0083  0.0000  0.0000  0.0000 & 0.0041 0.0165 0.0331 0.1074
3 < Het. <4 0.0041  0.0207  0.0207  0.0083  0.0000  0.0124  0.0041 0.0083 0.0289 0.0124 0.1198
4 < Het. <5 0.0000  0.0165  0.0372  0.0083  0.0124  0.0041  0.0124 0.0207 0.0496 0.0083 0.1694
5 < Het. <6 0.0000  0.0000 | 0.0165  0.0331  0.0083 0.0124  0.0124 0.0331 0.0083 0.0000 0.1240
6 < Het. <7 0.0000  0.0000 = 0.0083  0.0831  0.0537  0.0207 0.0000 | 0.0165 0.0000 0.0000 0.1322
7 < Het. <8 0.0000  0.0000  0.0000  0.0041 = 0.0165 0.0413  0.0165 0.0000 0.0000 0.0000 0.0785

MP 0.1694  0.0909  0.0909  0.0950  0.0950  0.0950  0.0496 0.0826 0.1033 0.1281 1.0000

! Data are presented as proportions of the total, summing up to 1. Abbreviations: Het., heterogeneity estimate
using Shannon index. PD: mean domestication probability for the entire sample considering the DI (domestication
index), PDILO (the probability of domestication estimated with Logit), and PDIrF (the probability of domestication
estimated with randomForest) values. MH: marginal sums for each heterogeneity range. MP: marginal sums
for each probability range. The colors used in the image are as follows: Yellow (used for “probability values of
samples from cultivars above 0”), Bright green (used for “probability values of samples from natural habitats
above 0”).
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As expected, vineyards contributed highly homogeneous samples, characterized by an
extreme degree of domestication (Table 2). However, occasional instances from vineyards
revealed highly heterogeneous varieties with markedly different seeds, which collectively
yielded average domestication values. Some varieties even exhibited predominantly wild
traits.

Natural spaces harbor significantly higher heterogeneity, encompassing a spectrum of
domestication degrees as deduced from the seed phenotype analysis, with intermediate
values predominantly associated with elevated heterogeneity (Table 2). Samples exhibiting
a maximum domestication probability and low heterogeneity are interpreted as naturalized
or semi-spontaneous, while those with minimal domestication probability and low hetero-
geneity are identified as originating from native wild vines or naturalized American vines,
which are indistinguishable using domestication estimates based on seed morphology.
Finally, most samples display intermediate domestication values and maximum hetero-
geneity, indicating the existence of persistent introgression phenomena from cultivated
vine populations to wild vines (Figure 6).

Figure 6. Differences in heterogeneity and the proportion of domesticated, wild, and intermediate
types in vineyards and natural habitats, along with an estimation of introgression flows. Color codes:
Red, domestic phenotype. Green, wild phenotype. Purple, intermediate or mixed phenotypes.

4. Discussion
4.1. Interpreting the Results in the Context of Domestication and Hybridization

In general, we observe a significant influence of domesticated grapevines on wild
populations, which is to be expected given the antiquity of cultivation and domestication
processes of Eurasian grapevines, often dating back several thousand years. However, it is
crucial to consider the size of both wild and domesticated populations, as this governs the
direction of genetic flow. During the initial phases of cultivation, regardless of the local or
exotic nature of primitive cultivars, the potential for introgression from wild populations
into cultivated ones could have been substantial. Once cultivation is established, the
disproportion heavily favors domesticated varieties.

A striking example is found in Castilla-La Mancha, Spain, where more than
150,000 hectares are dedicated to vine cultivation in La Mancha Protected Designation
of Origin (PDO) [55], 25,000 in Valdepefias PDO, 12,500 in Manchuela DO [56], 9000 in
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Almansa PDO [57], and 23,000 in Jumilla PDO [58], with an average planting density of
about 3000 to 4000 vines per hectare, thus reaching 650,000,000 to 900,000,000 vines. On
the other hand, wild vines in the Cuenca Alta del Guadiana, one of the rivers that crosses
this re-gion, barely exceed a hundred and, in most stretches, are practically non-existent
as also occurs in other rivers of the region such as Tajo, Jucar, Cabriel, or Segura. The
dispropor-tion is overwhelming.

In Italy, we have detected a prevalence of domesticated and intermediate vine phe-
notypes in natural habitats, where it seems that wild vines are reduced to a vestigial
pres-ence (Figure 7). In Tuscan populations, D’Onofrio [59] identified redundant genotypic
profiles among wild grapevine specimens, indicating clonal propagation in natural con-
ditions. Analysis of specimens from Piedmont, Italy, demonstrated that certain popula-tions
initially classified as V. sylvestris were identified as naturalized V. vinifera (Figure 7). Most
identified sylvestris genotypes possessed chlorotype A, while others had chlorotype D, akin
to the predominant chlorotype in V. vinifera cultivated in Italy. Genotypic analysis of Tuscan
populations identified V. sylvestris specimens exhibiting hybridization with cul-tivated
varieties, demonstrating asymmetric introgression favoring gene flow from V. vi-nifera
to wild populations [59]. Additionally, certain genotypes seemed to be crosses within
V. sylvestris, indicating a significant level of sexual exchange between V. sylvestris and V.
sylvestris x V. vinifera genotypes.

Figure 7. Proportion of domesticated, wild, and intermediate grapevine seed types within natural
habitats, across selected countries and regions. Color codes: Red, domestic phenotype. Green,
wild phenotype. Purple, intermediate or mixed phenotypes. The yellow dots mark the centroid
corresponding to the nearest pie charts, which appear displaced for reasons of space.

The dispersal of pollen from cultivated vineyards in proximity may exert a substantial
influence on the evolution of adjacent wild grapevine populations [60]. On the one hand,
the low level of pollen-mediated gene flow from cultivated to wild vines could contribute to
a risk of extinction for the wild component (i.e., the totality of wild individuals). Conversely,
pollen dispersal within diminished wild populations could induce inbreeding depression
among wild vines.
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We must highlight the trade-off between domestication traits such as higher yield and
larger berries, which often come at the expense of reduced resistance to environmental
stresses [61].

4.2. Discussing the Importance of Finding Similar Samples in Both Vineyards and
Natural Habitats

In general, it is apparent that the likelihood of encountering fruits of wild grapevine
species, such as Vitis sylvestris and other taxa with similar seed characteristics, is signifi-
cantly higher in natural habitats compared to vineyards (Figures 6-8), as indicated by an
odds ratio of nearly 26 (26% in natural habitats versus 1% in vineyards). Conversely, the
probability of encountering domesticated grapevines, specifically Vitis vinifera, is not so
notably higher, with an odds ratio of 4 (92% in vineyards versus 23% in natural habitats)
within vineyard settings (Figures 6 and 8), a relationship that is not intuitively expected,
given that 92% of vineyard samples present a phenotype that is clearly domesticated. How-
ever, the probability of encountering domesticated grapevines in natural habitats, albeit
lower, is still notable, at approximately 0.23.

Figure 8. Proportion of domesticated, wild, and intermediate grapevine seed types within vineyards,
across selected countries and regions. Color codes: Red, domestic phenotype. Green, wild phenotype.
Purple, intermediate or mixed phenotypes. The yellow arrows mark the centroid corresponding to
the nearest pie charts, which appear displaced for reasons of space.

Consequently, feral grapevines currently constitute a significant component of
grapevine populations inhabiting natural habitats, while phenotypes resembling wild
grapevines in their seed morphology are extremely rare in vineyards. Intermediate phe-
notypes appear in both vineyards and natural habitats, being predominant in the latter
(Figures 6 and 7).

The presence of wild traits in vineyards is primarily associated with a select few “prim-
itive” cultivars characterized by low domestication values, particularly evident in their seed
morphology (Table 3). Conversely, domesticated traits within wild grapevine populations
manifest in a diverse array of origins and types, aligning with Levadoux’s [5] classification
system. This spectrum spans from postcultural vines, which thrive in abandoned vineyards
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reclaimed by natural vegetation from nearby habitats, to wild sub-spontaneous lambr-
uscae newly established in natural environments. Additionally, there are wild colonial
vines, direct descendants of cultivars, which may have gradually lost some domestication
traits over successive generations. Hybrid swarms of Vitis vinifera, exhibiting varying
levels of introgression, further contribute to this complexity, mixing with preexisting wild
autochthonous native Vitis sylvestris.

Table 3. Summary of descriptive parameters and indexes for various grapevine types: mean values
and standard deviation !.

Types According to Simplified 1- DI PW Ws/2 ME SH Lmm)  B(mm) Sk Stummer
evadoux (mm) Index
Wild autochthonous .. .

native Vitis sylvestris modern 0.8+0.2 0.7+0.3 0.7 £0.2 02+02 21+16 48 +04 3.6+04 0.8 £0.2 76.1 £4.7
Asian Vitis spp. Asian Vitis 0.7+03 0.6 +0.4 0.6 £0.4 04+£03 35+3.1 47+ 1.0 3.6+42 0.8£0.3 77.5 £85
American Vitis spp. American Vitis 0.7 +0.2 05+04 0.6 £0.3 03+£0.2 31+23 53+0.8 4.0+ 05 0.8 £0.2 77.1 £ 8.0
“Primitive” cultivars Vitis vinifera “wild” 0.6 +0.2 03+0.3 05+0.2 03+0.3 27+24 51+03 37+03 1.1+£02 739 £ 3.8
Vitis caucasica Vitis caucasica 05+0.2 03 +0.2 04+0.2 0.6+0.2 54+19 52+0.6 40+04 1.0£02 77.1+43
Wild mestizo

(hybrids, different Vitis intermediate 04401 02402 03401 05+03 45+26 52404 3801+ 10402 722440
levels of modern

introgression)

Wild colonial Feral 0.3+0.1 0.0 + 00 0.1+ 00 03+0.3 29425 54+37 3.7+02 1+0.1 69.5+49
Cultivars Vitis vinifera modern 0.1+£0.1 0.0 £+ 00 0.0+0.1 0.1+0.2 1.0+ 1.6 6.2+0.7 39+04 1.6 £0.3 632 +£55
Postcultural vines in Posteultural Vitis

abandoned S 0.1+0.1 0.0 =00 0.0 + 00 0.1+0.1 08+13 5.6 +0.3 38+03 1.3+£0.1 68.0 +44
vineyards vinifera

Wwild Sub-spontaneous Vitis

sub-spontaneous vimfe}z 0.1+£0.1 0.0 £+ 00 0.1 £ 00 02+0.3 22+24 58+44 39+03 1.3+0.2 673 4.1
lambruscae

! Note: Descriptive parameters and indexes, including heterogeneity, are presented as mean values = standard
deviation for different types of grapevines, including wild, domesticated, and sub-spontaneous varieties. Abbre-
viations: 1 — DI, wild index. PW, proportion wild, considering DI < 0.2. W5/2, wild sum/2. ME, mean equitability.
SH, Shannon index estimates of heterogeneity within samples. L (mm), seed length in mm. B (mm), seed breadth
in mm. Stalk (mm), seed-stalk length in mm.

The diversity within natural habitats is further compounded by distinctions between
wild autochthonous native grapevines in Western Europe and those in the Caucasus
(Table 2). Furthermore, the increasing presence of escaped American Vitis grapevines adds
to this complexity, as they demonstrate seed morphology values akin to those of Vitis
sylvestris (Table 3).

This phenomenon is interpreted as indicative of a substantial seed dispersal flux from
cultivated fields to riparian forests and other natural habitats, where cultivars subsequently
establish themselves as sub-spontaneous or feral populations. Repeatedly sowing a cultivar
does not necessarily lead to convergence with V. sylvestris. Some recessive but homozygous
traits of V. vinifera remain conserved. In cases of heterozygous cultivars, or when one
of the ancestors possesses dominant traits like those of V. sylvestris, and in instances of
multifactorial inheritance, descendants of one or more cultivars may, after a few generations,
exhibit an increasing number of forms closely resembling the wild ones (Figure 1) [8].

Considering the observations, the prevalence of intermediate seed types, which are
the primary group within natural habitats, reaching 41% (Figure 6), may be attributed to
several factors. Firstly, it could reflect a process of partial regression through successive
generations of feral grapevines. Additionally, it may result from continued introgression
with preexisting native autochthonous wild grapevines. It is noteworthy to mention that
samples exhibiting intermediate domestication values typically demonstrate significantly
higher levels of heterogeneity or entropy compared to those representing pure wild or
common domesticated categories (Table 2).

Throughout ampelographic history, various wild grapevine forms have been docu-
mented, often representing hybrid swarms with domesticated populations in different
re-gions. In Andalusia, Simén de Roxas Clemente [62-64] identified six wild grapevine
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types, including Mollar negro bravio and Garabatona. Bronner [65,66], in the mid-19th
century, distinguished 36 wild grapevine varieties in Alsace, some with oval seeds and a
sweet taste, indicating a mix of true wild, feral, and possibly introgressed individuals. In
Italy, authors like Mendola, Negri, and Franchino recognized wild grapevines under names
such as Uzelina and Zampina. Uzelina is rustic with small black berries, while Zampina
exhibits dioecious traits and foliar sexual dimorphism. Italian populations show consid-
erable variability, with hybrid swarms and mixed populations due to the intentional graft-
ing of cultivars on wild grapevines in natural habitats [67]. Scienza et al. [68,69], Anzani
etal. [70,71], and Failla et al. [72] identified considerable variability in wild Italian grape-
vine populations. Scienza et al. [69] evidenced the presence of feral varieties. Eight plants
from natural habitats with ampelographic traits of cultivated grapevine were discovered in
Georgia by Kikvadze et al. 2024 [73].

Molecular analyses unveiled the potential introgression of V. sylvestris into certain
cultivars in Italy and France [61], which could explain our detection of cultivars with
prim-itive seed traits associated with low domestication markers (Table 3).

Biblical texts provide early documented evidence of vineyard heterogeneity and
deterioration, notably in prophetic passages addressing the Israelites. This phenomenon
may be attributed to propagation through seedlings rather than clonal reproduction. Two
significant references illustrate this viticultural challenge: In Isaiah 5, the text employs the
metaphor of a carefully tended vineyard that produces inferior fruit, stating, “He waited for
the vineyard to yield good grapes, but the fruit it produced was sour.” Similarly, Jeremiah
2 extends this metaphor, lamenting, “Yet I planted you as an elect vineyard, with only true
seed. Then how have you been turned away from me, toward that which is depraved, O
strange vineyard?” These passages not only serve as religious allegories but also potentially
document early observations of genetic drift in grapevine cultivation. Such deterioration
may have manifested particularly in female raisin and table grape cultivars exposed to
cross-pollination from nearby wild grapevine populations, resulting in offspring with
undesirable characteristics.

While V. vinifera cultivars cultivated in Germany, propagated solely vegetatively,
ex-hibit hermaphroditic traits, both female and male forms emerge in their crosses with
di-oecious wild grapevines (V. sylvestris). Consequently, feral hybridogenic populations
may manifest dioecy, as highlighted by Wagner in 1960 [74]. Avramov et al. [75] initially
pro-posed a two-allele model for controlling flower type in V. vinifera L. grape varieties,
while Antcliff’s model introduced a single genetic determinant with three alleles for sex
deter-mination, and subsequent research identified two markers linked to Vitis species
flower sex loci on chromosome 2 [76-80].

Regardless of the explanatory model adopted to interpret dioecy control in Vitis, it is
evident that dioecy, while a prerequisite for considering the possibility of a specific vine
belonging to the species V. sylvestris, is not a sufficient characteristic. In natural habitats
across Eurasia, dioecious vines can arise from the introgression of wild vines with cultivated
varieties from nearby vineyards. Additionally, they may originate from American or Asian
vines that have escaped cultivation or from direct dioecious hybrid producers.

Consequently, the occurrence of dioecious individuals across natural habitats cannot
be exclusively attributed to V. sylvestris populations. These observations demonstrate the
intricate interactions between natural evolutionary processes and anthropogenic selec-
tion pressures in determining genetic structure and population dynamics across diverse
geographical distributions. Further research is warranted to elucidate the mechanisms
underlying dioecy expression and its ecological implications within wild Vitis populations.
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4.3. Cultivar Origins Unveiled: Exploring the Influence of Hybridization on the Evolution of
Modern Grapevine Varieties

The analysis by Riaz et al. [77] of genetic relationships among selected grapevine
genotypes provided evidence of genetic relationships between wild and cultivated sam-
ples from the Mediterranean basin to Central Asia. The genetic structure indicated a
con-siderable amount of gene flow, which limited the differentiation between Vitis vinifera
and V. sylvestris. Georgian wild grapevine accessions showed genetic clustering not only
with local cultivars (classified under proles Pontica according to Negrul’s system) but also
with Western European varieties (proles Occidentalis), lending further support to Georgia’s
status as an ancient center of grapevine domestication. This may provide an explanation
for the high degree of admixture detected in our analyses of samples from natural habitats
in Georgia and, to a lesser extent, Armenia, where the presence of feral vines in those
habitats is extremely high (Figure 7). Cluster analysis revealed that Western European
wild grapevines grouped with cultivated varieties from the same region, suggesting that
the local proles Occidentalis played a more significant role in Western European viticul-
ture development than the introduction of wild or proto-domesticated vines from Eastern
Europe [77]. The results also indicated that grapes with mixed ancestry occur in regions
where wild vines were domesticated. This may be at the origin of the high degree of
mix-ing and heterogeneity detected in the samples of the cultivars analyzed from Georgia,
but also from France and Portugal, and to a lesser extent Spain (Figure 8).

Cunha et al. [81] in their study on local grapevine varieties grown in Portugal showed
that part of the diversity recorded was mostly local in some cases, as demonstrated by the
proximity of several varieties (Vinhos Verdes) to the wild cluster in different analyses. All
these findings, together with the known pairing between the wild maternal lineage of the
Iberian Peninsula and an important number of Portuguese grapevine varieties (with chlo-
rotype A), point to the fact that some of these varieties derive, directly or indirectly, from
originally local wild populations, supporting the possible occurrence of an introgression
process from wild to cultivated grapevine. The predominantly local genetic diversity
pat-terns and the east-to-west decline in diversity could alternatively suggest that local
pop-ulations likely developed distinct sub-gene pools through time, primarily due to gene
flow from domesticated to wild populations, rather than supporting wild-to-cultivated
introgression.

4.4. Unraveling the Geographical Gradient of Phenotypic Characteristics in Western Europe

The spatial gradient from western to eastern regions of Spain exemplifies, on a re-
duced scale, the broader phenomenon of a higher prevalence of mixed populations or
predominance of feral cultivars in the eastern portions of the species’ range. Initial field
sampling efforts aimed to collect morphologically identifiable fruits of the wild grape Vitis
sylvestris, while attempting to exclude those from feral, rootstock, and recognizable hybrid
individuals. However, subsequent analysis revealed notable differences when the data
were organized by major river basins, providing overwhelming evidence of intermediate,
mixed, or domesticated trait expressions (Figure 9).

The Guadiana River basin stands out, with a significant proportion of samples exhibit-
ing wild characteristics (Cabafieros, Badajoz, and Chanza in Figure 9) and a relatively low
degree of introgression. Conversely, the Ebro River basin shows a troubling situation, where
nearly all samples are feral, domesticated, or intermediate, suggesting wide introgression
processes from vineyards to natural habitats, seemingly replacing wild populations, except
for one sample of Erro River with typical wild traits. However, other samples from the same
river Erro, which is a tributary of the Irati, showed intermediate or clearly domesticated
values. In all the samples from the banks of the Erro, a relatively high heterogeneity was
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observed, ranging between 3 and 5, when in pure populations of wild vines or in the fields
of cultivated vines the heterogeneity varies between 0 and 2.

Figure 9. Analysis of the proportions of domesticated, wild, and intermediate seed types in selected
Spanish populations from natural habitats and the heterogeneity within samples. Color codes: Red,
domestic phenotype V. vinifera. Green, wild phenotype V. sylvestris. Purple, intermediate or mixed
phenotypes. Yellow, American rootstocks. Note: the number of sampled localities in each river basin,
ranges 1 to 17. Bar charts represent the proportion of heterogeneity within zones, where x is the
heterogeneity class, ranging from 0 to 8 and y is the likelihood of each class. Image map: Diego
Rivera. Background: Google Earth.

The small basins draining into the Cantabrian Sea primarily display pure wild or
mixed characteristics, with only one population classified as feral with domestication
traits (at Monchué). The mixed condition of populations in Urdaibai (Vizcaya, Spain) was
analyzed by Albizuri et al. [82], where they recorded native wild Eurasian grapevines co-
existing with feral V. vinifera varieties, feral rootstocks resembling Vitis rupestris or V. ri-paria,
and direct producer hybrid grapevines. Our sample from Urdaibai has wild charac-teristics
with heterogeneity values less than 1; thus, it is attributed to V. sylvestris.

In the few sampled localities along the western Tagus River, only intermediate or wild
vines were found (Figure 8). In the Jucar and Turia basins, feral V. vinifera cultivars and
American rootstock grapevines were identified, as previously reported by Laguna on an
ampelographic basis [83-85].

In the study by De-Andrés et al. [86] on a molecular basis, in the structure model,
depending on the number of clusters identified by adjusting the parameter K of Evano,
individuals from wild populations of Spanish grapevines increasingly differentiate from
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cultivated ones as the number of clusters grows. However, traces of introgression persist
in both cases, while a notable difference between wild populations from the northern and
southern regions of the Peninsula is distinguished. A portion of these populations has also
been studied in the present work, where the north-south gradient is detected but is partly
masked by a notable east-west difference (Figure 9).

Regarding heterogeneity within each sample (Figure 9), we observe the lowest values
in Chanza, associated with wild vines, and the highest values in La Rioja and along
the banks of the Bidasoa River in Saint Jean de Luz, associated in this case with mixed
or intermediate populations, with a notable presence of “hybrids” or “mestizos” in the
Levadoux sense [8]. In the rest of the areas, we find significant variability among samples,
ranging from low to very high in Cabafieros, Biscay, and Guadalete, intermediate in Aragén,
Valencia, Jucar, La Algaida, Upper Guadalquivir, Badajoz, or Batuecas, and from moderate
to very high in Navarra and El Roncal.

The analyzed samples collected in natural habitats from France and Switzerland are
limited in number, hindering a comprehensive understanding of the issue. In the case of
Saint Jean de Luz (France), there appears to be an intermediate grapevine population with
a significant feral influence. Ocete et al. [87] described a wide range of Stummer’s index
values for the Saint Jean de Luz population, varying between 0.5 and 0.8, with a mode
below 0.75, supporting the notion of a wide introgression with a substantial feral influ-ence.
Our results coincide, showing an intermediate mean domestication probability of 0.56
associated with a high heterogeneity above 6 which is characteristic of mixed indi-viduals
and populations, which may imply the presence in the population of sub-sponta-neous
wild vines, colonial or feral, and of crossbreeds (mestizos in the sense of Levadoux) with
varying degrees of introgression between the native wild autochthonous and the re-maining.
Conversely, the population in the Rhone Valley, Mont d’Autan, Valais, in Swit-zerland,
with a mean domestication probability of only 0.1 and heterogeneity index below 2, seems
unequivocally native wild (V. sylvestris).

In Sardinia, the situation is even more complex (Figure 10), since only one locality,
Montresta, shows clearly wild characteristics, with a domestication probability of only 0.07,
although with heterogeneity values above 2. In Santadji, in the Pula area, one sample was
identified as wild, with a very low probability of domestication, 0.12, and a heterogeneity
below 2. But other samples from the area were clearly intermediate (with a domestication
probability of 0.67, but extremely high heterogeneity above 7) or domesticated (with a
domestication probability of 0.97, and a heterogeneity index value of only 1.3). A third
sample, among the 31 analyzed from Sardinia, could eventually be identified as wild,
collected at Flumini Maggiore—Malacalzetta, but with a very high heterogeneity within the
sample, close to 6, and a probability of domestication higher than 0.2; we should consider it
a result of successive introgressions with domesticated vines. Regarding the heterogeneity
within each sample, it is highest in the localities of Padria and Talana, and lowest in Tiana.
Meanwhile, intermediate values are observed in Montresta, Santu Lussurgiu, Domusnovas,
Nuoro, and partly in Urzulei. There are populations with samples showing varied levels of
heterogeneity, typically ranging from intermediate to high, such as Malacalzetta, Uta, Pula,
Villanova Tulo, Mamoiada, and Orgosolo (Figure 10).

Using molecular markers, phenomena of introgression were detected by Zecca
et al. [88] in the wild grapevine populations of Sardinia, originating from nearby vineyards.
Contrary to our findings, the authors emphasize the predominantly wild nature of the sam-
pled individuals. We propose that the molecular markers currently utilized to differ-entiate
between wild and domesticated grapevines should be validated through compre-hensive
phenotypic analyses of voucher specimens.
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Figure 10. Analysis of the proportions of domesticated, wild, and intermediate seed types in selected
Sardinian populations (Italy) from natural habitats and their heterogeneity within samples. Color
codes: Red, domestic phenotype V. vinifera. Green, wild phenotype V. sylvestris. Purple, intermediate
or mixed phenotypes. Bar charts represent the proportion of heterogeneity within zones, where x is
the heterogeneity class, ranging from 0 to 8 and y is the likelihood of each class. Image map: Diego
Rivera. Background: Google Earth.

Our findings suggest an alternative interpretation to the proposed secondary center of
grapevine domestication in Sardinia by Grassi et al. in 2003 [89]. While the genetic prox-
imity between wild grapevine specimens from Nuoro and local Sardinian cultivars (Bo-vale
Murru and Bovale Muristellu) has been interpreted as evidence of local domestication, our
data support an alternative hypothesis. The presence of exclusively domesticated-type
seeds in our Nuoro wild grapevine samples suggests these populations may represent
naturalized or feral vines rather than truly wild specimens, thus challenging the local
domestication theory (Figure 10).

In summary, the examination of wild grapevine populations in Western Europe, par-
ticularly in Spain and Sardinia (Italy), reveals a substantial degree of introgression or
hy-bridization, with seeds exhibiting domesticated traits that can be interpreted as either
re-peated introgressions or feral occurrences. This phenomenon is not confined to Western
Europe, as similar patterns are observed in the Caucasus, where the degree of domestica-
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tion in “wild” grapevines is higher [90] (Figure 7). Riaz et al. [61] analyzed the relation-ships
between 1378 wild and cultivated grapevine genotypes as represented by the first two
principal coordinates of a PCoA using allelic profiles from 20 SSR molecular markers. The
figures clearly indicate the existence of two well-differentiated groups within Vitis sylvestris:
one centered in the Caucasus (Armenia, Azerbaijan, and Georgia) and another in Western
Europe (Spain, Croatia, France, and Italy), separated by the core of cultivars originating
from France, Spain, Georgia, Italy, Pakistan, and Turkmenistan. This provides us with an
alternative perspective on the anomalies detected in the phenotypes of wild vines from the
South Caucasus with a higher degree of domestication.

4.5. Highlighting Conservation Significance: Recognizing Mixed Grapevine Populations as Crucial
Repositories of Genetic Diversity

The relatively high stability of natural riparian habitats over the centuries until the
mid-20th century made them an optimal refuge for escaped cultivars, whose seeds were
transported from the vineyards by fruit-eating birds and mammals. In addition, there is
evidence of the occasional but intentional practice of grafting cultivars onto wild grape-vine
individuals in riparian forests, thus increasing the presence of domesticated grape-vines
among wild plants. Terp6 [21,22,91,92] described examples from a Hungarian beech forest
of grapevine populations with 80% male individuals, including feral forms of V. riparia and
escaped V. vinifera cultivars.

This continuous process of introgression into wild populations is not merely recent,
since it was noted by authors in the nineteenth and twentieth centuries before and after
the introduction of phylloxera and other grapevine pests, which led to the abandonment
of European vineyards, followed by their replantation using American grapevines and
their hybrids as rootstocks. It underscores the gene reservoir role of populations in natural
habitats. This reservoir extends beyond wild grapevines to include cultivated grapevines,
offering the potential discovery of ancient cultivars lost from vineyards, as previously
noted by De Andrés et al. [86].

Sometimes no relationships between wild populations and nearby vineyards are de-
tected, which may be due to recent and profound changes in the repertoire of cultivars
growing in the vineyards. Molecular marker studies suggest no genetic contribution from
the autochthonous vines of the Iregua River, a tributary of the Ebro, to the current local
varieties, and vice versa [93]. Notably, despite an HI value of 0.31 and DI value of 0.62
(Supplementary Table S1, Sample 254), the seeds studied suggest introgression, possibly
with varieties that have not been grown in the area for a century.

The adverse effects of anthropogenic habitat alteration on riparian forests extend
beyond the mere destruction of tree cover. The introduction of invasive species and
pathogens further exacerbates these impacts, potentially posing significant consequences
for biodiversity conservation and overall ecosystem survival.

The invasion of phylloxera, powdery mildew, and downy mildew in 1850 caused the
disappearance, in only half a century, of most vineyards and numerous wild grapevines, in
France and other countries of Europe [8]. This resulted in significant transformations in the
structure of grapevine populations, both within vineyards and in natural habitats.

Given the great diversity of wild populations of Vitis found in riparian forests and
other natural habitats, from the Iberian Peninsula to Central Asia, which harbor not only
wild vines but also modern and ancient feral cultivars, as well as a complex network
of introgressions, the systematic “cleaning and rearrangement” of riverbanks with the
elimination of existing vegetation means the destruction and loss of this diversity of great
interest for agriculture and food.

Another aspect to consider is the growing presence of feral American vines in the
natural habitats of Eurasia because of the massive use of these species and their hybrids as
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rootstocks, of which we have an example in Valencia (Spain) [83-85]. This phenomenon
leads to the substitution of the hybrid swarm Vitis vinifera—Vitis sylvestris by American vines
with lesser aptitudes to produce grapes of interest for table consumption or wine-making.
The remarkable presence of feral rootstocks along both banks of the Danube River between
Esztergom and Budapest stands out. In this area, true wild specimens of V. sylvestris
are only preserved on certain islets, as documented by Popescu et al. in 2013 [94]. Feral
individuals of American rootstocks and their hybrids have also been identified in Italy
and Spain [40,41,95,96]. American rootstock genotypes now constitute the predomi-nant
wild Vitis germplasm in several European viticultural regions. This is particularly evident
in areas such as Campania, Italy, where they have largely displaced native wild Vitis
populations—if these populations had not already been lost due to phylloxera [97].

Recent morphometric approaches to grapevine seed analysis have yielded valuable
insights. Karasik et al. [98] demonstrated clear varietal differentiation using Fourier coef-
ficient analysis, though they did not explore intra-sample heterogeneity or wild—culti-
vated relationships. More comprehensively, Bouvy et al. [99] analyzed over 19,000 ar-
chaeological grape pips, revealing a transition from wild to domestic varieties in France
around 600-500 BCE, coincident with Mediterranean influences and eastern table cultivar
introduction. Their discovery of abundant wild-like morphologies suggests both early-stage
domestication and significant gene flow between the introduced and wild popula-tions,
supporting the concept of continuous genetic exchange during domestication.

Riaz et al. [61] emphasized the importance of exploring wild relatives of crops to
identify genetic factors associated with stress resistance. Specifically, they mention the
presence of salt-tolerant grape accessions in certain V. sylvestris populations and the recent
discovery of wild and cultivated accessions from Germany, Iran, and Georgia with toler-
ance to mildew diseases. This stresses the potential of wild ancestors as genetic resources
for breeding disease-resistant varieties.

In summary, we must underscore the significance of identifying, preserving, and
characterizing wild grapevine germplasm (including true wild, feral, and intermediate),
for their potential contributions to disease and stress resistance, as well as berry quality
traits, in the wine and grape industry’s future.

Further research is needed to assess the extent to which American rootstock geno-
types have displaced both naturalized Vitis vinifera populations and wild Vitis sylvestris
communities in natural and semi-natural habitats. Additionally, it is crucial to evaluate the
conservation status and potential threats to remnant Eurasian grapevine populations in
their native ecosystems.

5. Conclusions

The coexistence of mixed populations, comprising dioecious autochthonous wild
subpopulations, feral hermaphroditic cultivars, and hybrids, presents opportunities for
genetic diversification in both cultivated crops and wild populations. Moreover, these
mixed populations serve as potential repositories for ancient varieties that are currently
absent from cultivation. However, the drastic intervention in natural habitats, particularly
riparian forests, poses a significant threat. Activities such as riverbank channeling, improper
clearing of waterways, and large-scale public infrastructure projects have resulted in the
burial of numerous pure or hybrid wild grapevine populations.

Following such interventions, secondary colonization by modern cultivars from nearby
vineyards or by rootstocks that produce seeds in abandoned vineyards often occurs. In
this process, birds play a crucial role in facilitating the recolonization of altered habitats by
seedlings from cultivated or abandoned vineyards.
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It is imperative to raise awareness about the fragility of grapevine natural habitats, the
ongoing reduction in their area in Europe, and the anticipated impact of climate change.
These factors underscore the necessity to protect and preserve these habitats as repositories
of significant diversity legally and practically. By doing so, we can safeguard the genetic
resources essential for the sustainability and resilience of grapevine cultivation in the face
of environmental challenges.

Potential directions for future research should encompass aspects such as the following:

Investigating the specific mechanisms driving secondary colonization by modern
cultivars and rootstocks in altered habitats could provide insight into the dynamics of
grapevine population shifts. Assessing the effectiveness of different conservation strategies
would be crucial for preserving wild grapevine populations and their genetic diversity.
Exploring the potential for utilizing mixed populations as sources of genetic material
could enable breeding programs aimed at improving crop resilience and adaptability.
Additionally, examining the role of other wildlife, in addition to birds, in facilitating the
dispersal and colonization of grapevines in altered habitats may reveal important ecological
interactions. Conducting parallel studies to quantify phenotypic and genetic diversity in
mixed populations could shed light on their potential for enhancing grapevine resilience to
environmental stressors.
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