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Abstract

Knowledge of the biology of the genus Vitis has undergone a profound transformation,
evolving from the morphological descriptions of classical ampelography to the high-
resolution analyses enabled by modern phylogenomics. This review explores the “Paradox
of the Vine”—the remarkable phenotypic plasticity that historically complicated botanical
nomenclature—and examines how genomic tools have helped resolve many of these long-
standing taxonomic challenges. We trace the development of grapevine genomics from
the first near-homozygous reference genome (PN40024) to the current era of telomere-to-
telomere (T2T) assemblies and phased diploid genomes. Attention is given to the genomic
“dark matter” represented by transposable elements and structural variation, which con-
tribute substantially to varietal identity and species-specific adaptation to changing envi-
ronmental conditions. Advances in bioinformatic methodologies, including pangenome
graph construction and machine learning-based variant detection, now enable clonal dis-
crimination and complex parentage analysis with unprecedented precision. The definition
of genuine wild grapevines (Vitis vinifera subsp. sylvestris) remains a critical issue in studies
of grapevine evolution, domestication, and genome structure. The traditional concept
of wild populations free from introgression by cultivated grapevines has been increas-
ingly challenged by ecological observations and molecular evidence. Distinguishing truly
wild populations from feral lineages is therefore essential for reconstructing the history of
grapevine domestication and understanding patterns of gene flow between cultivated and
wild compartments. Future progress in Vitis systematics will depend on the integration
of genomic, ecological, and morphometric approaches. We propose that the next gener-
ation of grapevine taxonomy will combine the historical insights of ampelography with
high-throughput phenotyping and comprehensive pangenomic resources, leading to a
predictive and evolutionarily informed framework for the classification of Vitis species
and cultivars.

Keywords: ampelography; assembly; clonal identification; curvature; ferals; morphometry;
pangenome; seeds; structural variation

1. Introduction
1.1. Evolutionary Complexities and Traditional Taxonomy in the Family Vitaceae

The family Vitaceae Juss. comprises sixteen genera and approximately 950 species of
woody and herbaceous climbing vines distributed predominantly throughout tropical and
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subtropical ecosystems. Together with Leeaceae Dumort., it constitutes the order Vitales,
one of the earliest-diverging lineages within the Rosids, whose closest phylogenetic rela-
tives remain a matter of debate [1–3]. The evolutionary history of the family extends from
its stem lineage in the Late Cretaceous (ca. 90 Ma) to the diversification of extant crown
groups during the Oligocene (ca. 30 Ma) [4,5]. The family Vitaceae is currently divided
into five tribes: (I) Ampelopsideae (comprising Ampelopsis Michx., Nekemias Raf., Rhoicissus
Planch., and Clematicissus Planch.); (II) Cisseae, represented by Cissus L.; (III) Cayratieae,
including Cayratia Juss. ex Guill, Causonis Raf., Acareosperma Gagnep., Afrocayratia J.Wen,
L.M.Lu, Rabarij. & Z.D.Chen, Cyphostemma (Planch.) Alston, Pseudocayratia J. Wen, L.M.Lu
& Z.D.Chen and Tetrastigma Planch); (IV) Parthenocisseae, represented by Parthenocissus
Planch.; and (V) Viteae. The latter tribe comprises three closely related genera: Ampelocis-
sus Planch., Pterisanthes Blume, and Vitis L., the economically and evolutionarily most
significant genus within the family [2–4].

While the deep evolutionary history of the family is anchored by macrofossil dis-
coveries from the Late Cretaceous Deccan Cherts of India (ca. 66 Ma) [6] and Paleocene
deposits in the Neotropics [1,5], resolving lower-level phylogenetic relationships remains
challenging. Within the tribe Viteae, the genus Vitis comprises approximately 80 species
currently recognized by the expert consensus curated in Kew’s Plants of the World Online
(POWO), the majority of which are dioecious climbing plants [7].

Large-scale macroecological analyses have demonstrated that dioecy is significantly
associated with the climbing habit, woodiness, and the production of fleshy fruits across
angiosperms [8]. This pattern suggests that the reproductive biology of grapevines is
closely linked to their ecological role as forest lianas. Consequently, the transition from
dioecious wild populations to predominantly hermaphroditic cultivated forms represents
one of the most profound evolutionary shifts associated with grapevine domestication.
This transition not only altered reproductive biology but also reshaped patterns of genetic
diversity, gene flow, and human-mediated selection within the genus.

1.2. Biogeography and Phylogenetics of the Genus Vitis

The genus Vitis is divided into two subgenera that differ in both chromosome num-
ber and morphology: subgenus Muscadinia (n = 20), comprising Vitis rotundifolia Michx.
and Vitis popenoei J.L. Fennell, and subgenus Vitis (n = 19), which includes most extant
species [9–12] (Figure 1). The distinction between these subgenera is supported by cytoge-
netic, morphological, and molecular evidence and reflects an early evolutionary divergence
within the genus. Despite their shared ancestry, species belonging to the two lineages differ
markedly in chromosome structure, reproductive compatibility, and patterns of geographic
distribution, making them important models for investigating speciation and genome
evolution in grapevines.

The geographic distribution of wild Vitis species is closely associated with their under-
lying genetic structure. Analyses based on multilocus nuclear markers and plastid DNA
sequences consistently support the monophyly of the genus and resolve subgenus Vitis
into several geographically distinct evolutionary lineages [11,12]. Natural hybrid zones,
particularly widespread in North America, were recognized early in viticultural history
through the observation of intermediate morphological and agronomic characteristics [13].

Modern phylogenetic studies have clarified these relationships, identifying several
well-defined North American clades, including the Aestivales group (e.g., Vitis aestivalis
L. and V. riparia Michx.) and the Labruscae group (e.g., V. labrusca L. and V. mustangensis
Buckley), which are clearly differentiated from a strongly supported monophyletic Asian
lineage [11]. These biogeographic patterns indicate a long history of regional diversification
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and provide an essential framework for understanding the evolution, adaptation, and
domestication of grapevines.

Figure 1. Phylogenetic relationships and diagnostic morphological characteristics of the genus Vitis
L. The schematic phylogeny illustrates the divergence between the two recognized subgenera, Vitis
(n = 19) and Muscadinia (n = 20). Diagnostic morphological features, including tendril branching
patterns, the presence of cortical lenticels, and bark exfoliation characteristics, are indicated for each
lineage. Terminal branches represent the principal evolutionary groups within the genus, including
the North American clades, the Asian monophyletic clade, Vitis vinifera subsp. sylvestris (Willd.) Hegi,
and cultivated grapevines (V. vinifera subsp. vinifera). The diagram highlights the phylogenetic context
of grapevine domestication and the emergence of traits associated with the domestication syndrome.

The final major evolutionary lineage within the genus comprises the Euro-Mediterranean
grapevines: the wild Vitis vinifera subsp. sylvestris (Willd.) Hegi and the domesticated
V. vinifera subsp. vinifera (syn. subsp. sativa). The persistent phylogenetic clustering
of cultivated varieties with geographically proximate sylvestris populations reflects their
shared ancestry and provides important evidence for the origins of grapevine domesti-
cation [14,15]. At the same time, this close genetic relationship complicates taxonomic
and conservation efforts by obscuring the distinction between genuinely wild populations
and feral individuals derived from escaped cultivated vines. Such feral populations may
introgress into native gene pools and thereby distort assessments of wild genetic diversity
and population structure.

Molecular analyses based on microsatellite (SSR) markers have revealed substantial
genetic affinities between wild and cultivated grapevines across the Caucasus and Central
Asia, including populations from Georgia, Uzbekistan, Tajikistan, and Kyrgyzstan [16].
Similarly, high-density SNP genotyping using the Vitis18k array has identified three prin-
cipal V. vinifera subsp. sylvestris genetic groups, with North African–Iberian populations
occupying an intermediate position between the Georgian lineage and populations from
Western and Central Europe [17,18]. These findings support a complex demographic his-
tory characterized by migration, introgression, and recurrent gene flow between cultivated
and wild grapevine populations throughout the Euro-Mediterranean region.
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1.3. From Ampelography to Genomics

Historically, diagnostic traits such as tendril morphology (simple versus bifurcate),
the presence of cortical lenticels, and variation in leaf architecture formed the foundation
of ampelography, the botanical discipline devoted to the identification, description, and
classification of grapevine cultivars [19–21]. The field was formalized through the pioneer-
ing work of authors such as Simón de Rojas Clemente y Rubio [19], Pierre Galet [20], and
Viala and Vermorel [21]. In recent decades, traditional ampelographic methods have been
substantially enhanced through the integration of digital image analysis, geometric mor-
phometrics, multivariate shape quantification, and quantitative trait locus (QTL) mapping
of leaf morphology [22–24].

Despite these advances, morphological descriptors remain subject to important limita-
tions, particularly when applied to cultivated grapevines. Leaf and seed morphology in
Vitis vinifera exhibit considerable phenotypic plasticity in response to environmental condi-
tions, vine age, and edaphic factors [23], often obscuring the boundaries between closely
related cultivars. Moreover, traditional taxonomic approaches face three major challenges:

• Synonymy and Homonymy. Genetically identical cultivars may be maintained under
different regional names, as exemplified by the well-documented synonymy of Zin-
fandel, Primitivo, and Crljenak Kaštelanski. Conversely, distinct genetic lineages may
share the same cultivar designation, generating complex homonymic groups such as
those associated with Malvasia or Lambrusco

• Clonal Variation. Somatic mutations accumulated during vegetative propagation
can modify traits of agronomic and oenological importance, including berry colour,
fruit composition, growth habit, and disease resistance. Such variation is frequently
undetectable through conventional morphological examination alone.

• Reticulate Evolution. Extensive hybridization and introgression among species and cul-
tivars have generated complex reticulate evolutionary patterns, particularly in regions
where multiple taxa occur in sympatry. These processes often obscure parental relation-
ships and challenge the assumptions of strictly bifurcating phylogenetic models [25].

The emergence of molecular markers and, more recently, whole-genome sequencing
has transformed grapevine taxonomy by providing objective tools for cultivar identifi-
cation, parentage reconstruction, clonal discrimination, and the analysis of evolutionary
relationships. As a result, modern grapevine systematics increasingly integrates classical
ampelographic observations with genomic evidence, bridging the gap between phenotype
and genotype.

In this review, we examine how contemporary grapevine genomics and pangenomics
address longstanding taxonomic and evolutionary challenges, providing a framework for a
predictive and high-resolution classification of the genus Vitis. We begin by establishing
the genomic foundation of modern grapevine research through the near-homozygous
PN40024 reference genome and trace its evolution toward complete telomere-to-telomere
(T2T) chromosome assemblies [26]. Moving beyond single-reference genomes, we explore
how structural variations (SVs), copy-number variations (CNVs), and pangenome graph
representations have revealed previously hidden dimensions of grapevine diversity, shed-
ding light on the processes of domestication and the complex genetic relationships among
wild, cultivated, and feral lineages.

Finally, we discuss the implications of these advances for contemporary viticultural
taxonomy and systematics. We argue that the integration of phased genome assemblies,
pangenomic resources, high-throughput morphometric analyses, and ecological data will
enable a new generation of classification frameworks that more accurately reflect the
evolutionary history, genetic diversity, and adaptive potential of Vitis species and cultivars.
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2. The Molecular Shift: From Ampelography to Chloroplast Genomics
2.1. Classification of Vitis Cultivars in the Early Molecular Era

To overcome limitations imposed by morphological plasticity, the introduction of
molecular markers at the turn of the 21st century revolutionized viticultural systematics.
Nuclear tools—initially multi-allelic microsatellites (SSRs) and later high-density SNP
arrays—provided the first robust, empirical frameworks to resolve complex pedigrees,
reconstruct reticulate networks, and identify core ancestral founders at the root of extensive
varietal lineages [27]. Landmark parentage studies successfully elucidated the origin of
renowned cultivars such as the origin of Cabernet Sauvignon from Cabernet Franc and
Sauvignon Blanc [28]. The scalability of this approach was subsequently demonstrated
through large-scale pedigree reconstructions, which revealed that a relatively small num-
ber of founder cultivars contributed disproportionately to the ancestry of thousands of
contemporary European varieties [29,30]. Notably, in the Iberian Peninsula, the ancient,
functionally female cultivar Hebén has been identified as a major founder genotype, occu-
pying a central position in the pedigree network of numerous traditional Spanish cultivars
and contributing substantially to the genetic structure of western European grapevine
diversity [31–33] (Figure 2).

Figure 2. Leaves and seeds of Vitis vinifera cv. Hebén, three cultivars from its progeny (Merseguera,
Miguel de Arco, and Verdejo de Salamanca), and the unrelated cultivar Tortozona Tinta [31]. All
samples were collected at IMIDRA during the 2024 season. The leaves and seeds of Hebén and
its progeny share a higher morphological resemblance to each other than to those of the unrelated
cultivar, Tortozona Tinta. Scale bars represent 10 cm for the leaves of Hebén, Merseguera, Miguel de
Arco, and Verdejo de Salamanca, and 5 cm for Tortozona Tinta. The bottom scale bar represents 5 mm
for all seeds.

Prior to the advent of molecular approaches and the definitive genetic resolution of
cultivar relationships, early classifications of the extensive intraspecific diversity within
Vitis vinifera were based primarily on eco-geographical and morphological frameworks.
Among the pioneers of this approach was Nikolai Vavilov, whose investigations into
global crop biodiversity led to the hypothesis that regions exhibiting the greatest genetic
diversity of a crop and its sympatric wild relatives corresponded to its primary center
of domestication [34]. Applying this concept to the grapevine, Vavilov proposed that its
cultivation originated in Inner Asia (Center III) and Asia Minor (Center IV) [34]. Building
upon this framework, Alexander Negrul integrated extensive ampelographic, physiological,
and morphometric evidence to partition V. vinifera into three major eco-geographical groups,
termed proles [35]:
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• Proles occidentalis: Comprising wine grapes from Western Europe (e.g., Cabernet,
Pinot, Riesling, Traminer), typically characterized by small bunches and small berries
with high acidity.

• Proles pontica: Originating from the Black Sea and Balkan regions (e.g., Clairette,
Furmint, Kisi), exhibiting intermediate physiological and morphological features.

• Proles orientalis: Primarily table grapes from the Near and Far East (e.g., Sultanina,
Muscat), distinguished by large, fleshy berries with firm pulp and thin skins. Negrul
further divided this group into the ancient sub-group Caspica (historically utilized
for early vinification) and Antasiatica (selected for table use and raisins, displaying
historical trade links to the Western Mediterranean).

2.2. Plastid Phylogeography and Feralization Dynamics

While nuclear markers capture patterns of biparental inheritance and recombination,
the reconstruction of deep maternal lineages and broad-scale domestication pathways
relied primarily on analyses of the chloroplast genome (cpDNA). Owing to its largely
non-recombining nature, conserved structural organization, and predominantly mater-
nal inheritance in the Vitaceae, the chloroplast genome provides a valuable record of
evolutionary history and maternal ancestry [4,12,36].

Early restriction fragment length polymorphism (RFLP) studies, followed by analy-
ses of chloroplast microsatellites (cpSSRs) and chloroplast sequence variation, revealed
strong phylogeographic structuring within Vitis vinifera and supported a model involving
a primary domestication center in the Near East, accompanied by subsequent regional
introgression and diversification within the Western Mediterranean basin [36]. Across these
regions, the distribution of the four principal chloroplast haplotypes (chlorotypes A, B,
C, and D) exhibits distinct biogeographical patterns. Chlorotypes C and D predominate
in eastern germplasm groups, particularly those associated with proles orientalis, whereas
chlorotypes A and B are more frequently observed in western V. vinifera subsp. sylvestris
populations and traditional cultivars from the Iberian Peninsula and Western Europe, cor-
responding broadly to the proles occidentalis group [34–36]. These phylogeographic patterns
provide molecular support for the eco-geographical differentiation originally proposed by
Vavilov and later formalized by Negrul [34,35].

Despite their phylogeographic utility, chloroplast haplotypes also introduce specific
challenges for interpreting domestication history, feralization processes, and asymmetric
gene flow. Wild Vitis vinifera subsp. sylvestris populations are dioecious, comprising
separate male and female individuals, whereas cultivated grapevines are predominantly
hermaphroditic [37]. Consequently, the distinction between genuinely wild populations
and feral descendants of cultivated vines cannot always be resolved through chloroplast
markers alone. Recent high-throughput studies integrating cpSSRs, cpSNPs, and nuclear
genomic data have demonstrated ongoing bidirectional gene flow between wild and
cultivated compartments, mediated by pollen transfer from wild male vines to cultivated
vineyards and by the establishment of feral individuals derived from cultivated maternal
lineages within natural riparian habitats [38,39].

This continuous genetic exchange has generated complex patterns of admixture across
Mediterranean and Central Asian grapevine populations, often blurring the boundaries
between wild, cultivated, and feral gene pools. Consequently, the identification of authentic
relict V. vinifera subsp. sylvestris populations increasingly relies on integrated genomic ap-
proaches capable of jointly analyzing cytoplasmic and nuclear variation. Such approaches,
particularly those based on complete, gapless genome assemblies, offer the resolution
required to disentangle ancient ancestry from more recent introgression and feralization
events [14,15].
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3. PN40024 and the Near-Homozygous Model: Establishing a
Genomic Baseline

Cultivated Vitis vinifera exhibits high levels of genomic heterozygosity relative to many
plant reference genomes, reflecting its long evolutionary history of outcrossing and the
widespread use of vegetative propagation in viticulture [14,40]. Recurrent clonal reproduc-
tion has preserved numerous heterozygous allelic combinations that would otherwise be
reshuffled through sexual reproduction, contributing to the complex genomic architecture
characteristic of domesticated grapevine cultivars [41]. This extensive heterozygosity rep-
resented a major challenge for early genome assembly efforts. Both cultivated and wild
grapevines harbour substantial sequence divergence between homologous chromosomes,
including structural variants (SVs), insertions and deletions (indels), and other forms of
haplotypic variation. Whereas such diversity is maintained in wild populations through
obligate outcrossing associated with dioecy, centuries of clonal propagation have pre-
served these divergent haplotypes within cultivated lineages. Consequently, early de novo
assembly strategies based primarily on short-read sequencing data often struggled to accu-
rately reconstruct highly heterozygous genomic regions, frequently collapsing divergent
haplotypes into consensus sequences or generating fragmented assemblies.

3.1. The Selection and Construction of the Model

To overcome the challenges that high heterozygosity posed for early genome assembly,
the French–Italian Public Consortium for Grapevine Genome Characterization sought
to develop a reference genotype with a substantially reduced level of heterozygosity.
The outcome of this strategy was PN40024, a specialized line generated specifically for
genomic research rather than for agronomic use. PN40024 traces its origin to Helfensteiner,
a dark-skinned cultivar bred in 1931 from a controlled cross between Schiava Grossa
(Trollinger) and Pinot Noir [42]. Researchers at the Institut National de la Recherche
Agronomique (INRA, Colmar, France) subjected this lineage to nine successive generations
of self-fertilization (S9) [43]. This extensive inbreeding program dramatically reduced
heterozygosity, producing a near-homozygous genotype in which approximately 93% of
loci were estimated to be fixed [43]. As a result, much of the allelic and structural complexity
that characterizes the grapevine genome was minimized, providing a tractable template for
the development of the first reference assembly.

3.2. A Landmark in Plant Phylogenomics

Released in 2007, the PN40024 draft genome represented a major milestone in plant
genomics. It was the first fruit crop genome to be sequenced and assembled, and only
the fourth angiosperm genome available to the scientific community [43]. In parallel, an
independent whole-genome shotgun assembly was generated for the highly heterozygous
cultivar Pinot Noir (clone ENTAV 115), providing an important point of comparison for
assessing the consequences of natural heterozygosity on genome assembly and structural
variation [44]. More recently, advances in long-read sequencing technologies have enabled
the reconstruction of gapless reference assemblies for grapevine cultivars, including Pinot
Noir, substantially improving the resolution of complex genomic regions and haplotypic
structure [26].

The establishment of the standardized PN40024 reference genome provided three
immediate and enduring foundations for grapevine genomics:

• A Standardized Genomic Reference Framework: For the first time, grapevine re-
searchers possessed a common genomic coordinate system that enabled the precise
localization of genes, quantitative trait loci (QTLs), and molecular markers across the
19 grapevine chromosomes (2n = 38; n = 19). This framework facilitated the integra-
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tion and comparison of genetic information generated from cultivated varieties, wild
accessions, and interspecific hybrids.

• A Platform for Genome-Wide Comparative Analyses: The PN40024 assembly accel-
erated the transition from sparse microsatellite (SSR) markers to high-density single-
nucleotide polymorphism (SNP) datasets, enabling large-scale studies of pedigree
reconstruction, population structure, domestication history, and genome-wide patterns
of selection and structural variation [45].

• Insights into Angiosperm Genome Evolution: Comparative analysis of the grapevine
genome provided important evidence for the ancestral paleohexaploidy event (γ), a
whole-genome triplication shared by core eudicots. Because the grapevine genome has
undergone relatively limited lineage-specific polyploidization since this event, Vitis
vinifera emerged as a valuable reference for reconstructing the evolutionary history
and genomic architecture of flowering plants [43].

Despite its foundational role as the reference genotype for grapevine genomics, rela-
tively little information is available regarding the physiological characteristics of PN40024
under field conditions. This limited phenotypic characterization reflects its development
as a research resource rather than as a cultivar intended for agricultural production. Nev-
ertheless, the extensive inbreeding required to generate PN40024 substantially reduced
genome-wide heterozygosity, producing a genotype that exhibits characteristics commonly
associated with inbreeding depression. Compared with highly heterozygous cultivated
grapevine varieties such as Pinot Noir, PN40024 generally displays reduced vegetative
vigour, lower reproductive performance, and diminished overall fitness, highlighting
the biological costs associated with prolonged self-fertilization in an otherwise highly
outcrossing species.

4. Growth and Development of the Model
Although the original PN40024 reference genome provided the essential foundation

for modern grapevine genomics, it also highlighted important limitations inherent to first-
generation reference assemblies. By design, PN40024 represented a highly homozygous
genotype and was assembled as a largely linear reference sequence, facilitating genome
reconstruction and annotation but only partially capturing the extensive genomic diversity
characteristic of the genus Vitis. Consequently, many forms of genetic variation—including
structural variants (SVs), hemizygous regions, and highly divergent haplotypes—were
underrepresented or absent from the initial assembly. While this simplification was neces-
sary to overcome the technical constraints of early sequencing and assembly technologies,
it also limited the ability of the reference genome to fully reflect the genetic complexity
underlying phenotypic diversity, environmental adaptation, and evolutionary processes in
grapevine populations.

As genomic technologies advanced, these limitations became increasingly apparent,
motivating the development of improved assemblies, haplotype-resolved genomes, and
ultimately pangenomic frameworks designed to capture the full spectrum of variation
present within Vitis vinifera and related species.

While PN40024 provided an indispensable reference for the conserved genomic archi-
tecture of grapevine and other core eudicots, it captured only a portion of the extensive
structural and allelic diversity present within the species. Highly divergent haplotypes,
structural variants (SVs), hemizygous regions, and cultivar-specific insertions, deletions,
and transpositions were often difficult to resolve using the short-read sequencing tech-
nologies available at the time. As a result, many of the genomic features underlying
phenotypic variation, environmental adaptation, and cultivar differentiation remained
incompletely characterized.
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To address these limitations, the original PN40024 assembly was progressively refined
through the integration of high-density genetic maps and physical mapping resources,
culminating in the release of the 12X.v2 assembly [46]. This updated version substantially
improved assembly continuity and chromosome-scale organization, providing a more
robust framework for genome annotation and comparative analyses. Nevertheless, the
full resolution of the grapevine genome structure became possible only with the advent of
long-read sequencing technologies. These advances ultimately led to the publication of the
first telomere-to-telomere (T2T) assembly of Vitis vinifera, representing a major step toward
the complete characterization of grapevine genome architecture [26].

4.1. Resolving the Genome: Telomere-to-Telomere (T2T) Assemblies and Phased Haplotypes

Because Vitis species and most cultivated grapevine varieties are highly heterozy-
gous and predominantly outcrossing, a single linear reference genome can only partially
represent the full extent of genomic variation present within an individual. Advances in
long-read sequencing (LRS) technologies, coupled with chromosome-conformation and
phasing methodologies, have enabled the reconstruction of haplotype-resolved genomes,
in which the two homologous chromosome sets inherited from each parent are assem-
bled separately. This approach preserves allelic diversity and structural variation that are
frequently obscured in consensus assemblies.

The current benchmark in genome assembly is the telomere-to-telomere (T2T) frame-
work, which aims to reconstruct complete chromosome sequences from one telomere to
the other without unresolved gaps. Such assemblies provide unprecedented access to
previously inaccessible genomic regions, including centromeres, telomeres, large repetitive
elements, and complex structural rearrangements. In grapevine, these high-resolution as-
semblies have expanded our capacity to investigate genome evolution, structural variation,
haplotype diversity, and the genetic mechanisms underlying adaptation, domestication,
and cultivar differentiation.

The emergence of long-read sequencing (LRS) technologies—driven primarily by
Pacific Biosciences (PacBio) High-Fidelity (HiFi) circular consensus sequencing and Oxford
Nanopore Technologies (ONT) ultra-long reads—has transformed grapevine genomics
by enabling the characterization of genomic regions that were difficult to resolve using
short-read approaches. PacBio HiFi sequencing combines long read lengths with high per-
base accuracy, whereas ONT platforms can generate ultra-long reads capable of traversing
highly repetitive genomic regions and complex structural rearrangements. In Vitis, these
technologies routinely produce reads exceeding 15–20 kb and, in some cases, substantially
longer sequences. Such extended read lengths facilitate the assembly of transposable ele-
ments (TEs), tandemly duplicated gene clusters, and other repetitive regions that frequently
fragment short-read assemblies. Consequently, LRS has greatly improved the completeness,
contiguity, and structural accuracy of grapevine genome assemblies, providing a more
comprehensive representation of genome organization and genetic variation.

• PN40024.v4 Assembly: Velt et al. [42] released a substantially improved version
of the grapevine reference genome, incorporating 35,230 annotated protein-coding
genes together with an alternative haplotype assembly. Beyond improving assembly
quality and annotation accuracy, this work clarified the genetic origin and pedigree
of PN40024, confirming its derivation from the Schiava Grossa × Pinot Noir lineage
through the cultivar Helfensteiner [42].

• PN40024 Telomere-to-Telomere (T2T) Reference: Shi et al. [26] reported the first com-
plete T2T assembly of the PN40024 genome, resolving centromeric, telomeric, and
other highly repetitive regions that had remained incompletely assembled in previous
reference versions. This achievement revealed the extensive contribution of repetitive
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DNA to grapevine genome architecture, with repetitive sequences accounting for ap-
proximately 67% of the assembled genome, including centromeric repeats, telomeric
regions, and ribosomal DNA (rDNA) arrays [26].

The remarkable consistency of the approximately 67% repetitive DNA content ob-
served across the independent telomere-to-telomere (T2T) assemblies of PN40024, PN1, and
PN2 [26,41] suggests a highly conserved structural organization of the grapevine genome.
This pattern may reflect the long-term stability of repeat-rich, low-recombination genomic
compartments, particularly within pericentromeric and other heterochromatic regions.
Beyond their structural role, these repetitive elements constitute a substantial fraction of the
grapevine genome and are increasingly recognized as important contributors to chromatin
organization, genome evolution, and gene regulation.

In earlier reference assemblies, the full extent of transposable element (TE) diversity
and organization was difficult to resolve. Because many TEs consist of long, highly similar
sequences—often extending over several kilobases— the short reads generated by Sanger
sequencing and early Illumina platforms were frequently insufficient to span entire repet-
itive regions. Consequently, genome assembly algorithms commonly encountered two
major challenges:

• Repeat Collapse: Multiple highly similar repeat copies were merged into a single
consensus sequence, leading to an underestimation of repeat abundance and reducing
assembly accuracy within repetitive regions.

• Assembly Gaps and Fragmentation: When repetitive sequences could not be confi-
dently reconstructed, assemblies frequently contained unresolved regions represented
by stretches of ambiguous bases (N’s), resulting in fragmented genome maps and
incomplete structural information.

The original PN40024 assembly, constrained by the sequencing technologies available
at the time, primarily captured the unique and low-copy regions of the genome, particularly
protein-coding sequences and their immediate genomic context. Consequently, a substantial
proportion of the repetitive genome remained incompletely resolved. This repeat-rich
component—sometimes referred to as the genomic “dark matter”—includes transposable
elements (TEs), satellite repeats, and other highly repetitive sequences that play important
roles in genome structure, evolution, and regulation.

Among these elements, Class I retrotransposons of the Copia superfamily, particularly
members of the Ale lineage, constitute a major fraction of the grapevine repeatome [47].
Comparative genomic analyses suggest that these elements underwent extensive ampli-
fication during the evolutionary history of Vitis, contributing substantially to genome
expansion and structural diversification [43,47]. Their insertion activity has been associated
with genomic regions involved in metabolism, stress responses, and other adaptive pro-
cesses, highlighting their potential role in shaping patterns of genetic variation. In addition,
horizontal transfer has been proposed as a mechanism contributing to the evolutionary
dissemination of certain transposable element lineages across plant genomes, including
those present in ancestral Vitis lineages [48].

4.2. General Landscape of the Vitis Genome Based on the Model

The grapevine genome is characterized by a relatively compact size combined with
a substantial proportion of repetitive DNA. Table 1 summarizes the principal structural
features of the PN40024 reference genome and its successive improvements. Specifically,
Table 1a illustrates the progression of gene annotation across different assembly versions;
Table 1b summarizes the major genomic characteristics of the reference assembly, including
genome size, chromosome organization, and repetitive content; and Table 1c presents key
gene families associated with seed development and related developmental processes.
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Table 1. (a) Number of genes in the successive versions of PN40024. (b) Characteristics of the genome
of PN40024, the model for Vitis. (c) Key gene families involved in seed development (Based on
PN40024.v5 T2T, [26]).

(a)

Genome Assembly Version Curation Year Total Protein-
Coding Genes

Net Gene Variance Relative to
Original Assembly Refs.

12X.v1 (CRIBI/IGGP) 2007/2011 29,971 Baseline Reference Draft [46]

v4 (Integra/INRAE) 2019 31,000 +1029 newly validated
open-reading frames [42]

v5 (T2T-GAPLESS/Grapedia) 2023 39,234 +9263 structural loci resolved via
long-reads [26]

(b)

Structural
Feature Physical Specifications & Biological Context Refs.

Genome Size &
Karyotype

The haploid genome spans an estimated 475 to 500 Mb distributed across 19 standard
chromosomes (n = 19). While physically small compared to major monocot systems like
maize or wheat, its complexity is driven by its highly heterozygous, outbred nature.

[44]

Coding
Capacities

Approximately ~30,000 baseline protein-coding loci. Representative genes mapped to
distinct chromosomal coordinates include:
• VvGAI1 (DELLA growth-repressor protein family; Chromosome 1)
• VvMybA1/VvMybA2 (Master switch regulatory cluster for anthocyanin fruit

pigmentation; Chromosome 2)
• VvTPS (Terpene Synthases driving primary aroma volatilization profiles; Chromosome 15)
• R Genes (NBS-LRR structural disease-resistance clusters; Chromosome 16)
• VvSTS (Stilbene Synthases governing primary phytoalexin defense biosynthesis;

Chromosome 18)

[44]

Heterochromatin
Distribution

Over 50% of the complete physical DNA landscape consists of repetitive blocks and dense
non-coding structures heavily localized around structural centromeric and
pericentromeric domains.

[26]

Transposable
Elements (TEs)

Dominance of Class I Retrotransposons, specifically Long Terminal Repeat (LTR)
architectures. The two most abundant superfamilies are Copia and Gypsy, which account for
most TE-derived genomic mass. These elements are non-randomly integrated, acting as the
primary drivers of intergenic region expansions and variable structural indels.

[26]

(c)

Gene Family Total Family
Loci Count (v5)

Primary Mechanistic Role in Seed
Development

Representative
Target Loci
Examples

Foundational
Literature References

MADS-box 110

Master regulators governing ovule
identity, floral organ
determination, and maternal
integument (seed coat) expansion.

VvAGL11,
VvSTK

Mejía et al. (2011);
Grimplet et al. (2014);
Shi et al.
(2023) [26,49,50]

MYB Factors 300

Fine-tuned transcriptomic
orchestration of tannin,
proanthocyanidin, and flavonoid
pathways inside developing
seed coats.

VvMYBPA1,
VvMYB5a

Bogs et al. (2007);
Cavallini et al.
(2014) [51,52]

NAC Domain 160

Programmed cell wall thickness
regulation, secondary lignin
deposition, and structural seed
coat hardening.

VvNAC26,
VvNAC44

Wang et al. (2013);
Grimplet et al.
(2012) [49,53]
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Table 1. Cont.

(c)

Gene Family Total Family
Loci Count (v5)

Primary Mechanistic Role in Seed
Development

Representative
Target Loci
Examples

Foundational
Literature References

ARF (Auxin
Response) 30

Downstream mediation of
endogenous auxin signaling
driving cell expansion inside the
seed embryo and surrounding
berry pericarp.

VvARF2,
VvARF4 Wan et al. (2014) [54]

B3 Domain 80

Transcriptomic control over
structural embryo maturation
phases and internal storage
reserve deposition.

VvL1L, VvABI3 Ahmad et al.
(2019) [55]

TCP Family 25

Coordinated cell proliferation
dynamics, growth symmetry
preservation, and directional
morphological development of
the seed.

VvTCP1,
VvTCP15

Jiu et al. (2019); Shi
et al. (2023) [26,56]

4.3. Quantifying Diversity and the Inbreeding Landscape

The availability of telomere-to-telomere (T2T) and haplotype-resolved assemblies
has provided unprecedented opportunities to examine how different reproductive
strategies—including outcrossing, self-fertilization, and clonal propagation—shape genome-
wide patterns of variation in grapevine. In particular, the contrast between the naturally
highly heterozygous condition of most Vitis populations and the near-homozygous state
of PN40024 offers a valuable framework for investigating the genomic consequences of
inbreeding and long-term vegetative propagation [41].

One of the most widely used measures of genetic variation is nucleotide diversity
(π), which quantifies the level of sequence polymorphism within a population or species
(Table 2a,b). Nucleotide diversity is defined as the average number of nucleotide differences
per site between two DNA sequences randomly sampled from a population. Unlike simple
counts of polymorphic sites or single-nucleotide polymorphisms (SNPs), π incorporates
both the frequency and distribution of sequence variants, thereby providing a measure
of the average genetic divergence among individuals within a population. Comparative
studies have shown that nucleotide diversity varies widely among species and populations,
reflecting the combined influence of demographic history, reproductive biology, mutation
rates, and selection [57].

π =
∑i<j dij

(n
2)L

where:

∑i<j dij : The sum of the number of nucleotide differences between all possible pairs of
sequences.
(n

2): The total number of pairs.
L: the length of the DNA sequence.

Selfed PN40024 displayed the lowest levels of genetic variation among the groups
analyzed, with a nucleotide diversity (π) of 0.0003 and an observed heterozygosity (Ho)
of 0.01 [41]. These values reflect the extensive reduction in heterozygosity resulting from
multiple generations of self-fertilization during the development of the reference genotype.
In contrast, PN-derived clonal lineages and other cultivated European grapevine groups
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retained substantially higher levels of diversity, with nucleotide diversity values around
0.0024 [41]. Interestingly, average heterozygosity was reported to be slightly higher in
cultivated clonal lineages than in some wild populations, likely reflecting the long-term
preservation of heterozygous genotypes through vegetative propagation.

Table 2. (a) Values of nucleotide diversity in different plant species. (b) Values of nucleotide diversity
in different varieties of rice and grapes.

(a)

Species Reproduction Type π (×10−3) Observation

Arabidopsis thaliana [58] Autogamous (selfing) 0.7–1.0 Very low due to
self-pollination.

Oryza sativa [59] Autogamous (mainly) 2.0–3.0 Severe bottleneck due to
domestication.

Glycine max [60] Autogamous 1.0–2.0 Limited due to
domestication.

Vitis vinifera [45,61] Alogamous (cultivated hermaf.) 7.29–13.9 Very high for a crop.

Zea mays [62] Monoic (alogamous) 10.0–15.0 One of the highest levels
among crops.

Populus spp. [63] Dioecious (obligate alogamous) 10.0–16.0 Forest tree with high
gene flow.

Silene (dioecious species) [64] Dioecious 12.0–30.0 Used as a model of
high diversity.

(b)

Group Species Nucleotide Diversity (π) (×1000) Source

Wild Progenitor O. rufipogon 9.2 Huang et al. (2012) [59]
Domesticated (Indica) O. sativa 2.2 Huang et al. (2012) [59]
Pinot Noir clones V. vinifera 2.4 Xiao et al. (2025) [41]
“Wild” ME grapes V. vinífera 3.9 Xiao et al. (2025) [41]
Wild and cultivated grapes V. vinifera 13.9–14.7 Zhou et al. (2017) [45]

The Middle Eastern (ME) wild group analyzed by Xiao et al. [41] exhibited a nucleotide
diversity of 0.0039, higher than that observed in cultivated lineages but still relatively
modest compared with values reported for some wild progenitor populations of other
crop species. These patterns are consistent with the combined effects of domestication,
demographic bottlenecks, recurrent selection, and extensive clonal propagation, all of which
have contributed to shaping contemporary patterns of genetic diversity in grapevine [41].

Nevertheless, the levels of nucleotide diversity observed in Vitis are not unusual among
perennial crops that have undergone extensive vegetative propagation. A comparable
pattern is observed in Citrus, where many commercially important cultivars, including
oranges, grapefruits, and lemons, originated through complex interspecific hybridization
events involving the ancestral taxa mandarin (Citrus reticulata), pomelo (Citrus maxima),
and citron (Citrus medica) [65]. Once favorable hybrid genotypes were established, their
propagation relied predominantly on clonal reproduction, preserving highly heterozygous
genomic constitutions across successive generations.

In both grapevine and citrus, vegetative propagation limits the genetic reshuffling
associated with sexual reproduction and thereby maintains allelic combinations that would
otherwise be broken apart by recombination. Over long periods, this process also permits
the accumulation and fixation of somatic mutations within clonal lineages, contributing to
intracultivar variation and the emergence of distinct clones. Consequently, clonal propaga-
tion plays a major role in preserving genetic diversity at the cultivar level and shaping the
long-term evolutionary dynamics of perennial crop genomes.

https://doi.org/10.3390/taxonomy6030037

https://doi.org/10.3390/taxonomy6030037


Taxonomy 2026, 6, 37 14 of 31

Using contemporary demographic and population-genomic approaches, Xiao et al. [41]
identified substantial signatures of shared ancestry and introgression between wild Euro-
pean (EU) populations and the modern Pinot Noir genome, particularly on chromosomes
1, 2, 3, and 19. Notably, some of these regions overlap genomic intervals associated with
key domestication-related traits, including the sex-determination region on chromosome 2
and loci involved in fruit development and ripening on chromosome 19. The presence of
introgressed haplotypes within these functionally important regions highlights the complex
evolutionary interactions that have shaped grapevine genomes throughout domestication
and post-domestication history.

However, the directionality of these introgression events remains difficult to establish
unequivocally. Given the relatively modest nucleotide diversity observed in the sampled
EU and Middle Eastern (ME) wild populations [41], one possible interpretation is that at
least some shared genomic segments may reflect historical feralization processes, whereby
cultivated alleles introgressed into wild or semi-wild populations through recurrent gene
flow. Alternatively, these regions may represent the persistence of ancestral polymorphisms
or introgression from wild populations into cultivated lineages. Distinguishing among these
scenarios will require additional demographic modeling, broader population sampling,
and the integration of archaeological and historical genomic data.

A notable methodological limitation of these comparisons is the lack of published
assembly quality metrics, including BUSCO (Benchmarking Universal Single-Copy Or-
thologs) completeness scores, for the specific EU and ME wild populations analyzed. While
the recently completed Pinot Noir T2T reference genome provides an exceptionally com-
plete and highly resolved genomic framework, the absence of equivalent assembly and
annotation quality assessments for the putative wild populations complicates direct com-
parisons among datasets. Differences in assembly completeness, haplotype resolution, or
variant-calling pipelines may influence estimates of shared ancestry, introgression, and
genetic diversity.

Consequently, caution is warranted when interpreting the magnitude and direction-
ality of introgression signals. Without standardized quality metrics and harmonized
analytical workflows, it remains challenging to determine the extent to which observed
genomic patterns reflect genuine biological processes as opposed to technical artifacts
arising from differences in genome assembly, sequence coverage, or bioinformatic filtering.
Future studies incorporating fully characterized, high-quality assemblies from diverse wild
Vitis vinifera subsp. sylvestris populations will be essential for resolving these uncertainties.

The strong genetic affinity observed between Pinot Noir and European wild grapevine
populations—greater than that detected with geographically distant Middle Eastern
groups—illustrates a recurring challenge in population genomics: the inference of gene-
flow directionality. Current demographic models often interpret this pattern as evidence of
localized post-domestication introgression from European wild populations into cultivated
grapevines during their westward dispersal. However, the same genomic signal may
also be compatible with alternative demographic scenarios, including varying degrees of
cultivar-to-wild gene flow associated with feralization processes.

Population-structure analyses, including ADMIXTURE-based approaches, consistently
identify distinct genetic clusters corresponding to cultivated grapevines and neighboring
wild populations. Nevertheless, such clustering patterns alone do not unambiguously
distinguish between ancient divergence, recurrent introgression, or more recent feralization
events. Similar genetic structures can emerge under multiple demographic histories, partic-
ularly when long-term gene flow, population bottlenecks, and local adaptation have acted
simultaneously. Consequently, the interpretation of shared ancestry between cultivated and
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wild grapevine populations remains sensitive to the demographic assumptions underlying
the analytical framework employed.

Discriminating among these alternative scenarios will likely require the integration of
haplotype-resolved genomes, high-quality assemblies from geographically diverse Vitis
vinifera subsp. sylvestris populations, and explicit demographic modeling capable of testing
competing hypotheses of domestication, introgression, and feralization.

5. Beyond the Model: The Genetics of Domestication
5.1. Genetic Variation and Trait Identification

The transition from wild grapevine (Vitis vinifera subsp. sylvestris) to cultivated
grapevine (Vitis vinifera subsp. vinifera) was accompanied by a suite of morphological, phys-
iological, and genetic modifications collectively referred to as the domestication syndrome.
The principal characteristics associated with this syndrome are summarized in Table 3 and
include increased berry size, larger seeds, elevated sugar accumulation, and the transition
from dioecious to predominantly hermaphroditic reproductive systems. In contrast, wild
sylvestris populations typically produce smaller berries, smaller and more rounded seeds,
higher-acidity fruits, and retain dioecious reproduction.

Table 3. Traits representative of the Domestication Syndrome.

Trait Wild (sylvestris) Domesticated (vinifera)

Sex Dioecious (Male or Female) Hermaphroditic (Self-pollinating)
Berry Size Small (approx. 6 mm) Large (up to 30 mm)
Berry Color Mostly dark purple/black Wide variety (white, red, black)
Sugar/Acidity Lower sugar, higher acidity Higher sugar, balanced acidity
Seed Shape Round/Spherical Pear-shaped (Pyriform)
Propagation Seeds (Sexual) Cuttings/Grafting (Clonal)

Among these traits, changes in seed morphology represent one of the most distinc-
tive and extensively studied signatures of grapevine domestication. Archaeobotanical
and morphometric analyses have consistently demonstrated that seed shape and size
provide valuable markers for distinguishing wild and cultivated grapevine forms and for
reconstructing the evolutionary history of domestication processes [66–69].

In recent years, we have investigated variation in grapevine seed morphology across a
broad range of cultivars. Our approach is based on the representation of seed outlines using
Elliptic Fourier Transform (EFT) analysis, which provides a quantitative framework for
describing and comparing seed shape [70]. Fourier coefficients are extracted from digital
images using the software MOMOCS 1.5.0. [71], after which average outlines and curvature
profiles are generated using scripts implemented in Mathematica [72–74]. Curvature is
quantified following methodologies originally developed for the analysis of Arabidopsis
root morphology [75].

To date, morphological measurements, average outlines, and curvature parameters
have been obtained for more than 200 cultivars, primarily originating from Central Europe
and the Iberian Peninsula, together with dozens of Vitis vinifera subsp. sylvestris individuals
from Spain, Portugal, and France. The dataset also includes six additional Vitis species,
enabling a broader comparative analysis of seed morphology across the genus.

These analyses reveal four principal morphological groups: (I) Vitis species other
than V. vinifera and V. vinifera subsp. sylvestris; (II) the ‘Hebén’–‘Furmint’ morphotype;
(III) the ‘Traminer’ morphotype; and (IV) the ‘Muscat Hamburg’–‘Königin der Weingärten’
morphotype (Figure 3).
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Figure 3. Morphological outlines and quantitative curvature analysis of Vitis seeds based on Elliptic
Fourier Transforms (EFT). (A) Top panel: Closed seed contours reconstructed from the average Fourier
coefficients utilizing 8 harmonics to filter high-frequency noise while preserving key diagnostic shapes.
From left to right: Vitis amurensis Rupr., and three cultivars of Vitis vinifera L. (vars Hebén, Traminer,
and Muscat Hamburg), arranged to illustrate the gradient of pyriform styling, stalk definition,
and chalaza positioning. (B) Bottom panel: Corresponding curvature function plots modeled with
Wolfram Mathematica, representing the variation in curvature (green) as a function of the perimeter
distance mapped along the seed outline (0 to 2 π radians). The continuous green line represents the
curvature trajectory. Notable geometric landmarks along the boundary are highlighted dynamically:
red dots mark maximum convexities/peaks (positive curvature values), whereas black dots isolate
inflections (two major inflections are the negative curvature values conserved in all four samples).
The horizontal orange dashed line represents average curvature values. The red arrows indicate
both the precise anatomical starting point (base of the seed) and the clockwise direction of the
perimeter measurement.

The four morphological groups are distinguished by clear differences in seed geometry.
Group I exhibits the highest solidity, whereas Group II displays intermediate values. In
contrast, Groups III and IV are characterized by lower solidity and more pronounced
outline curvature. Specifically, Group III shows the highest absolute negative curvature,
while Group IV exhibits the highest positive curvature. Solidity, defined as the ratio
between the projected seed area and the area of its convex hull, provides a quantitative
measure of outline compactness. Mean solidity values for Groups I, II, III, and IV are
approximately 0.968, 0.954, 0.946, and 0.945, respectively. Across the dataset, curvature
and solidity are inversely related, with increasingly curved seed outlines corresponding to
lower solidity values.

Interestingly, Groups II, III, and IV correspond closely to haplotypes 6, 5, and 3 iden-
tified by Dong et al. [76], represented by the cultivars Hebén, Traminer, and Muscat
Hamburg, respectively. This correspondence suggests a potential association between seed
morphology and major maternal lineages within cultivated grapevine.

Genome sequencing and comparative genomic analyses have substantially advanced
our understanding of grapevine domestication, adaptation, and sexual differentiation.
Zhou et al. [45] performed whole-genome sequencing of 18 individuals representing 14 Vitis
vinifera cultivars, nine wild V. vinifera subsp. sylvestris accessions, and one V. rotundifolia
outgroup, identifying genomic signatures associated with domestication and differentiation
between wine and table grapes. Candidate genes under selection included loci involved in
sugar transport and metabolism, notably the SWEET1 sugar transporter, as well as genes
associated with flower development, berry development, and stress responses.

Compared with wild populations, cultivated grapevines were found to harbor approx-
imately 5.2% more putatively deleterious variants, with a greater proportion maintained
in the heterozygous state. This pattern is consistent with the long-term effects of clonal
propagation, which can preserve mildly deleterious alleles by limiting their exposure to
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purifying selection through sexual recombination [45]. In contrast, wild grapevines exhib-
ited an enrichment of genes involved in environmental adaptation and defense, including
pathways related to flavonoid biosynthesis, ethylene signaling, and stilbenoid production,
all of which contribute to responses against biotic and abiotic stressors.

Comparative genomic analyses have also highlighted important modifications within
the sex-determination region on chromosome 2, a key locus underlying the transition from
dioecy in wild populations to predominantly hermaphroditic reproduction in cultivated
grapevines [41]. More broadly, genome-wide comparisons among cultivated varieties
have enabled the identification of genetic variants associated with ripening time, cluster
compactness, berry morphology, fruit composition, and numerous other agronomically
important traits [77–79].

Furthermore, haplotype-resolved assemblies of cultivars such as Chardonnay and
Nebbiolo have revealed extensive structural variation between homologous chromosomes,
including large insertions, deletions, inversions, and other rearrangements that were largely
undetectable using earlier short-read sequencing approaches [80,81].

Most North American Vitis species exhibit natural resistance to grape phylloxera
(Daktulosphaira vitifoliae), making them invaluable resources for rootstock breeding. Among
these, Vitis riparia and Vitis rupestris combine phylloxera resistance with excellent rooting
ability from hardwood cuttings and good graft compatibility with V. vinifera scions. Vitis
berlandieri contributes additional resistance to phylloxera together with tolerance to cal-
careous soils. Consequently, many of the rootstocks adopted worldwide were developed
through crosses between V. berlandieri and either V. riparia or V. rupestris, combining lime
tolerance with improved rooting performance.

Recent advances in high-fidelity (HiFi) long-read sequencing have enabled the gen-
eration of chromosome-scale, diploid genome assemblies for major rootstocks, including
‘110R’, ‘Kober 5BB’, and ‘101-14 Mgt’ [82,83]. These assemblies have facilitated the precise
identification of parental genomic contributions and have improved our understanding of
the genetic basis of resistance to phylloxera and other environmental stresses.

Comparative genomics has also revealed extensive structural changes associated with
grapevine evolution and domestication. Long et al. [84] analyzed 17 chromosome-scale
grapevine assemblies, using Vitis rotundifolia as an outgroup and comparing cultivated
grapevines, wild progenitors, and wild relatives. Their results indicated that variation
in genome size among lineages is largely attributable to differences in transposable ele-
ment (TE) content. Long terminal repeat (LTR) retrotransposons of the Gypsy and Copia
superfamilies have played a major role in shaping genome architecture and promoting
lineage-specific genome expansion.

In North American species such as Vitis labrusca, these transposable elements appear
to have contributed to the expansion and diversification of disease-resistance loci, including
nucleotide-binding leucine-rich repeat (NLR) gene clusters located on chromosomes 12 and
18 [85]. Such findings highlight the importance of repetitive DNA not only as a driver of
genome evolution but also as a source of genetic variation underlying adaptive traits and
disease resistance.

The growing number of phased telomere-to-telomere (T2T) genome assemblies, to-
gether with increasingly sophisticated pipelines for high-confidence single-nucleotide
polymorphism (SNP) detection and structural variant (SV) discovery, has greatly expanded
our understanding of adaptive evolution in the genus Vitis. These resources have been
instrumental in identifying the genetic basis of important survival traits, including cold
tolerance in Vitis amurensis Rupr. [86] and disease resistance mechanisms in Vitis davidii
(Rom.Caill.) Foëx and Vitis riparia A. Gray [87,88].
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One major consequence of this rapid expansion in genome resources has been the
development of grapevine pangenomes. By integrating genomic information from culti-
vated varieties, wild relatives, and interspecific hybrids, pangenomic frameworks capture
genetic variation that is absent from any single reference genome. These resources have
proven valuable for identifying genes and structural variants associated with agronomically
important traits, thereby supporting breeding programs aimed at improving productivity,
resilience, and environmental sustainability. North American Vitis species have long served
as reservoirs of adaptive alleles, contributing traits such as salt tolerance and resistance to
Xylella fastidiosa, downy mildew, and other pathogens [89].

Pangenomic and haplotype-resolved analyses have also facilitated the characterization
of unique cultivar phenotypes. For example, the cultivar ‘Julian’ (JA), which simultaneously
bears flowers and berries at multiple developmental stages, has been used to identify
candidate genes and structural variants potentially involved in the regulation of floral
transition and developmental timing [40].

At a finer scale, advances in variant-detection methodologies are transforming the
study of clonal diversity. Because genetic differences among clones are often limited to a
small number of somatic mutations, approaches such as DeepVariant and k-mer–based
analyses are increasingly employed to detect rare single-nucleotide variants (SNVs) and
small insertions/deletions (indels) that might otherwise be filtered out as sequencing
errors. By exploiting the high accuracy of PacBio HiFi sequencing, these methods enable
the reliable identification of clonal polymorphisms and provide new insights into the
morphological and physiological divergence that accumulates during long-term vegetative
propagation [90].

Furthermore, comparative analyses of DNA obtained from different tissues, such as
roots and leaves, have improved the detection of chimeric genotypes, an important source
of intra-cultivar variation. The identification and characterization of chimeras provides
valuable opportunities for clonal selection and the development of improved grapevine
cultivars [91].

5.2. Origins of Domestication and Diversification

Magris et al. [61] conducted a comprehensive analysis of 204 Vitis vinifera genomes,
identifying 7,364,288 SNPs within non-repetitive genomic regions. This high-resolution
dataset enabled the assignment of individual accessions to distinct geographic and genetic
groups, broadly corresponding to the eco-geographical classifications originally proposed
by Negrul, including the orientalis, pontica georgica, pontica balcanica, and occidentalis groups.
These results provide strong genomic support for the historical framework established
through classical ampelographic and geographical observations.

At the same time, the study highlights ongoing challenges in reconstructing grapevine
domestication history, particularly with regard to distinguishing truly wild Vitis vinifera
subsp. sylvestris populations from feral lineages derived from cultivated grapevines. Be-
cause recurrent gene flow, introgression, and feralization can generate similar genomic
signatures, the interpretation of population structure and ancestry remains dependent on
both sampling strategies and the demographic models employed.

Magris et al. [61] reported a high degree of shared genetic variation between wild and
cultivated grapevines, with only 8.2% of SNPs identified in V. vinifera subsp. sylvestris being
absent from cultivated accessions. Such extensive overlap is consistent with a history of
recurrent gene flow between wild and cultivated populations and/or a relatively moderate
domestication bottleneck. Similarly, Myles et al. [92] interpreted the substantial levels
of diversity retained in cultivated grapevines as evidence that domestication was not
accompanied by a severe reduction in genetic variation.
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Nevertheless, the magnitude of the domestication bottleneck in grapevine remains de-
bated, largely because the distinction between genuinely wild and feral populations is often
difficult to establish. As emphasized by Terral et al. [69], naturalized vines and continuous
gene flow from vineyards into riparian ecosystems can obscure the genetic boundaries
between wild and cultivated compartments. Consequently, estimates of ancestral diversity
may be sensitive to the composition of the reference populations used in genomic analyses.

This issue is particularly relevant when interpreting comparisons between cultivated
grapevines and putatively wild sylvestris populations. If some accessions classified as
wild possess partial feral ancestry, levels of genetic differentiation between wild and
cultivated groups may be underestimated, potentially influencing demographic inferences
regarding bottleneck intensity and historical gene flow. In this context, the relatively low
nucleotide diversity reported for some wild populations (π ≈ 3.8 × 10−3) compared with
cultivated grapevines [61] may reflect a combination of demographic history, sampling
effects, introgression, and varying degrees of feralization.

Furthermore, the long-term use of vegetative propagation in cultivated grapevines
has contributed to the preservation of heterozygous genomic constitutions and the accumu-
lation of somatic mutations within clonal lineages. As a result, cultivated populations can
retain substantial genetic diversity despite the demographic constraints typically associated
with domestication.

This interpretation is further informed by the f3-statistics reported by Magris et al. [61].
The strongest signals of shared ancestry involve primitive European cultivars and French
populations classified as V. vinifera subsp. sylvestris, with Z-scores reaching highly signifi-
cant negative values (up to −43.7). Such results indicate extensive shared genetic history
and are consistent with substantial admixture or recurrent gene flow between cultivated
and wild compartments.

Notably, the strongest signals are observed in Western European populations, whereas
weaker values are reported for populations from the Caucasus (e.g., Z = −9.8), a region
frequently considered part of the primary domestication area. Although these patterns
have commonly been interpreted as evidence of localized introgression between cultivated
grapevines and neighboring wild populations, alternative demographic scenarios remain
plausible. One such possibility is that some populations currently classified as wild may
contain varying degrees of feral ancestry derived from historical cultivated lineages.

This interpretation is supported by the observation that similar statistical patterns are
obtained when Western sylvestris populations are replaced by Western feral populations
in Supplementary Table 1 of Magris et al. [61]. While this result does not demonstrate a
feral origin for the French populations, it highlights the difficulty of distinguishing among
ancient wild ancestry, recurrent introgression, and feralization using contemporary genomic
data alone. Additional evidence from haplotype-resolved genomes, demographic modeling,
and carefully validated wild reference populations will be required to discriminate among
these competing scenarios.

The widespread occurrence of shared haplotypes, including H4 and H7, across wild,
feral, and cultivated grapevine populations, as reported by Magris et al. [61], underscores
the extensive genetic continuity linking these compartments. Such patterns suggest that the
genomic structure of Western European grapevines cannot be explained solely by simple
models of localized introgression into an originally Eastern domesticated lineage. Instead,
the observed haplotype sharing points to a more complex evolutionary history involving
repeated episodes of gene flow, population mixing, and demographic restructuring.

At least two non-mutually exclusive scenarios may account for these observations. The
first invokes the contribution of an ancient, genetically differentiated European sylvestris
lineage, potentially representing an unsampled or extinct population that participated in
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secondary domestication processes. The second emphasizes the role of long-term feraliza-
tion, whereby cultivated grapevines repeatedly escaped cultivation, established naturalized
populations, and subsequently exchanged genes with neighboring wild populations. Under
this scenario, part of the genetic signal currently attributed to ancient wild ancestry could
instead reflect the persistence of diversity originating from historical cultivated gene pools
that are no longer represented among modern commercial cultivars.

Regardless of the relative importance of these mechanisms, the extensive haplotype
sharing observed among wild, feral, and cultivated grapevines highlights the limitations
of strictly binary classifications of grapevine populations. The long history of vegetative
propagation has preserved highly heterozygous genomic constitutions within cultivated
lineages, while recurrent introgression and feralization have generated complex patterns of
ancestry across the species range. Consequently, contemporary grapevine populations are
best viewed as components of a dynamic evolutionary continuum rather than as discrete
“wild” and “domesticated” entities [61].

An important limitation of the dataset analyzed by Magris et al. [61] is the limited
representation of Iberian germplasm, particularly from Spain and Portugal. This geographic
gap is noteworthy because the Iberian Peninsula has long been recognized as a major center
of grapevine diversification and a key contact zone linking Mediterranean, North African,
and Western European genetic lineages. Consequently, incomplete sampling of Iberian
cultivars may reduce the resolution with which demographic relationships among Western
European grapevine populations can be reconstructed.

The absence of cultivars descended from Hebén is especially relevant in this context.
Recent pedigree analyses [32,33] have identified Hebén as a major founder of the Iberian
grapevine gene pool, contributing ancestry to more than 60 cultivars, including Cayetana
Blanca, Pedro Ximénez, and Airén. Given its central position within Iberian pedigree
networks, the inclusion of Hebén and its descendants could provide valuable informa-
tion regarding the historical relationships among cultivated grapevines, local sylvestris
populations, and putative feral lineages.

From a population-genomic perspective, the absence of this substantial component of
Western European diversity may influence estimates of population structure and ancestry.
A broader sampling of Iberian germplasm could reveal additional intermediate haplotypes
and shared ancestry patterns linking cultivated and wild populations across Western
Europe. Whether such data would modify the distinction between cultivated and wild
groups identified by Magris et al. [61] remains an open question, but their inclusion would
undoubtedly provide a more comprehensive framework for evaluating alternative models
of domestication, introgression, and feralization.

These findings can be further interpreted in the context of the dual-domestication
model proposed by Dong et al. [76], which suggests that grapevine domestication involved
at least two major domestication trajectories centered in the Caucasus and the Levant.
According to this model, Western wine grapes derive much of their ancestry from the
Caucasian lineage, but their subsequent dispersal across Europe was accompanied by recur-
rent hybridization and introgression with local Vitis vinifera subsp. sylvestris populations.
As a result, modern European grapevine genomes retain signatures of both long-range
migration and regional admixture.

Additional support for the complexity of grapevine evolution comes from comparative
pangenomic analyses conducted by Long et al. [84]. By comparing multiple chromosome-
scale assemblies representing cultivated grapevines, wild progenitors, and related species,
the authors documented extensive patterns of gene gain, gene loss, and structural variation.
These results indicate that domestication was accompanied by substantial genomic reorga-
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nization affecting pathways involved in environmental adaptation, disease resistance, and
fruit development.

Collectively, these findings highlight the limitations of interpreting grapevine evolu-
tionary history through rigid ancestry categories alone. Recurrent introgression, feraliza-
tion, and long-term vegetative propagation have generated genomes that frequently contain
genetic components associated with both wild and cultivated populations. Consequently,
the distinction between “wild” and “domesticated” grapevines is often less discrete than
implied by simple classification schemes, emphasizing the need for demographic models
capable of accommodating continuous gene flow and complex patterns of shared ancestry.

5.3. Feralization, Wild Introgression, and the “Feral Problem”

In practice, Vitis vinifera subsp. sylvestris is often identified by a combination of eco-
logical, morphological, and reproductive characteristics rather than by a single diagnostic
genetic marker. Wild status is typically inferred from three principal criteria: (1) occur-
rence in natural habitats largely isolated from commercial viticulture, (2) characteristic
seed morphology, generally involving smaller and more rounded pips, and (3) dioecious
reproduction. Consequently, sylvestris is frequently defined through a suite of correlated
traits rather than through the presence of a unique “wild” genotype.

The reproductive criterion is particularly noteworthy considering recent advances
in the genetics of sex determination. The transition from dioecy in wild grapevines to
predominantly hermaphroditic flowers in cultivated forms is controlled by a relatively
small genomic region on chromosome 2. This finding complicates the interpretation of
reproductive phenotype as an absolute indicator of ancestry, since recurrent gene flow
between wild and cultivated populations can potentially decouple reproductive traits
from broader genomic backgrounds. As a result, individuals occupying intermediate
ecological settings may exhibit combinations of morphological, reproductive, and genetic
characteristics that are difficult to classify unequivocally as either wild or cultivated.

These observations highlight the challenges of distinguishing remnant wild pop-
ulations from feral or introgressed lineages using any single criterion alone. A robust
identification of authentic sylvestris populations increasingly requires the integration of
ecological information, reproductive biology, morphometric analyses, and genome-wide
data capable of resolving both nuclear and cytoplasmic ancestry.

In grapevine, sexual phenotype is primarily determined by a small, highly differen-
tiated region on chromosome 2 known as the Sex Determination Region (SDR) [37]. This
region functions as a supergene, comprising tightly linked genetic factors that control
male and female reproductive functions. Recombination within the SDR is strongly sup-
pressed, allowing specific combinations of sex-determining alleles to be inherited as stable
haplotypes across generations [37].

Three principal haplotypes have been identified within the SDR, corresponding to the
male (M), hermaphrodite (H), and female (F) forms. These haplotypes exhibit a hierarchical
dominance relationship:

• M (male haplotype)—dominant
• H (hermaphrodite haplotype)—intermediate dominance
• F (female haplotype)—recessive

Therefore, male plants typically possess at least one M haplotype (MF or MH),
hermaphroditic plants carry the H haplotype in the absence of M (HF or HH), and fe-
male plants are generally homozygous for the recessive F haplotype (FF) [37]. This simple
genetic architecture explains the inheritance of sexual phenotype in both wild and culti-
vated grapevine populations and provides a mechanistic framework for understanding the

https://doi.org/10.3390/taxonomy6030037

https://doi.org/10.3390/taxonomy6030037


Taxonomy 2026, 6, 37 22 of 31

transition from dioecy in Vitis vinifera subsp. sylvestris to predominantly hermaphroditic
reproduction in cultivated grapevines.

According to this dominance hierarchy, wild female grapevines are typically homozy-
gous for the recessive female haplotype (FF), whereas wild males generally carry at least one
dominant male haplotype (most commonly MF) [37]. In contrast, cultivated hermaphroditic
grapevines are usually HF or HH. This genetic architecture has important implications for
the interpretation of feral populations.

A population derived exclusively from escaped cultivated grapevines would initially
contain only H and F haplotypes. Under such circumstances, offspring produced through
self-fertilization or intercrossing among feral descendants would be expected to segregate
into hermaphroditic (HH, HF) and female (FF) phenotypes but would not generate male
genotypes because the dominant M haplotype is absent from the founding population [37].
Consequently, the long-term establishment of fully dioecious populations from cultivated
lineages alone would be genetically constrained.

The situation changes once gene flow from wild populations is introduced. Pollen
originating from male Vitis vinifera subsp. sylvestris individuals can reintroduce the M
haplotype into feral or introgressed populations, generating male offspring and restoring
the genetic basis for dioecy. Therefore, the presence of male plants within mixed or
disturbed habitats may provide evidence of historical or ongoing genetic exchange with
wild grapevine populations, although the extent and timing of such introgression require
verification through genome-wide analyses.

The transition from wild Vitis vinifera subsp. sylvestris to cultivated V. vinifera subsp.
vinifera represents far more than a phenotypic shift in berry size, seed morphology, or floral
architecture; it reflects a profound genomic transformation associated with domestication,
selection, and long-term human management. Myles et al. [92] provided one of the first
comprehensive genome-wide analyses of this transition, revealing both the substantial
diversity retained in cultivated grapevines and the extensive genetic continuity linking
wild and cultivated populations.

Despite these advances, the identification of genuinely wild, minimally introgressed
sylvestris populations remains a major challenge. Ecological and genetic studies in the
Rhine Valley have questioned whether indigenous sylvestris lineages persist as distinct
populations or survive only as genetic components within naturalized and introgressed
grapevine communities [93]. Similar conclusions have emerged from surveys conducted
in Italy [39] and the Iberian Peninsula [38], where recurrent gene flow between cultivated
and wild compartments has generated complex patterns of admixture that obscure popula-
tion boundaries.

These observations underscore the importance of integrating ecological, morpholog-
ical, and genomic criteria when characterizing wild grapevine populations. Studies in
regions such as the Donau-Auen [93], Tuscany [39], and the Iberian Peninsula [38] have
emphasized the value of sampling geographically isolated populations and incorporating
reproductive traits, particularly dioecy, into identification protocols. Additional evidence
from seed morphometrics, chloroplast haplotypes, and genome-wide markers can further
improve the discrimination of remnant wild populations from feral or introgressed lineages.

Consequently, no single criterion is sufficient to establish wild status with confidence.
Rather, the identification of authentic V. vinifera subsp. sylvestris populations increasingly
relies on a multidisciplinary framework that combines reproductive biology, morphology,
ecology, and high-resolution genomic analyses.

Population-genetic analyses indicate that feral grapevines do not simply revert to an
ancestral wild state following escape from cultivation. Instead, they frequently participate
in complex processes of de-domestication, maintaining genetic signatures inherited from
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cultivated ancestors while simultaneously acquiring alleles through introgression with
local wild populations. High-density SNP genotyping and whole-genome sequencing
have revealed that many naturalized grapevine populations retain substantial levels of
genome-wide heterozygosity, reflecting both their cultivated origins and their subsequent
demographic histories [94].

Through recurrent hybridization with neighboring Vitis vinifera subsp. sylvestris
populations, feral lineages can act as genetic bridges linking wild and cultivated gene
pools. These interactions generate mosaics of ancestry that complicate the interpretation of
population structure and challenge simple binary classifications of grapevine populations.
Rather than representing entirely discrete entities, wild, feral, and cultivated grapevines
often form interconnected evolutionary networks shaped by continuous gene flow, local
adaptation, and historical demographic processes.

Recent advances in comparative genomics further emphasize the dynamic nature of
grapevine genome evolution. Using 29 genome assemblies representing multiple Vitis
species, Wang et al. [95] demonstrated that Helitron transposable elements have played
a major role in the expansion and regulation of nucleotide-binding leucine-rich repeat
(NLR) immune-receptor genes. Their analyses identified structural variants associated with
resistance to downy mildew and provided new phylogenomic insights into the evolution
of disease-resistance mechanisms across the genus. These findings illustrate how trans-
posable elements contribute directly to adaptive variation by reshaping genome structure,
modifying gene expression, and influencing the distribution of resistance traits among wild
and cultivated grapevines.

More broadly, such studies reinforce the importance of structural variation and repeti-
tive DNA in grapevine evolution. Once considered largely genomic “dark matter,” transpos-
able elements are now recognized as major drivers of genome diversification, adaptation,
and ecological resilience throughout the genus Vitis [95].

6. Applications in Taxonomy
The transition from classical ampelography to high-resolution genomics has trans-

formed grapevine taxonomy by providing unprecedented power to resolve both ancestral
relationships and intra-cultivar variation. Two major applications have emerged from this
genomic revolution: parentage reconstruction and clonal differentiation.

6.1. Parentage Verification and Pedigree Reconstruction

While traditional ampelography inferred relationships primarily from morphological
similarities, genome-wide SNP analyses provide direct genetic evidence of ancestry. One of
the most celebrated examples is the confirmation that Cabernet Sauvignon originated from
a spontaneous cross between Cabernet Franc and Sauvignon Blanc [28]. Since then, high-
density molecular markers and whole-genome sequencing have enabled the reconstruction
of increasingly complex multi-generational pedigrees across the grapevine germplasm.

These approaches have revealed the pivotal role of founder cultivars in shaping
regional diversity. In the Iberian Peninsula, for example, pedigree analyses have identified
Hebén as a major ancestral cultivar contributing to a large number of modern varieties [32,
33]. The genetic evidence supporting this central position is consistent with morphometric
analyses that highlighted the distinctive characteristics of the Hebén lineage [31]. Beyond
clarifying cultivar origins, pedigree reconstruction facilitates the identification of ancestral
genotypes that lie outside currently recognized family networks and may harbor unique
allelic combinations of value for conservation and breeding programs.
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6.2. Clonal Identification: The Final Frontier

A longstanding limitation of traditional grapevine taxonomy has been its inability to
distinguish among clones, which originate through the accumulation of somatic mutations
within a single cultivar lineage. Although clones may exhibit important differences in
agronomic performance, berry composition, disease susceptibility, or phenology, they are
often indistinguishable using conventional morphological descriptors.

Recent advances in long-read sequencing (LRS) and haplotype-resolved genome as-
sembly have substantially improved the detection of clonal variation. These technologies al-
low the identification of the specific single-nucleotide variants (SNVs), insertions/deletions
(indels), and structural variants (SVs) that distinguish individual clones. Comparative
genomic analyses have shown that vegetative propagation is accompanied by the gradual
accumulation of somatic mutations, generating lineage-specific genomic signatures that
can now be characterized with high confidence [96].

As sequencing technologies continue to improve, clonal identification is increasingly
moving from a descriptive discipline to a precise genomic science. The ability to charac-
terize clone-specific variation not only refines taxonomic classification but also provides
new opportunities for germplasm management, clonal selection, and the preservation of
valuable genetic diversity within traditional cultivars.

6.3. Bridging the Phenotype-Genotype Gap

The integration of genomic, biochemical, and morphometric approaches has sub-
stantially strengthened grapevine taxonomy by linking observable phenotypes to their
underlying genetic determinants. This convergence has enabled the transition from purely
descriptive classifications toward a more mechanistic understanding of varietal diversity.

Chemotaxonomy: Secondary metabolites provide valuable taxonomic markers that
complement both morphological and genomic analyses. A notable example is anthocyanin
composition, which reliably distinguishes Vitis vinifera from many North American Vi-
tis species. Cultivated V. vinifera typically accumulates anthocyanin mono-glucosides,
whereas American species frequently contain substantial proportions of anthocyanin di-
glucosides [97]. This chemotaxonomic distinction, first recognized by Ribéreau-Gayon [98],
has subsequently been linked to specific genetic mechanisms controlling berry pigmenta-
tion. In particular, structural variation and transposable-element insertions affecting the
regulatory gene VvMybA1 play a central role in determining anthocyanin accumulation
and berry color variation among cultivars [78].

Numerical Taxonomy: Advances in quantitative morphometrics have transformed
classical ampelography from a largely descriptive discipline into a statistically robust
analytical framework [22,23]. Modern image-analysis methods allow the objective quantifi-
cation of shape variation in leaves, seeds, berries, and other organs, facilitating comparisons
among cultivars and species. For example, Chitwood et al. [99] developed a high-resolution
leaf morphospace integrating both genetic and developmental components of leaf archi-
tecture. By combining geometric morphometrics with predictive modeling, this approach
enables the classification of grapevine leaves while simultaneously disentangling the re-
spective contributions of genotype, developmental stage, and environmental influences to
leaf morphology.

Together, chemotaxonomic, morphometric, and genomic approaches provide comple-
mentary perspectives on grapevine diversity. Their integration offers a powerful framework
for resolving taxonomic relationships, identifying cultivars, and linking phenotypic varia-
tion to its molecular basis.

Palynology: Micro-morphological analysis of pollen grains remains a vital diag-
nostic tool for differentiating wild lineages from domesticated grapevine populations,
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highlighting a conserved pollen structure in V. sylvestris. Micro-morphological analysis
leverages sexual dimorphism—specifically tracking the shift from strictly dioecious, in-
aperturate/prolate wild structures to uniformly hermaphroditic, 3-colporate cultivated
forms—to distinguish true wild germplasm from naturalized feral escapees [100].

Seed Morphometrics & Genomics: Seed morphology is profoundly altered by do-
mestication, exhibiting a phenotypic shift distinct enough to differentiate wild sylvestris
progenitors from domesticated varieties, as well as to discriminate among individual culti-
vars [74,101]. Digital seed analysis utilizing Elliptic Fourier Descriptors (EFDs) has become
central to identifying specific cultivars within the archaeological record [69]. To connect
these physical traits to underlying genomic regions, modern high-throughput mapping
technologies are now deployed. For instance, Single Primer Enrichment Technology (SPET)
was recently utilized to dissect the genetic architecture of discrete traits like berry texture
and defective seed development [102]. Because morphometric parameters such as aspect
ratio, solidity, and curvature outlines are complex polygenic traits controlled by multiple
loci, SPET’s high-throughput capability to sequence thousands of targeted, genome-wide
markers makes it an ideal platform to construct high-density maps and resolve the precise
quantitative trait loci (QTLs) governing these shape architectures.

7. Conclusions: The Future of Vitis Systematics
The evolution of Vitis taxonomy over the last two centuries reflects a profound transfor-

mation in botanical science. The discipline has progressed from the descriptive foundations
established by pioneers such as Simon de Rojas Clemente y Rubio and Pierre Galet, who
relied primarily on morphological observations, to an era in which whole-genome sequenc-
ing, pangenomics, and high-resolution phenotyping provide unprecedented insight into
grapevine diversity, ancestry, and adaptation.

Advances in molecular genetics have fundamentally reshaped our understanding
of grapevine evolution. Genome-wide analyses have revealed the complex demographic
processes underlying domestication, diversification, introgression, and feralization, while
haplotype-resolved and telomere-to-telomere assemblies have exposed the extensive struc-
tural variation hidden within the grapevine genome. These developments have demon-
strated that no single reference genome can fully represent the diversity of the genus.
Instead, the emerging pangenomic framework recognizes Vitis as a dynamic collection of
core and accessory genomic components that vary among species, populations, cultivars,
and even clones.

At the same time, the integration of genomics with ampelography, seed morpho-
metrics, palynology, chemotaxonomy, and quantitative phenotyping has transformed
taxonomy into a multidisciplinary science capable of linking genotype, phenotype, and
evolutionary history. This synthesis has not only refined cultivar identification and pedi-
gree reconstruction but has also provided new tools for understanding the origins and
maintenance of genetic diversity across wild, feral, and cultivated grapevine populations.

The continued expansion of high-quality genome assemblies, pangenomes, and com-
parative phylogenomic resources will further improve our ability to reconstruct the evolu-
tionary history of grapevines and identify adaptive genetic variation. Such knowledge is
increasingly important in the context of climate change, emerging pathogens, and the grow-
ing demand for sustainable viticulture. Wild relatives, feral populations, and underutilized
traditional cultivars represent valuable reservoirs of genetic diversity that may contribute
traits associated with stress tolerance, disease resistance, and environmental resilience.

Given the breadth and rapid development of the field, this review cannot address
every aspect of contemporary grapevine systematics in detail. Nevertheless, it highlights
the major conceptual and technological advances that have transformed the discipline
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and provides a framework for future investigations into the evolution, taxonomy, and
conservation of the genus Vitis. The future of grapevine systematics will depend not on
replacing classical approaches, but on integrating them with increasingly sophisticated
genomic tools to achieve a more complete understanding of one of humanity’s most
important cultivated plants.
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Abbreviations and Technical Terms

Allopolyploidy
Hybridization followed by chromosome doubling (relevant for
wild hybrids).

BUSCO score Benchmarking Universal Single-Copy Orthologs

DeepVariant
A bioinformatic tool using deep learning to call genetic variants with
high accuracy, essential for detecting subtle clonal mutations.

Haplotype Phasing The process of separating maternal and paternal genetic information.

k-mer Analysis
A method for comparing genomic sequences by breaking them into
shorter strings of length k, useful for species differentiation without a
reference genome.

NLR Genes
A large gene family involved in plant immunity; their distribution is a
key taxonomic marker for wild Vitis species.

Presence-Absence
Variation (PAV)

Structural variations where entire genes are present in one cultivar but
absent in another.

Inbreeding Depression
The creation of PN40024 as a technical feat due to the general loss of
vigor in selfed grapevines.
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