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Table 1. Vineyard area in thousands of hectares (kha) of major wine-producin g countries in 2022 and 2023, percentage 
change between 2023 and 2022 and value percentage of world area �û�����˜�ž�—�•�›�¢�1���•�Š�•�’�œ�•�’�Œ�œ�1�)�1�������ð���1�X�V�X�Z�ï�ü.  

Country 2022 
kha 

2023 
kha 23/22 % var. 2023 % world 

Spain 955 945 -1.0% 13.1% 
France 795 792 -0.4% 11.0% 
China 758 756 -0.3% 10.5% 
Italy 718 720 0.2% 10.0% 

Türkiye 413 410 -0.8% 5.7% 
USA 392 392 0.0% 5.4% 

Argentina 207 205 -1.1% 2.8% 
Romania 188 187 -0.5% 2.6% 
Portugal 193 182 -5.8% 2.5% 

India 175 180 2.7% 2.5% 
Chile 182 172 -5.6% 2.4% 
Iran 165 165 0.0% 2.3% 

Australia 159 159 0.0% 2.2% 
South Africa 124 122 -1.9% 1.7% 
Uzbekistan 122 122 0.0% 1.7% 
Moldova 117 117 0.0% 1.6% 
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Russia 101 105 4.1% 1.5% 
Germany 103 104 0.3% 1.4% 

Afghanistan 100 100 0.0% 1.4% 
Greece 93 94 0.9% 1.3% 
Egypt 85 85 0.0% 1.2% 
Brazil 81 83 1.5% 1.1% 

Algeria 70 70 0.0% 1.0% 
Bulgaria 65 62 -4.6% 0.9% 
Hungary 61 61 -1.1% 0.8% 

Other countries 814 815 0.1% 11.3% 
World total 7237 7202 -0.50% 100% 
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Table 2. Wine production (excluding juices and musts) in millions of hectolitres (mhl) of major countries in 2022 and 2023, percentage 
change between 2023 and 2022 and percentage of world production ���³�&�R�X�Q�W�U�\���6�W�D�W�L�V�W�L�F�V���_���2�,�9���´������������. 

Country 2022 
mhl 

2023 
mhl 

23/22 
% var. 

2023 % 
world 

France 46 48 4.4% 20.2% 
Italy 49.8 38.3 -23.2% 16.1% 
Spain 35.8 28.3 -20.8% 11.9% 
USA 22.4 24.3 8.5% 10.2% 
Chile 12.4 11 -11.4% 4.6% 

Australia 13.1 9.6 -26.2% 4.1% 
South Africa 10.3 9.3 -10.0% 3.9% 

Argentina 11.5 8.8 -23.0% 3.7% 
Germany 8.9 8.6 -3.8% 3.6% 
Portugal 6.8 7.5 9.8% 3.2% 
Romania 3.8 4.6 21.2% 1.9% 
Russia 5 4.5 -10.0% 1.9% 

New Zealand 3.8 3.6 -5.8% 1.5% 
Brazil 3.2 3.6 12.1% 1.5% 
China 4.7 3.2 -33.0% 1.3% 

Hungary 2.5 2.4 -2.1% 1.0% 
Austria 2.5 2.4 -6.5% 1.0% 
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Georgia 1.9 1.9 -3.0% 0.8% 
Moldova 1.4 1.8 27.0% 0.7% 
Greece 2.1 1.4 -34.4% 0.6% 

Switzerland 1 1 1.8% 0.4% 
Other countries 13.6 13.2 -2.7% 5.6% 

World total 262.6 237.3 -9.6% 100.0% 
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Table 3. Production of Wine and Table Grapes in Italy by Region - Year 2024 (Source ISTAT) 

  Table grapes Grape for vine  

Region 
Total area 
(hectares) 

Total production 
(quintals) 

Total area 
(hectares) 

Total production 
(quintals) 
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Figure 1. Total production (quintals) and total area (hectars) for Italian region data show the aggregate data for wine and 
table grapes 
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Figure 2. The evolution of grapevine identification  
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Figure 4. The evolution of DNA sequencing tools (PacBio, 2020) 
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Figure 5. Workflow of GBS approach (Elshire et al., 2011) 
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Figure 6. Double digest RADseq method (Peterson et al., 2012) 
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Sexual reproduction has contributed to a signi � cant degree of variability in
cultivated grapevine populations. However, the additiona l in� uence of
spontaneous somatic mutations has played a pivotal role in shaping the diverse
landscape of grapevine agrobiodiversity. These naturally occurring selections,
termed 'clones,' represent a vast reservoir of potentially valuable traits a nd alleles
that hold promise for enhancing grape quality and bolstering plant resilience
against environmental and biotic challenges. Despite their potential, many of
these clones remain largely untapped.In light of this context, this study aims to
delve into the population structure, genetic diversity, and distinctive genetic loc i
within a collection of 138 clones derived from six Campanian and Apulian
grapevine varieties, known for their desirable attributes in viticulture and
winemaking. Employing two reduced representation sequencing methods, we
extracted Single-Nucleotide Polymorphism (SNP) markers. Population structure
analysis and � xation index (FST) calculations were conducted both between
populations and at individual loci. Notably, varieties originating from the same
geographical region exhibited pronounced genetic similarity.The resulting SNP
dataset facilitated the identi � cation of approximately two hundred loci featuring
divergent markers (FST � 0.80) within annotated exons. Several of these loci
exhibited associations with essential traits like phenoty pic adaptability and
environmental responsiveness, offering compelling opportunities for grapevine
breeding initiatives. By shedding light on the genetic variability inherent in th ese
treasured traditional grapevines, our study contributes t o the broader
understanding of their potential. Importantly, it underscores the urgency of
preserving and characterizing these valuable genetic resources to safeguard their
intra-varietal diversity and foster future advancements in grapevine cultivation.
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Introduction

According to the data from the Food and Agriculture
Organization (FAOSTAT, 2023), Italy holds a signi� cant position
among the leading grape-producing nations. This prominence can
be attributed to several unique factors, all encapsulated in the
concept of“terroir”. The Italian wine industry is variegated due
to the distinct characteristics of the regions, including their physical,
climatic, and cultural aspects. However, the biggest contributing
factor is the availability and use of a wide range of grapevine
varieties cultivated in different part of the Country (Sardaro et al.,
2017; Pomarici et al., 2021).

To date, based on the Italian Vitis database (talian Vitis Database,
2023; D’Onofrio and Scalabrelli, 2010) and the National Register of
Grapevine Varieties (http://catalogoviti.politicheagricole.it) more than
1,100 varieties have been collected and described; however, the actual
number of grape varieties cultivated and kept in germplasm collections
in Italy is much higher and cannot be estimated with certainty. The
invaluable germplasm of Italian grapes includes many autochthonous
varieties. Although sexual reproduction has led to a great variability
among varieties (i.e., inter-varietal diversity), spontaneous somatic
mutations have further contributed to the kaleidoscope of grapevine
diversity with the so-called clones (Salmaso et al., 2005). As a result,
autochthonous varieties are made up of groups of different clones with
genotypic, morphological, and physiological characteristics slightly
different from those of the original mother plant (i.e., intra-varietal
diversity). An effective approach to explore the inter- andintra-varietal
diversity relies on the use of molecular markers. Microsatellites are the
most used markers in grapevine, and a standard set of nine loci is
currently used for international cataloguing (This et al., 2004; Laucou
et al., 2011; Vitis International Variety Catalogue VIVC, 2023). Single
nucleotide polymorphisms (SNPs) are another class of markers widely
used for grape genotyping, which promise a higher map resolution,
higher throughput, lower cost, and lower error rate than microsatellites
(Vezzulli et al., 2008; Kumar et al., 2012; Vishwakarma et al., 2022).
Analyses of SNPs variations can only be conducted in a small fraction
of the genome with Reduced Representation Sequencing (RRS)(Pavan
et al., 2020). The most popular techniques use restriction enzymes to
prepare DNA for sequencing (Restriction-site-AssociatedDNA: RAD).
Many methods based on the RAD approach have been developed in
recent years, differing in the number of enzymes used or in additional
library preparation steps (Andrews et al., 2016). In plant, the most used
are GBS (genotyping-by-sequencing), which generally relies on a single
restriction enzyme (Elshire et al., 2011) and ddRADseq (double-digest
RAD sequencing), in which DNA is digested with two restriction
enzymes (Peterson et al., 2012; O'Leary et al., 2018). Both GBS and
ddRADseq techniques have been successfully used inVitis genotyping
to study intra-varietal diversity (Miazzi et al., 2020; Caldero�n et al.,
2021; D’Onofrio et al., 2021).

Southern Italy is recognised as the oldest wine-growing area in
Italy where many traditional and autochthonous varieties are still
cultivated (De Lorenzis et al., 2019). They represent a vast reservoir
of traits/alleles that could be useful for improving the quality of
grape as well as plant tolerance to environmental and biotic stresses.
However, most of them are still underexploited. In this framework,

the present study is aimed to analyse population structure, genetic
diversity, and divergent loci in a panel of 138 clones belonging to six
Campanian and Apulian grapevine varieties characterised by
attractive traits from a viticultural and oenological point of view.
To genotype this plant material, we used ddRADseq and GBS
techniques on Campanian and Apulian clones, respectively. The
analysis revealed the complex genetic structure of the varieties
under investigation at the clonal level, their relationships, and the
presence of divergent SNP loci within genes involved in grape
phenology and adaptation to the environment.

Materials and methods

Plant material

A total of 138 grapevine clones belonging to 6 autochthonous
varieties of Southern Italy were sampled in Campania and in Apulia
(Supplementary Table S1). They are traditionally grown in
environments with different climate conditions: plains with hot,
dry summers and mild winters for the Apulian varieties; hills with
warm, humid summers and cold winters for the Campanian
varieties. The Campanian clones include two red-berry varieties,
CAMAIOLA (formerlyBARBERA DEL SANNIO) (n. 20) andAGLIANICO LASCO

(n.64), and the white-berryGRECO B. (n. 24).AGLIANICO LASCO has
loose clusters able to reduce the development of mold during
ripening.CAMAIOLA has intense ruby red colour berries suitable for
violet hues wines, andGRECO B. fruits give rise to high quality wines
appreciated for the complex aroma pro� les (Antonacci et al., 2017).
The Apulian clones belong to two red-berry varieties,NERO DI TROIA

(synonym UVA DI TROIA; n. 16) andMALVASIA NERA DI BRINDISI

(hereafter referred asMALVASIA NERA; n. 8), and to the white-berry
MINUTOLO b. (n. 6).NERO DI TROIA is a high-quality,� avourful variety
cultivated mainly in northern Apulia to make an ever-increasing
number of monovarietal wines or blends.MALVASIA NERA is a variety
of Greek origin, widely cultivated in the southern part of Apulia,
which produces fruity wines often together with the local variety
NEGRAMARO. MINUTOLO b. is an aromatic white variety with relatively
small and loose clusters, which in the past was widely grown in the
speci� c area of Apulia region called Itria Valley. The map of the
sampling sites is shown inFigure 1. No major morphological and
physiological differences were found among the clones of the six
varieties analysed. In addition, four native (AGLIANICO DEL VULTURE,
AGLIANICO TAURASI, AGLIANICO DEL TABURNOand SANGIOVESE) and two
international (CHARDONNAY and MERLOT) varieties were used for
microsatellite (SSR) analysis.

DNA isolation

As for Campanian clones, the total DNA was extracted from
1 gr of young leaf tissue following the method byJapelaghi et al.
(2011)with a few modi� cations, such as a ratio of 0.2 g tissue/1 mL
extraction buffer, an increase in the concentration of soluble PVP
from 2% (w/v) to 4% (w/v) in the extraction buffer, and an
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additional washing step with 70% (v/v) ethanol (EtOH)
before elution.

As for Apulian samples, the DNA was extracted following the
procedure described inSpadoni et al. (2019). For all samples, the
yield, quantity, and quality of extracted DNA were estimated using
a NanoDrop 1000 Spectrophotometer (Thermo Scienti� c,
Wilmington, DE, USA), a 0.8% agarose gel, and a� uorimeter
(Qubit 2.0, Thermo Fisher Scienti� c) with the Qubit dsDNA BR
Assay kit (Invitrogen, CA, USA).

SNP calling

Campanian genetic material was genotyped using ddRADseq
(Peterson et al., 2012). The ddRADseq tags were aligned to the
reference genome GCA_000003745.2 (Pinot Noir, PN40024) using
BWA-MEM (Li and Durbin, 2009). The gstacksand populations
(with options -R = 0.75 and–max-obs-het = 0.8) utilities included
in Stacks v2.53 (Catchen et al., 2013) were used for SNP calling and
for applying� ltering options. Genotyping-by-sequencing and SNP

FIGURE 1

Map of southern Italy with the sampling sites for the Campanian and Apulian clones of the six varieties under investigation.
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calling on Apulian samples were performed by Elshire group Ltd.
(https://www.elshiregroup.co.nz/) as described inMiazzi et al.
(2020), using the same reference genome as above.

SNP � ltering and statistics

ddRADseq and GBS produced two Variant Call Format (VCF)
� les respectively for Campanian and Apulian varieties, which
underwent SNP� ltering using VCFtools v. 0.1.16 (Danecek et al.,
2011). For these two datasets, SNP markers with minor allele
frequency (MAF) < 5%, minimum site count < 15%, and a
minimum depth of coverage of 5 were� ltered out. Instead, for
the dataset of each variety, SNP markers with a call rate of 100%,
minor allele frequency (MAF) < 5%, and a minimum depth of
coverage of 5 were� ltered out. The choice of not having missing
data was necessary for the intra-varietal analysis, as the missing data
affected the Identity-by-State (IBS) values. VCFtools were also used
to generate various statistics on the datasets under investigation and
to add gene annotations to VCF� les.

Identity-by-State and linkage
disequilibrium analysis

PLINK v.1.90 (Purcell et al., 2007) was used to obtain the IBS
distance matrix for each variety. Duplicate individuals were identi� ed
by setting IBS value� 0.99 as the threshold. Only one individual was
retained among duplicates and used for downstream analyses.

For each dataset, linkage disequilibrium (LD) analysis was
performed using the Golden Helix SNP and Variation Suite (SVS)
v.8.8.3 (Golden Helix Inc.). The“Nonlinear Regression” function was
used to plot the r2 values against the physical distance of the markers,
and the LD decay was estimated at the critical level of r2 = 0.20.

Merging SNP data points

After removing the duplicates, bcftools +� xref (Li, 2011) was
used to� x the inconsistencies in reference (REF)– alternative
(ALT) alleles between the two VCF� les. Then thevcf-mergeutility
of VCFtools (Danecek et al., 2011) was used. VCFtools (Danecek
et al., 2011) and PLINK (Purcell et al., 2007) were used to� lter out
individuals with SNP markers with a missingness per individual >
85%, MAF < 5% and missingness per marker >20%. The kinship
coef� cient was calculated using the–relatedness2option in
VCFtools. The dataset was LD pruned (r2 = 0.50) using SVS.

Genetic diversity and population structure

Allele frequency and ancestry estimation were performed on
� ltered and pruned dataset using ADMIXTURE v. 1.3.0 (Alexander
and Lange, 2011), with 10-fold cross validation (CV) for sub-
populations (K) ranging from 1 to 10, and 1,000 bootstrap replicates.
CV scores were used to estimate the optimal K value. A membership

coef� cient (qi) >0.55 was used to separate the individuals into sub-
populations. Discriminant Analysis of Principal Components (DAPC)
was used as an exploratory data analysis to investigate population
structure (Jombart et al., 2010; Jombart and Ahmed, 2011). The
optimal number of principal components (PCs) to maintain was
determined using a value� 1:200. The optimal number of k-means
was determined using the Bayesian information criterion (BIC) as a
statistical measure of goodness-of-� t. Principal component analysis
(PCA) was performed using SVS and Neighbor-joining trees
(bootstrap = 1,000) were built with MEGA v.11. FigTree v.1.4was
used to visualise trees (Rambaut, 2014; http://tree.bio.ed.ac.uk/
software/� gtree; Tamura et al., 2021). Haplotype diversity and
analysis of molecular variance (AMOVA) was conducted using
GenALEx version 6.5 (Peakall and Smouse, 2006) to calculate
variance components and their levels of statistical signi� cance for
variation between and within populations.

Microsatellite analysis

Total genomic DNA was extracted from young leaves of
AGLIANICO LASCO clones using the Qiagen Plant DNeasy Maxi Kit
(Qiagen, Valencia, CA, USA), following the manufacturer’s
procedure. Microsatellite analysis was carried out with seven
nuclear markers (VVMD27, VVlb01, Vvln16, VVIp60, VVIq52,
VrZAG79, and VVS2) fromLaucou et al. (2011). PCR
ampli� cation, size calibration, alleles detection was performed as
reported byVillano et al. (2014). Validation of results was
performed with three biological and technical replicates. Allele
sizes were normalised using SSR data reported in the Vitis
International Variety Catalog (http://www.vivc.de/). The
phylogenetic clustering tree was constructed with the neighbour
joining method using MEGA X (Tamura et al., 2021). The
robustness of the clusters was tested by bootstrap resampling (n =
1,000) with the Darwin software (Perrier et al., 2003).

Signature of divergence

Per-site FSTcalculation was performed on the� ltered dataset
using SVS and comparing pairs of populations each time as
described inTaranto et al. (2020). Only divergent SNP markers
(FST � 0.80) within annotated exons were considered for the search
for candidate genes. Grapevine gene annotations were retrieved at
https://urgi.versailles.inra.fr/Species/Vitis/Annotations.

Results

Intra-varietal diversity: genome-wide
SNPs discovery and the extent of
linkage disequilibrium

A total of 114,465 and 180,840 SNP markers were scored in the
108 Campanian and in the 30 Apulian clones, respectively. After
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� ltering, 59,149 and 17,296 SNPs were retained in the Campanian
and Apulian datasets, respectively (Table 1; Supplementary
Figures 1A, B). Transitions (Ti) were more abundant (81%) in the
Campanian dataset than in Apulian (63.33%), with a Ti/Tv ratio of
4.22 and 1.72, respectively. Taking advantage of the genomic
coordinates of the reference gene models, 15,611 (26.4%) and
8,877 (51.3%) SNPs fell within annotated exons for Campanian
and Apulian datasets, respectively. The number of SNPs before and
after � ltering and the statistics of high-quality SNPs are shown
in Table 1.

The clones of each variety were separated into six VCF� les and
each dataset was subjected to the� ltering procedure. After� ltering,
9,963 and 9,461 (on average, avg) SNPs were retained in the
Campanian and Apulian datasets, respectively.

Of these SNPs, an average of 3,086 fell within annotated genes
in the Campanian datasets and 4,544 in the Apulian ones. MALVASIA

showed the greatest number of SNPs within genes (N = 7,644),
while GRECO B. showed the least (N = 2,966). In all the varieties
there were more transitions (Ts) (7,079 avg) than transversions (Tv)
(2,572 avg) and the average Ts/Tv ratio was higher in the
Campanian varieties (4.60) than in the Apulian ones
(1.80) (Table 1).

The high-quality SNP datasets were then used to calculate the
pairwise IBS distance between clones of each variety. Clone pairs
with an allele sharing rate > 99% were considered duplicates and
only one of them was retained for downstream analysis. No
duplicate clones were found in CAMAIOLA and Apulian
germplasm, whereas 47 and 13 duplicates were removed in
AGLIANICO LASCO and GRECO B., respectively, resulting in a� nal
number of 78 clones (Supplementary Table S1). The LD decay was
estimated for each dataset. At r2 = 0.20, AGLIANICO LASCOshowed the
slower LD decay of 254.3 kb. In contrast, CAMAIOLA, GRECO B.,
MINUTOLO, MALVASIA and NERO DI TROIA were characterised by very
rapid LD decay (< 0.093kb) (Supplementary Figure S2).

Inter-varietal diversity: population
structure and F ST

The 78 clones retained after IBS analysis were merged into a single
dataset of 2,235 SNP markers. After� ltering, 1,091 high-quality SNPs
and 72 individuals were retained (Supplementary Table S1). The
distribution of SNPs along the 19 chromosomes is shown in
Supplementary Figure S3. The dataset was further pruned for LD
(r2 = 0.50) resulting in 500 SNPs, out of which 280 fall within genes.
Population diversity was analysed using different approaches. The
population structure indicated K = 6 and K = 7 as the best numbers
of sub-populations, based on cross-validation error (Supplementary
Figure S4). At K7 (Figure 2A), all the varieties grouped their own clones
into separate sub-populations, with the exception of AGLIANICO LASCO

which was separated into two sub-populations (henceforth AL1 and
AL2), comprising nine and four clones, respectively. Individuals
belonging to the sub-populations MINUTOLO, CAMAIOLA, AL2, GRECO

B. and NERO DI TROIA shared a co-ancestry coef� cient (qi) > of 0.99,
whereas the clones of AL1 and MALVASIA had greater variability with qi
ranging from 0.99 to 0.60 and from 0.99 to 0.57, respectively. The
clones AL1-62, AL1-1, MALVASIA-100 and MALVASIA-101 resulted
admixed. In addition, clone AL1-18 was grouped with clones
belonging to CAMAIOLA instead of AGLIANICO LASCO. DAPC analysis
was then performed which con� rmed the existence of seven clusters
(Supplementary Figure S5) albeit with a slightly different clone
distribution (Figure 2B). The NERO DI TROIA and CAMAIOLA clones
were alone in the� rst and second quadrant, respectively. The GRECOB.
clones were grouped in the centre of the plot, while those of AGLIANICO

LASCO (AL1 and AL2) were scattered in the fourth quadrant together
with MALVASIA NERA and MINUTOLO. Inter-varietal structuring within
clones was supported by the neighbour-joining tree (Figure 2C). The
phylogenetic analysis highlighted the geographical differentiation of the
clones. The Apulian and Campanian clones formed well distinct
clusters within which the clones belonging to each variety formed

TABLE 1 Number of SNPs before and after � ltering procedure and statistics of high-quality SNPs calculated for each dataset.

Dataset #SNPs before
� ltering

#SNPs after
� ltering #SNPs within genes Transitions (Ts) Transversions (Tv) Ts/Tv ratio

Apulia 180,841 17,296 8,877 10,953 6,343 1.72

Campania 114,465 59,149 15,611 47,832 11,317 4.22

Aglianico Lasco 114,465 9,061 2,966 7,426 1,635 4.54

Camaiola 114,465 10,930 3,248 8,983 1,947 4.61

Greco Bianco 114,465 9,899 3,044 8,125 1,774 4.58

Average 9,963 3,086 8,178 1,785 5

Malvasia 180,841 15,883 7,643 9,964 5,647 1.76

Minutolo 180,841 7,408 5,511 4,708 2,648 1.77

Nero di Troia 180,841 5,094 3,746 3,271 1,781 1.83

Average 9,462 5,633 5,981 3,359 2

Average (Total) 147,653 9,712.50 4,359.60 7,079.50 2,572 3.18

Transitions are interchanges of A/G and C/T bases, whereas transversions are interchanges of A/C, A/T, G/T and C/G bases.
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well-supported subclades. Also, the clustering of AGLIANICO LASCO

con� rmed the results of ADMIXTURE. These clones were divided
into two subclusters, except for AL1-1, AL1-18, and AL1-62 which fell
respectively in AL2, CAMAIOLA and GRECOB.

The analysis of haplotype diversity corroborated these results, in
fact CAMAIOLA and GRECOB. showed lower values (h =0.041 and 0.058,
respectively) than AL1 (h = 0.427), AL2 (h = 0.456), MINUTOLO (h =
0.173), NERODI TROIA (h = 0.236) and MALVASIA NERA(h = 0.350). This
was supported by the within-population sum of squares (SSWP) from
the AMOVA analysis, where SSWP was 349.636 and 423.789 for GRECO

B. and CAMAIOLA, respectively. The highest SSWP was found in AL1
(2097.001). Additionally, the AMOVA revealed high geneticvariability
within (41%) and between (59%) populations. Further investigation of
genetic distances was performed using the genetic� xation index (FST)
between sub-populations as emerged from clustering of ADMIXTURE
and DAPC (Figure 2D). The heatmap inFigure 2Dshows that all
varieties are genetically distinct. The greatest distance was found
between CAMAIOLA and all the other populations (FST mean value >
of 0.52), with the highest value detected between CAMAIOLA and
MINUTOLO/NERO DI TROIA (FST =0.58), followed by NERO DI TROIA with
FST mean value > 0.48. Clones belonging to AL1 showed the lowest
mean values (FST = 0.27) with lowerFST (0.16) detected with AL2.

Genetic distance of AL1 and AL2
sub-populations based on IBS and
microsatellite analyses

An additional intra-variety IBS and Kinship analysis was
performed for AL1 and AL2 individuals. The pairwise genetic

distance range was different within the two populations, 0.61-0.70
for AL1 and 0.78-0.99 for AL2. IBS values calculated between AL1
and AL2 individuals showed that IBS ranged from 0.53 to 0.73.

The separation of AGLIANICO LASCO into two populations
(namely AL1 and AL2) was further investigated using a set of
seven discriminating microsatellite markers and the varieties
AGLIANICO DEL VULTURE, AGLIANICO TAURASI, AGLIANICO DEL

TABURNO, SANGIOVESE, CHARDONNAY and MERLOT. The neighbour
joining tree differentiated two main clusters (Figure 3). The � rst
included all international varieties and SANGIOVESE, the other
included AL1, AL2 and all AGLIANICO biotypes. In the latter, the
AL1 clones were grouped together with AGLIANICO DEL VULTURE,
TAURASI and AGLIANICO DEL TABURNO, while the AL2 clones were
clearly grouped in a separate sub-cluster where no other varieties
were included.

Identi � cation of divergent loci

Genetic differentiation among the seven populations described
above was further investigated by Wright Fixation Index (FST)
analysis at individual loci. All comparisons revealed numerous
loci with an FST value > 0.25 (high differentiation) (Figure 4). To
look for strongly divergent loci, FST � 0.80 was used as a threshold,
resulting in 1,016 divergent SNPs, out of which 285 SNPs were non
redundant. Among the latter, 200 were in gene regions, and their
distribution along the chromosomes was reported inFigure S6and
Supplementary Table S3. The largest number of divergent SNPs was
found in CAMAIOLA (N. = 453) followed by NERO DI TROIA(N. = 404)
and MINUTOLO (N. = 317), while AL1 showed the lowest number

B C

D

A

FIGURE 2

(A) Bar-plot describing the population structure estimated by ADMIXTURE. Each bar is divided into K coloured segments each representing the
proportion of ancestry (q i) in each individual. (B) PCA plot of 72 grapevine clones obtained using 1,091 SNPs. (C) Neighbour-Joining tree.
(D) Heatmap of � xation indices (FST) between subpopulations.
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(N. = 117). An upset plot showing the co-occurrence of pairwise
divergent loci is shown inFigure 5. As indicated by the“set size” in
the Figure 5, CAMAIOLA had the largest number of divergent genes
between the other varieties, 100 against AL2, 91 against MINUTOLO,
85 against NERO DI TROIA, 81 against MALVASIA, 57 against GRECOB.
and 39 against AL1 (Supplementary Table S3). In total, 81% of
divergent genes were found in CAMAIOLA comparisons. On the
counterpart, AL1 and AL2 showed only two divergent genes
(Supplementary Table S3), which represented the lowest number
among all comparisons. To further our understanding of the 200
gene-associated divergent SNPs, we annotated the corresponding
loci and categorised them into 14 major groups (e.g., development,
hormone signalling, primary and secondary metabolism, stress
response, etc.) (Supplementary Table S4). The most represented
group was the“primary metabolism” with 62 genes, followed by
“cellular component organisation and biogenesis” (28 genes), and
“regulation of gene expression” (24 genes). The largest number of
divergent SNPs (N=5) were found in VIT_214s0060g02480 (mainly
identi� ed in MALVASIA comparisons), VIT_215s0021g01230 and
VIT_212s0059g02300 (only in NERO DI TROIA vs MINUTOLO)
and VIT_205s0029g01285 (mostly found in NERO DI TROIA

comparisons), which are involved in“cellular component
organisation and biogenesis”, “primary metabolism”, “regulation
of gene expression” and “stress response”, respectively. Additional
information associated with the 200 gene-associated divergent SNPs
was retrieved from published data and allowed the identi� cation of
63 SNPs associated with genes involved in grape phenology and
adaptation to the environment (Supplementary Table S4). Among
the latter genes, VIT_204s0008g01910 (mainly in MALVASIA and
NERO DI TROIA comparisons) and VIT_215s0048g02790 (mostly in
CAMAIOLA comparisons) were the most enriched in divergent SNPs.
They are annotated as ferredoxin-related gene and PMT26
methyltransferase, respectively, and known to be linked to the
initiation of berry ripening (Supplementary Table S4).

Discussion

The combination of ddRADSeq and GBS
leads to a single high-quality SNP dataset

Six varieties were genotyped with two RRS strategies; GBS was
used for the Apulian clones, while ddRADSeq for the Campanian
ones. These methods differ in the number and type of restriction
enzymes (REs) used to digest and access the genome and affected the
total number of SNPs spanning on the reference genome. As
expected, the ddRAD-seq dataset has more SNPs compared to
fewer SNPs from GBS data, due to more restriction sites that are
more polymorphic than GBS (Ruperao et al., 2023). The RE affected
also the number of SNPs detected in genic and intergenic regions,
indeed, the RE used for the Apulian dataset wasApeK1, a
methylation-sensitive RE showing increased cleavage frequency in
single-copy genomic regions that are enriched with genes (Elshire
et al., 2011). Otherwise, a double digestion with a pair of rare and
frequent cutter REs (SphI and MobI) performed for samples from
Campania, according to the method proposed byPeterson et al.
(2012) and modi� ed by Scaglione et al. (2015), showed higher

FIGURE 3

Dendrogram generated by neighbour-joining clustering of S SR markers
for clones AL1, AL2, and AGLIANICO, as well as SANGIOVESE, CHARDONNAY, and
MERLOT. Bootstrap values greater than 60% are indicated.

FIGURE 4

Number of SNPs with FST > 0.25 (yellow), FST > 0.5 (orange), FST >
0.8 (red) and FST =1 (darkred) detected in each comparison by
computing pairwise FST index between all loci.
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number of SNPs in intergenic regions. To address this challenging
task, we searched for and found common SNP markers between the
Campania and Apulia datasets and corrected for discrepancies using
an in silicoapproach. Remarkably, after removing duplicate clones
from each variety, we successfully merged all clones into a single
dataset consisting of 2,235 SNP markers that was then used for cross-
varietal analysis. To date, onlyGuillardõ�n-Calvo et al. (2019)used
both genotyping methods in Mediterranean evergreen oaks for
technical comparison purposes. To the authors’ knowledge, this is
the � rst time that ddRADSeq and GBS datasets have been merged
and used to analyse the structure and genetic diversity of grapevine
populations. Following this approach, we provide a consistent and
repeatable framework that not only streamlines computational
analyses, but also facilitates more general comparisons between
different datasets, adhering to‘FAIR’ (Findability, Accessibility,
Interoperability, and Reusability) principles (Wilkinson et al., 2016).

RRS-based methods describe a complex
genetic structure of grape varieties at the
clonal level

As acknowledged by the International Organization of Vine and
Wine in resolutions OIV-VITI 424/2010 and OIV-VITI 564B-2019, a
crucial conservation strategy to protect the world heritage of
grapevine is based on the assessment of intra-varietal diversity and
polyclonal selection (Resolution OIV-VITI 424/2010, 2010;
Resolution OIV-VITI 564B-2019, 2019). In this study, the use of
RRS-based analysis allowed the identi� cation of a reliable set of clonal
genetic variants to be employed in our genotyping experiment and
the elimination of identical individuals within each variety studied.
The presence of duplicated samples within� elds, nurseries and
germplasm repositories is quite common in clonally propagated
species (Ipek et al., 2008; Ciftci et al., 2017; Orek et al., 2022; Selga

et al., 2022). An exceptionally large number of identical genotypes
was observed within the AGLIANICO LASCO population, where more
than 70% of collected samples was duplicated. This redundancy is
probably linked to the propagation history of clones, likely deriving
from few homogenous plots of mother plants which were multiplied
by local growers in a restricted cultivation area, under similar
environmental pressures and selection criteria. After elimination of
duplicated individuals, we were left with a set of 78 individuals that
we employed in downstream investigations. We found that
CAMAIOLA, GRECO B., MINUTOLO, MALVASIA, and NERO DI TROIA split
into separated populations. This� nding indicates that these varieties
are represented by clones with a genetically uniform pro� le. An
exception was found in the population of AGLIANICO LASCO which
separated into two groups called AL1 and AL2. To shed lights on the
genotypic identity of each sub-population of AGLIANICO LASCO, we
performed a comparative analysis based on microsatellites using,
among others, the main red variety grown in Campania (AGLIANICO)
with which AGLIANICO LASCOis generally matched and confused. The
AL1 population included individuals genetically similar to all
AGLIANICO biotypes (TAURASI, TABURNO and VULTURE), whereas AL2
grouped individuals with microsatellite pro� les divergent from those
of AL1. The high IBS values and the Kinship coef� cient within AL2
(Table S2) suggest that these individuals have a more preserved
genetic diversity, and therefore can be considered the true AGLIANICO

LASCO, whereas AL1 individuals showed a greater variability,
indicating that they may be homonyms (different cultivars named
alike) of the most renowned cultivar AGLIANICO, whichhas at least
three different biotypes inside.

Misattribution of names is frequently reported in grapevine
(Crespan and Milani, 2001; De Lorenzis et al., 2014; Sunseri et al.,
2018; Fanelli et al., 2021) and is considered the main cause of
varietal confusion (Villano et al., 2022).

To explain the genetic diversity of the varieties under study, it is
necessary to consider their origin and ancestry. Despite PCA plot

FIGURE 5

UpSet plot showing the number of the co-occurence of divergent SNPs ( FST � 0.80) shared between the seven populations. The dot-and-line chart
in the bottom combination matrix indicates intersections between the seven populations. The upper bar chart (black bars) indicated the numbers of
divergent loci in each set; The lower left horizontal bar chart (coloured bars) indicated the number of divergent loci for each intersection. Different
colours represent comparisons of Apulia vs Apulia varieties (red), Campania vs Campania varieties (yellow) and Apulia vs Campania varieties (blue).
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did not re� ect the geographical grouping, neighbour-joining tree
clearly separated the Campanian from the Apulian varieties,
indicating that the geographical origin could be one of the main
drivers in de� ning varietal relationships in grapevine species, as
observed in other studies (Fanelli et al., 2021).

NERO DI TROIA takes its name from the city of Troia in
the Daunia region, where it is mainly cultivated. It derives from
the spontaneous crossing between the French BOUTEILLAN and the
BOMBINO BIANCO, giving origin also to other Apulian varieties such as
BOMBINO NERO and IMPIGNO (Miazzi et al., 2020; D’Onofrio et al.,
2021). The reduced genetic variability between clones of NERO DI

TROIA and their high genetic distance from the other Apulian
varieties could further support the hypothesis that the province of
Foggia represents a biodiversity hotspot for different crops
(Conversa et al., 2018; Pisani et al., 2021); native varieties such as
NERO DI TROIA could have been marginalised in those areas and
therefore have underexplored gene pools that deserve to be studied
to search for new and bene� cial alleles. By contrast, the populations
of MALVASIA NERA, MINUTOLO, AL1 and AL2 partially overlapped.
This could be explained considering that these four varieties share a
common ancestor, namely VISPAROLA. Indeed, it has been reported
that MALVASIA NERA derives from a cross between NEGROAMAROand
MALVASIA BIANCA LUNGA, where NEGROAMARO is a descendent of
MAIOLICA, an offspring of VISPAROLA. In addition, the aromatic
variety MINUTOLO derives directly from VISPAROLA, also related to
AGLIANICO (putative AL1 in our study) and its offspring; this
con� rms the centrality of VISPAROLA in the origin of many
grapevine varieties of Southern Italy (D’Onofrio et al., 2021). As
the AL2 and AL1 populations partially overlap in the PCA plot, we
hypothesise a parent-offspring relationship between AGLIANICO and
AGLIANICO LASCO. Regarding CAMAIOLA, PCA and FSTresults showed
that it differed more than anyone else from all the other varieties
analysed. On the origin of this genetic distance, some hypotheses
can be made based on the scarce information available. For
example, the geographical distribution of CAMAIOLA is restricted to
the surroundings of Castelvenere city, where it is mostly cultivated,
and has probably maintained a speci� c and uncontaminated genetic
makeup. It should also be noted that DNA pro� ling provided
evidence that CAMAIOLA does not share close genetic links with
any other Campania cultivar (Costantini et al., 2005; Villano et al.,
2014). This suggests that CAMAIOLA has been introduced relatively
recently in Campania and supports the historical research by
Selvaggio and Carlo (2015).

A subset of divergent SNP loci is related to
phenology and plasticity

In this work, the search for genetic differentiation at single loci
yielded nearly 200 divergent SNPs and detected putative genes
under selection. CAMAIOLA displayed the greatest number of
divergent loci, which supports its separation from all the other
varieties in the FST analysis. About 30% of the 200 divergent loci
were in genes/QTLs involved in important phenological processes.
For example, 12 divergent loci have been described as“switch
genes” actively involved in the shift of berry developmental from

immature to mature growth (Palumbo et al., 2014). This is a crucial
physiological event that marks the ripening onset (calledveraison)
where numerous molecular, biochemical, and physiological changes
occur that strongly impact the quality of wine (Conde et al., 2007;
Fasoli et al., 2012; Castellarin et al., 2016; Fasoli et al., 2018). Among
the divergent“switch genes” identi� ed, VIT_203s0088g01250 and
VIT_218s0001g14270 fell within phenology-related QTLs (Del� no
et al., 2019) on chromosomes 3 and 18 responsible for phenotypes
related to budding,� owering, soluble solid concentration, brix, and
ripening. We also found signature of divergence in some genes
involved in the regulation of multiple stress response and, therefore,
putative players of plant adaptation to adverse biotic and abiotic
conditions (Lee et al., 2010). For example, the arachidonic acid-
induced DEA1 protein (VIT_202s0154g00280) in grapevine is
involved in the phospholipid signalling processes and in the
regulation of programmed cell death (PCD) in the scion/
rootstock joining (Cookson and Ollat, 2013; Assunc�ão et al.,
2019). Notably, regulation of PCD is of paramount importance in
plant-microbe interactions and is observed in many host resistance
responses (Dickman and Fluhr, 2013). GRECOB. and NERO DI TROIA

were different at this locus. The drought tolerance reported for NERO

DI TROIA (Antonacci, 2004) and its high susceptibility to powdery
mildew compared to the low sensitivity to downy and powdery
mildew of GRECO B. (Rauscedo, 2011) are in agreement with
these data.

We also found 14 divergent rootstock-responsive loci according
to Corso et al. (2016). Among them, the protein CYCLIC
N U C L E O T I D E - G A T E D C H A N N E L 1 4 ( C N G C 1 4 ,
VIT_204s0069g00790) and VIT_203s0038g02140. The former is
known to be essential for the� rst step of auxin-induced Ca2+
signalling and growth inhibition in Arabidopsis root (Shih et al.,
2015; Dindas et al., 2018); the latter is an auxin in� ux carrier
protein, which is differentially expressed in graft interface tissues
and possibly involved in directing the reconnection of vascular
tissues (Yin et al., 2012; Cookson and Ollat, 2013). Finally, we
identi� ed an FKBP12-rapamycin complex-associated protein
(VIT_203s0088g00450), with many divergent SNPs in NERO DI

TROIA, which probably underwent selective pressure acting on this
locus. The expression of VIT_203s0088g00450 was previously
associated with bud dormancy (Shangguan et al., 2020), an
essential adaptation process that allows temperate woody
perennials to survive adverse environmental conditions during
winter (Arora et al., 2003). Taken together, our data showed that
the selection process shaped the genetic diversity of viticulturally
attractive loci involved in fruit quality, growth and reproductive
processes, the� ne-tuning of which determines the� tness of fruit
trees in changing climate conditions. We hypothesise that the
molecular signatures we found could be the result of the selection
operated by growers. It is possible that ripening time, sugar
accumulation and stress response could have played a key role in
determining whether a given cultivar was adapted to their speci� c
local climate conditions. Interestingly, these functionsappear
strikingly similar to those in domesticated apple, peach, apricot
and pear trees in which selective sweeps pointed to genes associated
with growth cycle (Groppi et al., 2021) and fruit quality (Khan et al.,
2014; Wu et al., 2018; Guan et al., 2021).
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Our results provided evidence that a number of divergent loci
overlapped with previously identi� ed differentially methylated
regions (DMR) in grapevine samples grown under changing
environmental conditions (Xie et al., 2017). Among these we
found the aforementioned VIT_203s0088g00450, and
VIT_208s0007g07380, an HSP40 protein (also known as the DnaJ
protein), which is known to contribute to cellular protein
homeostasis under various biotic and abiotic stresses (Chen et al.,
2021). Mounting evidence suggests that DNA methylation can
affect local adaptation or plasticity by shaping the phenotypes
that allow organisms to respond to their local environments
(Richards et al., 2010). However, an active debate surrounds the
question of whether (and to what extent) such epigenetic variations
may either directly or indirectly affect local adaptation. Further
experimental work is needed to corroborate these hypotheses.

Conclusions

In this study, we used genome-wide SNP datasets generated by
the GBS and ddRADSeq methods to assess the clonal diversity of six
traditional grapevine varieties. We have shown that merging different
SNP datasets is possible and valuable to study the inter- and intra-
speci� c genetic diversity of grape populations. This provided that the
same reference genome is used. Through such an approach, we have
provided a repeatable framework to streamline future computational
studies based on the retrieval of information from partial analyses
performed at different times and with different techniques. Our
results also demonstrated the value of advanced genomic methods
in the study of population structure and synonymy/homonymy
detection (as exempli� ed by AGLIANICO LASCO) as well in identifying
possible recent introduced outgroup variety such as Camaiola for
Campania. This is a crucial task in any germplasm management and
conservation strategy. Finally, we identi� ed several divergent SNP loci
within genes involved in grapevine phenology and environmental
adaptation. This evidence emphasises that some traits, such as those
related to budding,� owering, and fruit quality could have played a
key role in assessing whether a given cultivar was adapted to speci� c
local climatic conditions.
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SUPPLEMENTARY FIGURE 1

SNP density plot showing the number of � ltered SNPs in 1 Mb size windows
for the 19 Vitis vinifera chromosomes in (A) Campanian and (B)
Apulian datasets.

SUPPLEMENTARY FIGURE 2

Scatter plot showing the decay of linkage disequilibrium (r 2 = 0.20) calculated
for each of the six varieties.

SUPPLEMENTARY FIGURE 3

SNP density plot showing the number of SNPs in 1 Mb size windows for the 19
chromosomes of Vitis vinifera.

SUPPLEMENTARY FIGURE 4

Cross-validation error estimates for each value of K (i.e., number of sub-
populations) tested.

SUPPLEMENTARY FIGURE 5

(A) Percentage cumulative variance for retained PCA eigen vectors. (B)
Bayesian information criterion (BIC). (C) Scatterplot of the DAPC and DAPC
F statistic.

SUPPLEMENTARY FIGURE 6

Distribution of divergent SNPs along the 19 chromosomes of Vitis vinifera.

SUPPLEMENTARY TABLE 1

List of clones under study. For each clone, the region of origin, the name of
the variety, the clone identi � er and the sampling site are reported. The clones
selected after IBS analysis are in bold. The asterisks indicate the individual
removed after � ltering on merged dataset.

SUPPLEMENTARY TABLE 2

Identity-by-state (IBS) values and Kinship coef � cients (Relatedness-PHI)
calculated for the AL1 and AL2 populations.

SUPPLEMENTARY TABLE 3

List of divergent SNPs (FST � 0.80) falling into gene regions.

SUPPLEMENTARY TABLE 4

List of divergent SNPs derived from pairwise comparisons between clusters
identi � ed by ADMIXTURE and DAPC. Gene identi� er, number of SNPs
identi � ed following pairwise comparison, gene function and functi onal
group were reported.
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Region of origin Name of the variety
Clone 

identifier 
Sampling site Collection site

Campania Greco bianco GR1 Tufo (AV) UNINA
Campania Greco bianco GR2 Tufo (AV) UNINA
Campania Greco bianco GR3 Tufo (AV) UNINA
Campania Greco bianco GR4 Tufo (AV) UNINA
Campania Greco bianco GR5 Tufo (AV) UNINA
Campania Greco bianco GR6 Tufo (AV) UNINA
Campania Greco bianco GR7 Tufo (AV) UNINA
Campania Greco bianco GR8 Tufo (AV) UNINA
Campania Greco bianco GR9 Tufo (AV) UNINA
Campania Greco bianco GR10 Tufo (AV) UNINA
Campania Greco bianco GR11 Tufo (AV) UNINA
Campania Greco bianco GR12 Tufo (AV) UNINA
Campania Greco bianco GR13 Tufo (AV) UNINA
Campania Greco bianco GR14 Tufo (AV) UNINA
Campania Greco bianco GR15 Tufo (AV) UNINA
Campania Greco bianco GR16 Tufo (AV) UNINA
Campania Greco bianco GR17 Tufo (AV) UNINA
Campania Greco bianco GR18 Tufo (AV) UNINA
Campania Greco bianco GR19 Tufo (AV) UNINA
Campania Greco bianco GR20 Tufo (AV) UNINA
Campania Greco bianco GR24 Avellino (AV) UNINA
Campania Greco bianco GR25 Avellino (AV) UNINA
Campania Greco bianco GR26 Avellino (AV) UNINA
Campania Greco bianco GR27 Avellino (AV) UNINA
Campania Aglianico Lasco AL1-1 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL2-2 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL3 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL4 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL1-5 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL6 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL7 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL8 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL9 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL10 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL11 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL12 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL13 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL14 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL2-15 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL16 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL17 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL1-18 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL19 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL1-20 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL1-21 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL22 Ariano Irpino (AV) UNINA

Table S1. List of clones under study. For each clone, the region of origin, the name of the variety, the 



Campania Aglianico Lasco AL2-23 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL2-24 Andretta (AV) UNINA
Campania Aglianico Lasco AL25 Andretta (AV) UNINA
Campania Aglianico Lasco AL26 Andretta (AV) UNINA
Campania Aglianico Lasco AL27 Andretta (AV) UNINA
Campania Aglianico Lasco AL28 Andretta (AV) UNINA
Campania Aglianico Lasco AL29 Castelfranci (AV) UNINA
Campania Aglianico Lasco AL30 Castelfranci (AV) UNINA
Campania Aglianico Lasco AL31 Castelfranci (AV) UNINA
Campania Aglianico Lasco AL32 Castelfranci (AV) UNINA
Campania Aglianico Lasco AL1-34 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL35 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL36 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL2-37 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL38 Avellino (AV) UNINA
Campania Aglianico Lasco AL39* Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL42 Eboli (SA) UNINA
Campania Aglianico Lasco AL43* Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL45 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL46 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL47 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL48 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL49 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL50 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL1-51 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL1-52 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL1-54 Manocalzati (AV) UNINA
Campania Aglianico Lasco AL58 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL59 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL60 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL61 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL1-62 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL63 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL64 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL65 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL66 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL67 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL68 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL69 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL70 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL71 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL72 Ariano Irpino (AV) UNINA
Campania Camaiola Cm-73 Amorosi (BN) UNINA
Campania Camaiola Cm-74 Amorosi (BN) UNINA
Campania Camaiola Cm-75 Amorosi (BN) UNINA
Campania Camaiola Cm-76 Telese (BN) UNINA
Campania Camaiola Cm-77 Telese (BN) UNINA
Campania Camaiola Cm-78 Telese (BN) UNINA
Campania Camaiola Cm-80 S. Lorenzello (BN) UNINA
Campania Camaiola Cm-81 S. Lorenzello (BN) UNINA



Campania Camaiola Cm-82 S. Lorenzello (BN) UNINA
Campania Camaiola Cm-86 S. Lorenzello (BN) UNINA
Campania Camaiola Cm-87 S. Lorenzello (BN) UNINA
Campania Camaiola Cm-88 S. Lorenzello (BN) UNINA
Campania Camaiola Cm-89 Faicchio (BN) UNINA
Campania Camaiola Cm-90 Faicchio (BN) UNINA
Campania Camaiola Cm-91 Faicchio (BN) UNINA
Campania Camaiola Cm-92* Faicchio (BN) UNINA
Campania Camaiola Cm-93 Castelvenere (BN) UNINA
Campania Camaiola Cm-94 Castelvenere (BN) UNINA
Campania Camaiola Cm-95 Castelvenere (BN) UNINA
Campania Camaiola Cm-96 Castelvenere (BN) UNINA

Apulia Uva di Troia NT-77 Canosa di Puglia (BAT) CRSFA
Apulia Uva di Troia NT-78 Ruvo di Puglia (BA) CRSFA
Apulia Uva di Troia NT-79 Canosa di Puglia (BAT) CRSFA
Apulia Uva di Troia NT-80 Canosa di Puglia (BAT) CRSFA
Apulia Uva di Troia NT-81 Cerignola (FG) CRSFA
Apulia Uva di Troia NT-82 Ruvo di Puglia (BA) CRSFA
Apulia Uva di Troia NT-83 Canosa di Puglia (BAT) CRSFA
Apulia Uva di Troia NT-84 Cerignola (FG) CRSFA
Apulia Uva di Troia NT-85 Cerignola (FG) CRSFA
Apulia Uva di Troia NT-86 Cerignola (FG) CRSFA
Apulia Uva di Troia NT-87 Cerignola (FG) CRSFA
Apulia Uva di Troia NT-88* Cerignola (FG) CRSFA
Apulia Uva di Troia NT-89 Cerignola (FG) CRSFA
Apulia Uva di Troia NT-90 Cerignola (FG) CRSFA
Apulia Uva di Troia NT-91* Ruvo di Puglia (BA) CRSFA
Apulia Uva di Troia NT-94 Brindisi CRSFA
Apulia Malvasia Nera Ma-92 Brindisi CRSFA
Apulia Malvasia Nera Ma-93 Mesagne (BR) CRSFA
Apulia Malvasia Nera Ma-96 Brindisi CRSFA
Apulia Malvasia Nera Ma-97 Crispiano (TA) CRSFA
Apulia Malvasia Nera Ma-98 Brindisi CRSFA
Apulia Malvasia Nera Ma-99 Brindisi CRSFA
Apulia Malvasia Nera Ma-100 Mesagne (BR) CRSFA
Apulia Malvasia Nera Ma-101 Bitonto (BA) CRSFA
Apulia Minutolo Mn-C2D2 Locorotondo (BA) CRSFA
Apulia Minutolo Mn-C21G Locorotondo (BA) CRSFA
Apulia Minutolo Mn-C25A Ostuni (BR) CRSFA
Apulia Minutolo Mn-C25F Ostuni (BR) CRSFA
Apulia Minutolo Mn-C25I Cisternino (BR) CRSFA
Apulia Minutolo Mn-C24L* Fasano (BR) CRSFA



ID-1 ID-2 IBS RELATEDNESS_PHI
AL1-1 AL1-1 1 0.5
AL1-18 AL1-18 1 0.5
AL1-20 AL1-20 1 0.5
AL1-21 AL1-21 1 0.5
AL1-34 AL1-34 1 0.5
AL1-5 AL1-5 1 0.5
AL1-51 AL1-51 1 0.5
AL1-54 AL1-54 1 0.5
AL1-62 AL1-62 1 0.5
AL2-15 AL2-15 1 0.5
AL2-2 AL2-2 1 0.5
AL2-23 AL2-23 1 0.5
AL2-24 AL2-24 1 0.5
AL2-37 AL2-37 1 0.5
AL2-37 AL2-2 0.993654 0.458733
AL2-24 AL2-15 0.988522 0.428571
AL2-23 AL2-15 0.909006 0.311808
AL2-24 AL2-23 0.903156 0.306011
AL2-24 AL2-2 0.877166 0.30541
AL2-37 AL2-24 0.875345 0.296364
AL2-37 AL2-15 0.869165 0.263352
AL2-2 AL2-15 0.871206 0.261484
AL2-24 AL1-1 0.718133 0.143079
AL2-23 AL1-1 0.730328 0.137288
AL2-15 AL1-1 0.719457 0.133648
AL2-23 AL2-2 0.780764 0.103846
AL1-20 AL1-1 0.701578 0.0994152
AL1-51 AL1-1 0.743309 0.0862801
AL1-51 AL1-20 0.743932 0.0806223
AL2-37 AL2-23 0.780598 0.0804829
AL1-51 AL1-5 0.737349 0.0569536
AL1-51 AL1-21 0.719715 0.039031
AL2-24 AL1-54 0.686017 0.0302521
AL2-24 AL1-51 0.722812 0.03003
AL1-21 AL1-20 0.684637 0.0194444
AL2-15 AL1-54 0.682044 0.0119048
AL2-15 AL1-51 0.716359 0.0106222
AL1-5 AL1-20 0.706765 0.00546448
AL1-62 AL1-51 0.713415 0
AL2-24 AL1-20 0.614171 -0.00155521
AL2-24 AL1-5 0.596071 -0.00434153
AL2-15 AL1-20 0.612184 -0.0110063
AL1-21 AL1-1 0.655171 -0.0138889
AL1-5 AL1-21 0.680333 -0.0143229
AL2-37 AL1-1 0.658592 -0.0219966
AL1-54 AL1-51 0.715174 -0.0227618
AL2-15 AL1-5 0.595188 -0.0248538

Table S2. Identity-by-state (IBS) values and Kinship coefficients 
(Relatedness-PHI) calculated for the AL1 and AL2 populations.



AL2-2 AL1-1 0.657764 -0.0358306
AL1-51 AL1-34 0.699041 -0.0372493
AL1-54 AL1-21 0.672498 -0.0446429
AL1-54 AL1-20 0.682816 -0.0471698
AL2-24 AL1-21 0.557941 -0.0500736
AL1-51 AL1-18 0.716359 -0.0503049
AL2-37 AL1-54 0.678126 -0.0570902
AL2-24 AL1-62 0.551319 -0.0592217
AL1-54 AL1-1 0.679064 -0.0597484
AL1-54 AL1-5 0.658205 -0.0628655
AL1-62 AL1-21 0.664717 -0.0688623
AL1-5 AL1-34 0.673932 -0.0691563
AL2-15 AL1-62 0.550215 -0.0770548
AL1-34 AL1-18 0.687617 -0.0785256
AL2-15 AL1-21 0.555292 -0.078869
AL1-62 AL1-1 0.612901 -0.0791139
AL2-2 AL1-51 0.695294 -0.0816327
AL1-5 AL1-1 0.640547 -0.0819672
AL1-62 AL1-5 0.653736 -0.0838235
AL2-37 AL1-51 0.689258 -0.0863192
AL2-23 AL1-51 0.695498 -0.0929853
AL2-2 AL1-54 0.678623 -0.0971731
AL2-37 AL1-20 0.593036 -0.101523
AL1-34 AL1-21 0.684582 -0.106892
AL1-21 AL1-18 0.688169 -0.119581
AL1-62 AL1-20 0.629125 -0.120253
AL2-23 AL1-20 0.591822 -0.123729
AL2-37 AL1-5 0.574054 -0.126761
AL2-2 AL1-5 0.573447 -0.132931
AL1-34 AL1-20 0.669187 -0.142222
AL2-2 AL1-20 0.594085 -0.14658
AL2-24 AL1-34 0.553747 -0.152997
AL2-23 AL1-54 0.634312 -0.154982
AL1-34 AL1-1 0.618089 -0.157037
AL2-24 AL1-18 0.579958 -0.158784
AL1-5 AL1-18 0.660192 -0.164464
AL2-23 AL1-62 0.551374 -0.165428
AL1-54 AL1-34 0.655722 -0.165869
AL1-20 AL1-18 0.66273 -0.167457
AL2-23 AL1-5 0.567653 -0.169279
AL2-37 AL1-21 0.541772 -0.185008
AL2-37 AL1-62 0.546187 -0.185529
AL2-15 AL1-34 0.552091 -0.188198
AL1-62 AL1-54 0.638506 -0.196918
AL2-15 AL1-18 0.579075 -0.201709
AL2-2 AL1-62 0.545801 -0.206406
AL2-23 AL1-21 0.533164 -0.215655
AL2-2 AL1-21 0.541717 -0.221538
AL2-2 AL1-34 0.553857 -0.228099
AL2-37 AL1-34 0.555016 -0.228522



AL1-18 AL1-1 0.647059 -0.233807
AL1-62 AL1-18 0.649321 -0.247849
AL1-54 AL1-18 0.668249 -0.247863
AL1-62 AL1-34 0.610308 -0.263242
AL2-2 AL1-18 0.573557 -0.269982
AL2-37 AL1-18 0.574937 -0.285185
AL2-23 AL1-34 0.530184 -0.375215
AL2-23 AL1-18 0.562686 -0.382189
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�í�ó�î�ó�ì�W�í�í�ò�W�= �ï �ô�ñ�ì�ó�ó�î�õ�E�d���À�•���D�v �ô�ñ�ì�ó�ó�î�õ

�ï �õ�î�î�ï�ò�ó�ì�õ�î�ï�í�ò�ñ�î�s�/�d�z�î�ì�ï�•�ì�ì�ô�ô�P�ì�í�ì�ì�ì�µ�v���Z���Œ�����š���Œ�]�Ì�������‰�Œ�}�š���]�v���o�}���í�ì�ì�î�ò�ò�õ�ó�ì
�í�ó�ð�ó�ì�W�í�ð�W�r �ï �õ�î�î�ð�ò�î�ì ���>�î���À�•���D�v �õ�î�î�ð�ò�î�ì
�í�ó�ð�ó�ì�W�í�ð�W�r �ï �õ�î�î�ð�ò�î�ì �E�d���À�•���D�v �õ�î�î�ð�ò�î�ì
�í�ó�ð�ó�ì�W�í�ð�W�r �ï �õ�î�î�ð�ò�î�ì �D�����À�•���D�v �õ�î�î�ð�ò�î�ì
�í�ó�ð�ó�ì�W�í�ð�W�r �ï �õ�î�î�ð�ò�î�ì �D�v���À�•���'�Œ �õ�î�î�ð�ò�î�ì

�ï �X �õ�ñ�ï�ô�ó�õ�õ�õ�ñ�ñ�î�ð�ó�ó�s�/�d�z�î�ì�ï�•�ì�ì�ô�ô�P�ì�í�î�ñ�ì�o�r�P���o�����š�}�•���������Z�Ç���Œ�}�P���v���•��
�í�ó�ò�ì�í�W�î�ï�W�r �ï �õ�ñ�ð�í�ò�ò�ì���>�í���À�•���E�d �õ�ñ�ð�í�ò�ò�ì
�í�ó�ò�ì�í�W�î�ï�W�r �ï �õ�ñ�ð�í�ò�ò�ì���>�í���À�•���D�� �õ�ñ�ð�í�ò�ò�ì
�í�ó�ò�ì�í�W�î�ï�W�r �ï �õ�ñ�ð�í�ò�ò�ì���>�í���À�•���D�v �õ�ñ�ð�í�ò�ò�ì
�í�ó�ò�ì�í�W�î�ï�W�r �ï �õ�ñ�ð�í�ò�ò�ì���>�í���À�•���'�Œ �õ�ñ�ð�í�ò�ò�ì

�ï �õ�ó�ò�î�ð�î�ð�õ�ó�ò�ó�ò�í�õ�s�/�d�z�î�ì�ï�•�ì�ì�õ�ó�P�ì�ì�ì�ô�ì�o�r�š�Ç�‰�����o�����š�]�v�r���}�u���]�v�����}�v�š���]�v�]�v�P���Œ�������‰�š�}�Œ���l�]�v���•�����r�o�]�l��
�í�ó�ò�ò�ó�W�í�ì�ì�W�= �ï �õ�ó�ò�î�ñ�ï�õ���>�í���À�•�����>�î �õ�ó�ò�î�ñ�ï�õ
�í�ó�ò�ò�ó�W�í�ì�ì�W�= �ï �õ�ó�ò�î�ñ�ï�õ���>�í���À�•���E�d �õ�ó�ò�î�ñ�ï�õ
�í�ó�ò�ò�ó�W�í�ì�ì�W�= �ï �õ�ó�ò�î�ñ�ï�õ���>�í���À�•���D�v �õ�ó�ò�î�ñ�ï�õ
�í�ó�ò�ò�ó�W�í�ì�ì�W�= �ï �õ�ó�ò�î�ñ�ï�õ���>�î���À�•�����u �õ�ó�ò�î�ñ�ï�õ
�í�ó�ò�ò�ó�W�í�ì�ì�W�= �ï �õ�ó�ò�î�ñ�ï�õ���u���À�•���E�d �õ�ó�ò�î�ñ�ï�õ
�í�ó�ò�ò�ó�W�í�ì�ì�W�= �ï �õ�ó�ò�î�ñ�ï�õ���u���À�•���D�v �õ�ó�ò�î�ñ�ï�õ
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�í�õ�õ�î�õ�W�ò�ð�W�= �ï �í�ñ�ï�ñ�ï�ð�ï�ô���>�î���À�•�����u �í�ñ�ï�ñ�ï�ð�ï�ô
�í�õ�õ�î�õ�W�ò�ð�W�= �ï �í�ñ�ï�ñ�ï�ð�ï�ô���>�î���À�•���D�� �í�ñ�ï�ñ�ï�ð�ï�ô
�í�õ�õ�î�õ�W�ò�ð�W�= �ï �í�ñ�ï�ñ�ï�ð�ï�ô���u���À�•���E�d �í�ñ�ï�ñ�ï�ð�ï�ô
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�í�õ�õ�î�õ�W�ò�ð�W�= �ï �í�ñ�ï�ñ�ï�ð�ï�ô�D�����À�•���D�v �í�ñ�ï�ñ�ï�ð�ï�ô
�í�õ�õ�î�õ�W�ï�ô�ì�W�= �ï �í�ñ�ï�ñ�ï�ó�ñ�ð���>�î���À�•�����u �í�ñ�ï�ñ�ï�ó�ñ�ð
�í�õ�õ�î�õ�W�ï�ô�ì�W�= �ï �í�ñ�ï�ñ�ï�ó�ñ�ð���>�î���À�•���D�� �í�ñ�ï�ñ�ï�ó�ñ�ð
�í�õ�õ�î�õ�W�ï�ô�ì�W�= �ï �í�ñ�ï�ñ�ï�ó�ñ�ð���u���À�•���E�d �í�ñ�ï�ñ�ï�ó�ñ�ð
�í�õ�õ�î�õ�W�ï�ô�ì�W�= �ï �í�ñ�ï�ñ�ï�ó�ñ�ð���u���À�•���D�v �í�ñ�ï�ñ�ï�ó�ñ�ð
�í�õ�õ�î�õ�W�ï�ô�ì�W�= �ï �í�ñ�ï�ñ�ï�ó�ñ�ð�E�d���À�•���D�� �í�ñ�ï�ñ�ï�ó�ñ�ð
�í�õ�õ�î�õ�W�ï�ô�ì�W�= �ï �í�ñ�ï�ñ�ï�ó�ñ�ð�D�����À�•���D�v �í�ñ�ï�ñ�ï�ó�ñ�ð

�ð�X �í�ñ�î�ô�õ�ô�ô�í�ñ�ï�ï�ï�õ�ï�s�/�d�z�î�ì�ð�•�ì�ì�ì�ô�P�ì�í�õ�í�ì�µ�v���Z���Œ�����š���Œ�]�Ì�������‰�Œ�}�š���]�v���o�}���í�ì�ì�î�ñ�ó�ô�ð�õ
�î�î�ï�ì�ó�W�î�ï�î�W�= �ð �í�ñ�î�õ�õ�õ�í���>�î���À�•���E�d �í�ñ�î�õ�õ�õ�í
�î�î�ï�ì�ó�W�î�ï�î�W�= �ð �í�ñ�î�õ�õ�õ�í���>�î���À�•���D�� �í�ñ�î�õ�õ�õ�í
�î�î�ï�ì�ó�W�î�ï�î�W�= �ð �í�ñ�î�õ�õ�õ�í�E�d���À�•���'�Œ �í�ñ�î�õ�õ�õ�í
�î�î�ï�ì�ó�W�î�ï�î�W�= �ð �í�ñ�î�õ�õ�õ�í�D�����À�•���'�Œ �í�ñ�î�õ�õ�õ�í
�î�î�ï�ì�ó�W�î�ô�ó�W�= �ð �í�ñ�ï�ì�ì�ð�ò ���>�î���À�•���D�� �í�ñ�ï�ì�ì�ð�ò
�î�î�ï�ì�ó�W�î�ô�ó�W�= �ð �í�ñ�ï�ì�ì�ð�ò �D�����À�•���D�v �í�ñ�ï�ì�ì�ð�ò
�î�î�ï�ì�ó�W�ï�í�ò�W�= �ð �í�ñ�ï�ì�ì�ó�ñ ���>�î���À�•���D�� �í�ñ�ï�ì�ì�ó�ñ
�î�î�ï�ì�ó�W�ï�í�ò�W�= �ð �í�ñ�ï�ì�ì�ó�ñ �D�����À�•���D�v �í�ñ�ï�ì�ì�ó�ñ

�ð�X �í�ô�ñ�ð�ñ�ó�ô�í�ô�ñ�ó�î�ó�ì�s�/�d�z�î�ì�ð�•�ì�ì�ì�ô�P�ì�î�î�ñ�ì�(�]�����o���Z�������r�o�]�l�����‰�Œ�}�š���]�v
�î�î�ð�í�ï�W�î�õ�W�= �ð �í�ô�ñ�ð�ò�í�ó���>�î���À�•�����u �í�ô�ñ�ð�ò�í�ó
�î�î�ð�í�ï�W�î�õ�W�= �ð �í�ô�ñ�ð�ò�í�ó���>�î���À�•���D�� �í�ô�ñ�ð�ò�í�ó
�î�î�ð�í�ï�W�î�õ�W�= �ð �í�ô�ñ�ð�ò�í�ó���>�î���À�•���'�Œ �í�ô�ñ�ð�ò�í�ó
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�î�î�ñ�õ�ô�W�í�ñ�î�W�= �ð �î�ñ�ï�õ�í�ð�ò���>�î���À�•�����u �î�ñ�ï�õ�í�ð�ò
�î�î�ñ�õ�ô�W�í�ñ�î�W�= �ð �î�ñ�ï�õ�í�ð�ò���>�î���À�•���E�d �î�ñ�ï�õ�í�ð�ò
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�î�ï�î�ì�î�W�ð�ó�W�= �ð �ð�ñ�ì�í�ð�õ�ï�E�d���À�•���D�v �ð�ñ�ì�í�ð�õ�ï
�î�ï�î�ì�î�W�ò�ì�W�= �ð �ð�ñ�ì�í�ñ�ì�ò�E�d���À�•���D�v �ð�ñ�ì�í�ñ�ì�ò

�ð�X �ð�ó�ð�ð�î�ô�ï�ð�ó�ð�õ�õ�ï�ñ�s�/�d�z�î�ì�ð�•�ì�ì�ì�ô�P�ì�ñ�î�ð�ì�u�]�š�}���Z�}�v���Œ�]���o���•�µ���•�š�Œ���š���������Œ�Œ�]���Œ���(���u�]�o�Ç���‰�Œ�}�š���]�v
�î�ï�î�ô�õ�W�ñ�ò�W�r �ð �ð�ó�ð�ð�ó�ó�ï���>�í���À�•���E�d �ð�ó�ð�ð�ó�ó�ï
�î�ï�î�ô�õ�W�ñ�ò�W�r �ð �ð�ó�ð�ð�ó�ó�ï���u���À�•���E�d �ð�ó�ð�ð�ó�ó�ï
�î�ï�î�ô�õ�W�ñ�ò�W�r �ð �ð�ó�ð�ð�ó�ó�ï�E�d���À�•���D�� �ð�ó�ð�ð�ó�ó�ï
�î�ï�î�ô�õ�W�ñ�ò�W�r �ð �ð�ó�ð�ð�ó�ó�ï�E�d���À�•���D�v �ð�ó�ð�ð�ó�ó�ï



�î�ï�î�ô�õ�W�ñ�ò�W�r �ð �ð�ó�ð�ð�ó�ó�ï�E�d���À�•���'�Œ �ð�ó�ð�ð�ó�ó�ï
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�î�ï�ï�ï�ó�W�í�ð�W�r �ð �ð�ô�ð�ð�í�î�ñ���>�î���À�•�����u �ð�ô�ð�ð�í�î�ñ
�î�ï�ï�ï�ó�W�í�ð�W�r �ð �ð�ô�ð�ð�í�î�ñ���>�î���À�•���E�d �ð�ô�ð�ð�í�î�ñ
�î�ï�ï�ï�ó�W�í�ð�W�r �ð �ð�ô�ð�ð�í�î�ñ���u���À�•���D�� �ð�ô�ð�ð�í�î�ñ
�î�ï�ï�ï�ó�W�í�ð�W�r �ð �ð�ô�ð�ð�í�î�ñ�E�d���À�•���D�� �ð�ô�ð�ð�í�î�ñ
�î�ï�ï�ï�ó�W�í�ð�W�r �ð �ð�ô�ð�ð�í�î�ñ�E�d���À�•���'�Œ �ð�ô�ð�ð�í�î�ñ
�î�ï�ï�ï�ó�W�í�ð�W�r �ð �ð�ô�ð�ð�í�î�ñ���u���À�•���'�Œ �ð�ô�ð�ð�í�î�ñ

�ð �ð�ô�ð�ð�í�õ�ð�ð�ô�ð�ñ�í�õ�ó�s�/�d�z�î�ì�ð�•�ì�ì�ì�ô�P�ì�ñ�ð�í�ì�‰�Œ�}�������o���������Œ���}�Æ�Ç�o���•�š���Œ���•�����í�ó
�î�ï�ï�ï�ò�W�ô�ó�W�= �ð �ð�ô�ð�ð�î�î�ï���>�î���À�•���E�d �ð�ô�ð�ð�î�î�ï
�î�ï�ï�ï�ò�W�ô�ó�W�= �ð �ð�ô�ð�ð�î�î�ï�E�d���À�•���D�� �ð�ô�ð�ð�î�î�ï
�î�ï�ï�ï�ò�W�ô�ó�W�= �ð �ð�ô�ð�ð�î�î�ï�E�d���À�•���'�Œ �ð�ô�ð�ð�î�î�ï

�ð�X �ð�ô�ò�ð�ó�ô�ï�ð�ô�ô�ò�î�í�ð�s�/�d�z�î�ì�ð�•�ì�ì�ì�ô�P�ì�ñ�ð�ï�ì�Œ�v���r�����‰���v�����v�š���Œ�v�����‰�}�o�Ç�u���Œ���•�����ò
�î�ï�ï�ñ�î�W�ï�ô�ð�W�r �ð �ð�ô�ô�î�õ�õ�í���>�î���À�•�����u �ð�ô�ô�î�õ�õ�í
�î�ï�ï�ñ�î�W�ï�ô�ð�W�r �ð �ð�ô�ô�î�õ�õ�í���>�î���À�•���D�v �ð�ô�ô�î�õ�õ�í
�î�ï�ï�ñ�î�W�ï�ô�ð�W�r �ð �ð�ô�ô�î�õ�õ�í���u���À�•���E�d �ð�ô�ô�î�õ�õ�í
�î�ï�ï�ñ�î�W�ï�ô�ð�W�r �ð �ð�ô�ô�î�õ�õ�í�E�d���À�•���D�v �ð�ô�ô�î�õ�õ�í
�î�ï�ï�ñ�î�W�ï�ô�ð�W�r �ð �ð�ô�ô�î�õ�õ�í�D�v���À�•���'�Œ �ð�ô�ô�î�õ�õ�í
�î�ï�ï�ñ�î�W�ï�ô�ð�W�r �ð �ð�ô�ô�î�õ�õ�í���u���À�•���'�Œ �ð�ô�ô�î�õ�õ�í

�ð �ò�ð�ð�ô�î�ó�î�ò�ð�õ�ñ�ó�ð�ô�s�/�d�z�î�ì�ð�•�ì�ì�ì�ô�P�ì�ò�ñ�ï�ì�(�}�Œ�u�]�v�r�o�]�l�����‰�Œ�}�š���]�v���í�ô
�î�ï�ô�ì�ó�W�ñ�ì�W�r �ð �ò�ð�ñ�ð�ð�ó�õ���>�î���À�•���D�v �ò�ð�ñ�ð�ð�ó�õ
�î�ï�ô�ì�ó�W�ñ�ì�W�r �ð �ò�ð�ñ�ð�ð�ó�õ���u���À�•���D�v �ò�ð�ñ�ð�ð�ó�õ
�î�ï�ô�ì�ó�W�ñ�ì�W�r �ð �ò�ð�ñ�ð�ð�ó�õ�E�d���À�•���D�v �ò�ð�ñ�ð�ð�ó�õ

�ð �ó�í�ï�ð�ð�ô�ò�ó�í�ï�ò�õ�õ�õ�s�/�d�z�î�ì�ð�•�ì�ì�ì�ô�P�ì�ó�ì�ð�ì�‰���Œ�}�Æ�]�����•�����ð�ò�r�o�]�l��
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�î�ð�ì�ï�ñ�W�ï�ò�W�r �ð �ó�í�ô�í�ì�ô�õ���>�í���À�•���E�d �ó�í�ô�í�ì�ô�õ
�î�ð�ì�ï�ñ�W�ï�ò�W�r �ð �ó�í�ô�í�ì�ô�õ���>�î���À�•���E�d �ó�í�ô�í�ì�ô�õ
�î�ð�ì�ï�ñ�W�ï�ò�W�r �ð �ó�í�ô�í�ì�ô�õ���u���À�•���E�d �ó�í�ô�í�ì�ô�õ
�î�ð�ì�ï�ñ�W�ï�ò�W�r �ð �ó�í�ô�í�ì�ô�õ�E�d���À�•���D�� �ó�í�ô�í�ì�ô�õ
�î�ð�ì�ï�ñ�W�ï�ò�W�r �ð �ó�í�ô�í�ì�ô�õ�E�d���À�•���D�v �ó�í�ô�í�ì�ô�õ
�î�ð�ì�ï�ñ�W�ï�ò�W�r �ð �ó�í�ô�í�ì�ô�õ�E�d���À�•���'�Œ �ó�í�ô�í�ì�ô�õ
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�î�ð�ñ�ò�î�W�ð�ð�W�r �ð �ô�ô�õ�í�ì�ó�ñ���u���À�•���E�d �ô�ô�õ�í�ì�ó�ñ
�î�ð�ñ�ò�î�W�ð�ð�W�r �ð �ô�ô�õ�í�ì�ó�ñ���u���À�•���'�Œ �ô�ô�õ�í�ì�ó�ñ
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Abstract: The success of the PRIMITIVO variety underscores the critical need for the manag-
ing of clone genetic conservation, utilization, and improvement. By combining genomic
and environmental data, breeders can better predict the performance of varieties, thereby
improving breeding ef�ciency and enabling more targeted development of high-quality
grapevine cultivars. In this study, 35 P RIMITIVO clones were analysed, including selected
and certi�ed clones that have been propagated over several years in Apulia. Genetic
variability among the P RIMITIVO clones was assessed through genotyping by sequencing.
Using 38,387 �ltered SNPs, pairwise identity-by-state (IBS) analysis demonstrated the
uniqueness of the 35 clones (IBS < 0.75), indicating a high degree of variability among
the samples. Genetic diversity analysis revealed three primary groups, which were dif-
ferentiated based on geographic origin. The clones from Gioia del Colle were grouped
into two distinct clusters, which aligns with the observed variation in grape-related traits.
The �xation index ( FST > 0.50) identi�ed numerous loci putatively associated with stress
responses and developmental traits, including genes involved in key plant biological pro-
cesses, stress response regulation, and adaptation to environmental conditions such as
glutamate receptors, auxin, and ethylene signalling.

Keywords: genotyping by sequencing; single nucleotide polymorphisms; outlier SNPs;
molecular markers; genetic divergence; viticultural zoning

1. Introduction
Italy is recognized as the foremost global wine producer after Spain and France, with

approximately 710,000 hectares of vineyard surface area and a production of 38,291 million
hectolitres of wine in 2023 [1].

Apulia is a renowned wine-growing region in both Italy and Europe, covering an
area of 95,000 hectares with a production of 1,202,860 tonnes in 2023 [2]. The region's
extensive latitude along the Adriatic plain and the Apennine ridge, coupled with 800 km of

Plants2025, 14, 437 https://doi.org/10.3390/plants14030437



Plants2025, 14, 437 2 of 20

coastline exposed to the Adriatic and Ionian Seas, creates a variety of microclimates ideal
for viticulture. Additionally, the numerous migrations since ancient times have introduced
diverse plant material to Apulia, contributing to the extraordinary genetic richness of its
grape germplasm. Until a few decades ago, Apulian viticulture focused on producing large
quantities of bulk and high alcoholic wines, used to reinforce other products and often
sold as unbottled wines, despite the richness and peculiarity of autochthonous varieties.
Recently, increasing awareness of the region's rich varietal heritage in combination with
the development of oenological techniques has led to the recognition of the potential of
varieties like P RIMITIVO , N EGRAMARO , BOMBINO , SUSUMANIELLO , also thanks to the
development of numerous small vineyards, where farmers successfully maintain quality,
biodiversity, and tradition [ 3]. Efforts to valorise local grape varieties, also supported by
EU funds, have contributed to the revival and �ourishing of Apulian viticulture, making
the region the national wine producer with the highest density of wineries [ 4]. The most
outstanding example of this valorisation is the P RIMITIVO grape variety. Once primarily
used to increase the alcohol content, intensity of colour, and structure of weaker wines,
PRIMITIVO has now achieved signi�cant success under the protected designation of origin
(PDO) mark, speci�cally P RIMITIVO DI M ANDURIA and PRIMITIVO DI GIOIA DEL COLLE.
In 2021, these PDOs saw extraordinary sales of 23 million litres, with a market value of
EUR 195 million [ 5].

PRIMITIVO is used to produce wines that achieve the highest average alcohol strength,
dry extract values, glycerol, and also, in some cases, high residual reducing sugars due to
incomplete alcoholic fermentation [ 6]. These wines feature spicy and red-fruit �avours [ 7],
a ruby-purple colour that could be very stable over time, and a low polymerization rate of
anthocyanin pigments, which could limit their aging potential [ 8]. According to tradition,
PRIMITIVO was selected in the territory of Gioia del Colle in the province of Bari towards
the end of the 18th century as an early-ripening clone [ 9,10]. The variety is also found in
other countries, where it is known under synonyms such as the Montenegrin K RATOSIJA,
the Croatian CRLJENAK KAŠTELANSKI , and the American Z INFANDEL [11–15]. Studies on
the origin of the P RIMITIVO variety have revealed that the variety has strong genetic rela-
tionships also with Austrian, Croatian, and Hungarian varieties, such as the autochthonous
Dalmatian cultivar P LAVAC M ALI of which Z INFANDEL is one of the parents [16]. Despite
these genetic connections, a divergence between PRIMITIVO and these other varieties has
been demonstrated, likely due to the spatial and temporal separation of P RIMITIVO from
the others [16].

The current success of the Apulian PRIMITIVO has emphasised its rich intra-varietal di-
versity, prompting exploration of the “zoning” concept in the production area. The concept
of “zoning” in viticulture or “viticultural zoning”, also referred to as the characterisation of
“terroir zoning”, refers to the process of identifying and delineating speci�c areas within a
wine-growing region that shares peculiar homogeneous environmental and growing condi-
tions. These conditions include factors such as soil type, climate, topography, germplasm,
and cultivation techniques. The main goal of zoning is to match grape varieties and speci�c
clones with the optimal environmental conditions for their growth, thereby maximizing the
speci�city, the quality, and consistency of the wine produced [ 17]. Interest in this concept
dates back to the 1970s, when it was recognised that ecotypes within polyclonal populations
could enhance the diversity and uniqueness of the wines' olfactory and �avour pro�les, as
well as improve adaptability to speci�c growing conditions or wine style/characteristics.

In Apulia, a regional, clonal, and sanitary selection programme was launched to
promote the selection and comparative evaluation of the best clones and their molecular
characterisation for varietal identity and product traceability. This also included the “sani-
tation” of candidate clones affected by virus and virus-like diseases and the evaluation of
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oenological quality of clones with distinctive characteristics. After at least three years of
evaluation of the phenology, agronomic, productive performances, and oenological traits
in of�cial comparison and registration �elds for at least three vintages, the programme
led to the homologation of eight clones included in Italian National Register of Grape
Varieties. These clones now represent the foundation of the current production of Apulian
PRIMITIVO [18].

To further valorise the clonal diversity of Apulian P RIMITIVO and fully exploit its po-
tential, it is necessary to better characterise its rich clonal genetic diversity. A molecular ap-
proach is essential to provide unique �ngerprints and reveal cases of synonymy or misiden-
ti�cation. Microsatellites (simple sequence repeats; SSRs) have been the most commonly
used markers for varietal identi�cation due to their stability, high reproducibility, and poly-
morphism [ 19,20]. These markers are also used as references in several grapevine databases:
Vitis International Variety Catalogue, https://www.vivc.de (accessed on 25 June 2024);
European Vitis Database, http://www.eu-vitis.de/index.php (accessed on 24 June 2024);
Italian Vitis Database, https://vitisdb.it/ (accessed on 24 June2024) [21–23]. Recently,
whole genome sequencing of the PN40024 grapevine genome, along with its several up-
dated versions [24,25] as well as the genome assemblies of various grapecultivars [ 26–29],
have facilitated the development of numerous single nucleotide polymorphisms (SNP) sets
for Vitis spp. [30–32]. Reduced-representation sequencing methods such as genotyping
by sequencing (GBS) and double-digest RAD sequencing (ddRADseq) offer �exible and
cost-effective strategies for providing in-depth insights into the genetic architecture of
germplasm collections [33–35].

Genomic information, encompassing genetic diversity, structural variants, allele fre-
quencies, and phylogenetic relationships, is increasingly being used to inform decisions
at both the population and individual levels. Integrating genomics with traditional phe-
notypic methods accelerates the selection process, enabling breeders to more accurately
predict the performance of grapevine varieties or clones. Additionally, the combination of
robust genomic data with terroir zoning offers a powerful framework for personalizing
viticultural practices [ 36–38].

Genomic insights allow for the selection of grape varieties best suited to the speci�c
conditions of each de�ned zone, while also facilitating the identi�cation of genetic variants
that improve grape yield and quality, tailored to the unique soil and climate conditions of
each region.

In this study, we present a genome scan aimed at (i) exploring the intra-genetic
variability within P RIMITIVO clones retrieved from different areas of the Apulian region by
the high-throughput GBS strategy and (ii) identifying divergent loci as a proxy for future
sustainable breeding strategies.

2. Results
2.1. Genetic Diversity ofPRIMITIVO Clones

The analysed dataset consisted of 35 PRIMITIVO clones and 184,895 un�ltered
SNPs. After �ltering, the number of SNP loci was reduced to 77,607, among which
38,387 polymorphic SNPs were identi�ed in the P RIMITIVO clones and retained for
downstream analysis. The �ltered VCF has been submitted in Mendeley Data, V2
(https://doi.org/10.17632/ktfz4nn959.2 ). Figure S1 reports the mean coverage depth
per cultivar. Transitions (Ts) were more prevalent (63.7%) than transversions (Tv) (35.2%),
resulting in a Ts/Tv ratio of 1.8. The most frequent substitution was C ! T (31.9%), while
the least frequent was C! G (6.8%) (see Table S2). Of the total SNPs identi�ed, 18,997
(49.49%) were in genic regions, and 19,390 (50.51%) were in intergenic regions. Speci�cally,
23,108 SNPs were situated within annotated exons, impacting a total of 4820 genes. The
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distribution of SNPs across the chromosomes is detailed in Table S3 and Figure 1. Chromo-
somes 5 (2840 SNPs) had the highest number of SNPs, while chromosomes 6 (1311 SNPs)
and 17 (2285 SNPs) had the fewest. The average SNP density across the chromosomes was
~1871.37 SNPs.

 

Figure 1. SNP density plot across the 19 chromosomes ofVitis vinifera L. illustrating the number of
SNPs within a 2 Mb window size. The plot provides a detailed representation of SNP distribution,
highlighting regions with varying SNP densities across the grapevine genome.

No duplicate P RIMITIVO clones were detected in the dataset based on the pairwise IBS
distance, with an average IBS distance of 0.75 between clones. Background levels of LD
were reached at a distance of 11 kb (Figure S2).

Further data pruning was conducted to re�ne the dataset for population structure
analysis, resulting in a �nal set of 22,908 SNPs. The MDS plot in Figure 2A displays
the distribution of clones across two dimensions, revealing three main groups based on
geographical origin. Clones from Gioia del Colle (GC) were in two distinct groups, GC1
and GC2, situated in the II and IV quadrants, respectively.

The GC1 cluster included only four registered clones, whereas the GC2 cluster com-
prised �ve clones, two of which were registered. The PC2 (y-axis) clearly distinguished
clones from Manduria (a town in the province of Taranto), while the remaining clones from
Taranto province were more dispersed throughout the plot.

Although the analysis of the population structure revealed that the optimal number
into which to divide the population is K = 1, as expected in the case of clones, the strati�ca-
tion of the population at K = 2 was also evaluated (Figure S3). The two sub-populations
identi�ed by ADMIXTURE con�rmed the separation of the GC2 clones into a distinctive
sub-population labelled C2 (q2 = 1). Twenty-two clones were classi�ed into the C1 sub-
population (q1 > 0.90), which included individuals form various geographic origins. Eight
clones were identi�ed as admixed (q i < 0.72), and from now on, we refer to this admixed
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group as C3 (Figure 2B). None originated from GC1 or Manduria. The neighbour-joining
tree supported these �ndings, clustering clones PR_76, PR_74, and PR_73 into a separated
clade, which was closely related to PR_75 and PR_79, all of which are grouped within GC2
(Figure 2C).

Figure 2. (A) A multidimensional scaling plot of the P RIMITIVO clones. The plot visualizes the genetic
relationships among the clones, with each point representing an individual clone. ( B) A bar plot
describing the population structure estimated by ADMIXTURE. Each bar is divided into K coloured
segments, each representing the proportion of ancestry (qi) in each individual. ( C) Neighbour-
joining tree. The clusters were coloured based on ADMIXTURE sub-populations. Asterisks indicate
registered clones.
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2.2. Divergent Loci and Putative Candidate Genes

Based on the panel of 38,387 SNPs, divergent loci between the PRIMITIVO groups
classi�ed by ADMIXTURE (C1, C2 and C3) were identi�ed.

The pairwise �xation index was calculated for individual SNPs, with a signi�cance
threshold set at >0.50. The analysis signi�cance threshold revealed 11, 153, and 159 non-
redundant SNPs for C1 vs. C3, C2 vs. C3, and C1 vs. C2 comparisons, respectively (Figure3,
Table S4). Among these, 43 and 29 SNPs fell within genes in C2 vs. C3 and C1 vs. C2
(Table S5).

��

��

Figure 3. The Venn diagram illustrates the overlap of divergent loci in the three pairwise comparisons.
The diagram visually represents the common and unique loci identi�ed in each comparison, highlight-
ing the genetic similarities and differences between the groups. The intersections indicate the number
of shared loci, while the non-overlapping sections represent loci unique to each pairwise comparison .

All eleven divergent SNPs identi�ed in C1 vs. C3 were identi�ed also in the C1 vs. C2
comparison, while twenty-one were shared between C1 vs. C2 and C2 vs. C3. The eleven
SNPs detected in C1 vs. C3 hadFST values between 0.50 and 0.59, and were distributed
only on chromosomes 4, 8, and 10. The �xation index ( FST)values in C1 vs. C2 and in C2 vs.
C3 were higher, with maximum values of 0.94 and 0.89, respectively, and were distributed
on all chromosomes with the exception of chr.5 in C1 vs. C2.

Due to the fairly rapid decay of LD, we chose to de�ne a 50 kb region both downstream
and upstream of the divergent SNPs to identify candidate genes. Seven SNPs detected
on chr.4 in C1 vs. C3 and C1 vs. C2 �anked a cluster of GLUTAMATE RECEPTOR
genes (VIT_204s0069g00295, VIT_204s0069g00320 and VIT_204s0069g00330), involved in
responses to low temperature and salt stress in grapes, highlighting the clear differentiation
between C1 and C2/C3.

Numerous signatures of divergence were identified between C1 vs. C2 (Table1). Genes
associated with divergent loci include those involved in pl ant adaptation to biotic and abiotic
stress conditions and plant architecture. Remarkable genes areNAC DOMAIN IPR003441
(VIT_202s0025g02710),HISTONE ACETYLTRANSFERASE(HAT, VIT_212s0034g00573),
BRANCHLESS TRICHOME(BLT, VIT_202s0025g02670),HYDROXYPYRUVATE REDUCTASE
(HPR, VIT_203s0038g02510),BIREFRINGENCE-LIKE(TBL, VIT_214s0066g01710),WAX2-LIKE
(VIT_215s0045g01520, VIT_215s0045g01590, VIT_215s0045g01600), which are located on chro-
mosomes 2, 3, 12, 14, 15, and 19, respectively.
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Table 1. List of divergent SNP markers ( FST > 0.50) associated with genes in PRIMITIVO clones. In
grey are SNPs located within genes.

Chr
Gene

Gene ID Gene Description Population Comparison SNP ID
Start End

1 8,677,792 8,680,892 VIT_201s0026g00050 RADICAL SAM (SAM) C1_vs_C2, C3_vs_C2 1:8,680,396

1 9,655,509 9,657,926 VIT_201s0026g00810 TRICHOME BIREFRINGENCE (TBL) C3_vs_C2 1:9,526,119;
1:9,526,127

2 2,326,977 2,327,833 VIT_202s0025g02670 BRANCHLESS TRICHOME (BLT) C1_vs_C2

2:2,332,434;
2:2,332,445;
2:2,332,446;
2:2,332,452

2 2,347,183 2,348,922 VIT_202s0025g02710 NAC DOMAIN IPR003441 C1_vs_C2

2:2,332,434;
2:2,332,445;
2:2,332,446;
2:2,332,452

2 13,235,212 13,237,896 VIT_202s0109g00430 BIFUNCTIONAL NITRILASE NITRILE
HYDRATASE (NIT4B) C1_vs_C2, C3_vs_C2 2:13,240,982

3 1,749,439 1,753,048 VIT_203s0038g02510 HYDROXYPYRUVATE REDUCTASE
(HPR) C1_vs_C2 3:1,750,037

4 8,211,269 8,212,587 VIT_204s0069g00295

GLUTAMATE RECEPTOR C1_vs_C2, C1_vs_C3

4:8,231,740;
4:8,231,751;

4 8,254,697 8,256,154 VIT_204s0069g00320 4:8,231,760;
4:8,231,768;

4 8,256,197 8,269,048 VIT_204s0069g00330
4:8,231,792;
4:8,231,812;
4:8,231,828

7 5,910,664 5,913,487 VIT_207s0005g03080 AUXIN-INDUCED 5NG4 C3_vs_C2
7:5,892,591;
7:5,898,409;
7:5,920,514

12 16,109,720 16,110,902 VIT_212s0034g00512 TOBACCO MOSAIC VIRUS (TMV) C1_vs_C2 12:16,221,921

12 16,251,921 16,252,399 VIT_212s0034g00573 HISTONE ACETYLTRANSFERASE
(HAT) C1_vs_C2 12:16,221,921

14 114,200 121,866 VIT_214s0060g00100 PHYTOCHROME A C3_vs_C2 14:117,578;
14:117,584

14 8,660,502 8,661,017 VIT_214s0081g00520 ETHYLENE-RESPONSIVE ELEMENT
BINDING FACTOR-LIKE PROTEIN C3_vs_C2

14:8,625,549;
14:8,625,552;
14:8,625,580;
14:8,625,590;
14:8,625,591;
14:8,625,595

14 93,389 98,859 VIT_214s0060g00090 VAMP-LIKE YKT61 C3_vs_C2 14:117,578;
14:117,584

14 28,045,323 28,048,092 VIT_214s0066g01710 TRICHOME BIREFRINGENCE (TBL) C3_vs_C2 14:28,052,743

14 25,652,092 25,653,312 VIT_214s0068g02005 FASCICLINLIKE
ARABINOGALACTAN C3_vs_C2 14:25,652,715

15 7,543,895 7,547,614 VIT_215s0045g01520
WAX2 - LIKE C1_vs_C2

15:7,625,555
15 7,639,601 7,643,264 VIT_215s0045g01590 15:7,625,555
15 7,647,421 7,648,971 VIT_215s0045g01600 15:7,625,555

15 19,692,688 19,693,047 VIT_215s0046g03060 KTEL MOTIF-CONTAINING C3_vs_C2 15:19,692,917;
15:19,692,985

19 10,399,653 10,401,970 VIT_219s0015g01720 FRUCTOSE-BISPHOSPHATE
ALDOLASE (FBA) C1_vs_C2, C3_vs_C2

19:10,385,096;
19:10,385,169;
19:10,385,179

19 10,402,253 10,419,777 VIT_219s0015g01730
URACIL
PHOSPHORIBOSYLTRANSFERASE
(UPRT)

C1_vs_C2, C3_vs_C2
19:10,385,096;
19:10,385,169;
19:10,385,179

The divergent SNPs were found to be signi�cantly divergent in the C3 vs. C2 com-
parison, i.e., located in the genesAUXIN-INDUCED 5NG4 (VIT_207s0005g03080),PHY-
TOCHROME A (VIT_214s0060g00100),VAMP-LIKE YKT61 (VIT_214s0060g00090),FASCI-
CLINLIKE ARABINOGALACTAN (VIT_214s0068g02005),ETHYLENE-RESPONSIVE ELE-
MENT BINDING FACTOR (VIT_214s0081g00520),KTEL MOTIF-CONTAINING (VIT_215s00
46g03060), andTRICHOME BIREFRINGENCE(TBL, VIT_214s0066g01710).
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Many genes were detected in both C1 vs. C2 and C3 vs. C2 comparisons such as
BIFUNCTIONAL NITRILASE NITRILE HYDRATASE NIT4B (VIT_202s0109g00430),RADI-
CAL SAM (SAM, VIT_201s0026g00050),FRUCTOSE-BISPHOSPHATE ALDOLASE(FBA,
VIT_219s0015g01720),URACIL PHOSPHORIBOSYLTRANSFERASE(UPRT, VIT_219s0015g
01730), highlighting the differentiation between C2 and the other two groups.

Finally, we identified another TRICHOME BIREFRINGENCE(TBL, VIT_201s0026g00810)
located 130 kb from the divergent SNP on chromosome 1. Additionally, we considered
the TOBACCO MOSAIC VIRUS RESISTANCEgene (TMV, VIT_212s0034g00512), which is
situated 110 kb from the divergent SNP with an FST value of 0.94 on chromosome12.

3. Discussion
In recent decades, rising temperatures, increased CO2 levels, and greater dryness in

wine-producing regions, have signi�cantly impacted grapevine physiology and biochem-
istry, leading to changes in berry quality [ 39]. Given the global wine industry's substantial
socio-economic importance, research on grapevine germplasm biodiversity has become
increasingly critical. Enhancing genetic diversity is now seen as essential for developing
superior grapevine varieties that are more adaptable to changing environmental conditions
while maintaining high-quality [ 40].

In grapevines, spontaneous somatic mutations give rise to cultivars containing mul-
tiple clonal lines, each exhibiting slight genotypic and phenotypic differences from the
original mother plant. This intra-varietal variability can be bene�cial for identifying poten-
tially useful alleles associated with key traits in Vitis vinifera [41].

The PRIMITIVO grapevine variety has garnered attention since the 1970s due to its
rich clonal diversity and the potential for applying the concept of “zoning”. This approach
focuses on identifying optimal interactions between grapevine clones and their environ-
ment, providing valuable insights that can guide stakeholders in developing new adaptive
strategies [42–44]. The long-standing cultivation of P RIMITIVO , including farmer-to-farmer
exchanges, has likely contributed to its diverse clonal population [ 13]. This diversity is
evident in the variability observed across the 35 clones analysed in this study.

This highlights the importance of preserving clonal diversity to identify the best-
performing clones for optimizing yield and quality across various growing conditions.
According to the International Organization of Vine and Wine, as outlined in resolutions
OIV-VITI 424/2010 and OIV-VITI 564B-2019, evaluating intra-varietal diversity and im-
plementing polyclonal selection are essential strategies for preserving global grapevine
heritage. In recent years, grapevine genetic diversity has been extensively studied using
various genetic markers, including RFLP, AFLP, SSR, SNV, and SNPs [45]. These methods
have been particularly applied to key varieties including P INOT N OIR [46–49], CHARDON -
NAY [26,50–52], and the American synonym of P RIMITIVO , Z INFANDEL [43,53,54]. The
primary goal of this work is to leverage genomic tools and techniques to optimize the
evaluation of grapevine genetic resources, strengthen conservation strategies, and advance
selection and breeding in viticulture.

We employed a GBS-based approach to identify a robust set of clonal genetic variants,
enabling a detailed exploration of genomic variability within the P RIMITIVO clones. The
extensive dataset of SNP markers generated through GBS provided a comprehensive
genetic analysis, uncovering genomic differences that might have been overlooked by
other techniques. While the use of 18 K SNPs to detect clonal variations in the biotypes of
A GLIANICO and M USCAT of Alexandria cultivars was insuf�cient to distinguish biotypes
within the same cultivar [ 41], our approach demonstrated greater sensitivity in revealing
subtle clonal differences.
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The combination of datasets generated by RADseq and GBS approaches has previ-
ously been applied to study clones of grape varieties in southern Italy. However, this
analysis revealed a notable lower number of SNPs [35] compared to those identi�ed in
PRIMITIVO using only the GBS approach. In contrast, the analysis of M USCAT of Alexandria
clones using ~40 k SNPs derived from GBS successfully discriminated between clones [55],
reaf�rming GBS as the most suitable reduced-representation approach for rapid, large-scale
SNP genotyping. This is largely due to the abundance of SNPs in intergenic regions, which
tend to harbour more polymorphisms than coding regions.

The population structure analysis revealed that the selected PRIMITIVO clones could
be categorized into two main clusters, irrespective of their geographical origin. Notably,
PRIMITIVO clones from the Gioia del Colle district were distinctly separated. This clustering
likely re�ects the signi�cant environmental differences that impact clonal variation, as
previously observed by Alba et al. [ 56] and Meneghetti et al. [ 57,58]. Additionally, the
division of Gioia del Colle clones into two genetic groups is consistent with observed
variation in bunch-related traits, such as bunch weight and berry weight.

This likely stems from earlier preferences for higher-yielding clones between 1992 and
1996, which were characterized by larger size and weight. However, agronomic and oeno-
logical preferences have evolved over time, driven by shifts in consumer tastes and wine
consumption habits favouring higher quality over quantity. A thorough understanding
of genetic diversity, along with insights into past and current selection targets and novel
allelic variations in P RIMITIVO clones, will facilitate the introduction of potentially useful
allelic variation and improve the performance of P RIMITIVO under changing environmental
conditions. Allelic richness, a key indicator of genetic variation, is crucial and serves for
identifying populations that should be conserved. For P RIMITIVO clones, the availabil-
ity of diverse allele variants offers valuable opportunities for developing new strategies
for PRIMITIVO conservation, optimizing clonal selection and propagation by leveraging
somatic variation.

The �xation index was used to identify divergent loci between populations, as revealed
by population structure analysis, and to explore associations with putative candidate genes
involved in key plant biological processes, stress response regulation, and adaptation to
environmental conditions [ 59].

Within the identi�ed groups, FST highlighted several divergent loci, notably associated
with putative candidate genes essential for stress response and adaptation to both biotic
and abiotic challenges [59]. Group C1 was distinct from both C2 and C3 due to SNP variants
located near a cluster of GLUTAMATE RECEPTORgenes, which play a role in modulating
plant growth and development in response to abiotic stresses. This gene cluster, identi�ed
on chromosome 4, was also reported by Sun et al. [60] using a genome-wide approach.
Transcriptomic analysis demonstrated that these genes are regulated during grape leaf
aging and response to cold and salt stress in fruits. The signi�cant divergence between C1
and C2, as well as between C2 and C3, appears to be primarily associated with genomic
regions involved in environmental stress responses. The gene showing the highest FST in
the C1 vs. C2 comparison wasTMV , indicating that virus resistance may have been a driver
in clonal selection by breeders and/or farmers. Indeed, since the 1960s, clonal selection
has focused on propagating vines with speci�c desirable traits, particular those free from
viruses [61,62] or visible symptoms of viral diseases. Although TMV is not a virus of
concern for grapevines, this gene may still play a role in the host's broader response to viral
infections, potentially in�uencing the modulation of symptoms caused by such pathogens.

Another divergent locus with a high FST value is located near the gene annotated as
HAT, which is crucial for various aspects of berry development and ripening, as well as
for responses to day length and environmental stresses [63]. Recent research has high-
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lighted the role of HATs as epigenetic modulators in the plant's response to environmental
stresses, supporting adaptation to diverse conditions [ 64,65]. Additionally, we identi-
�ed the HYDROXYPYRUVATE REDUCTASE (HPR), which is essential for maintaining
fundamental plant functions and plays an important role in adaptation to various stress
conditions [ 66–68]. The enzyme was upregulated in grapevines following the application
of dry yeast extracts (DYEs), which enhanced aromatic and secondary metabolites in wine
while reducing oxidative stress in berries [ 69]. Yang et al. [70] pointed out the importance
of the putative HPR-encoding gene AtHPR1 (AT1G68010) in Arabidopsis, noting its crucial
role in stress response, including drought resistance [71], high light conditions, and the
maintenance of reactive oxygen species (ROS) homeostasis [72]. Similar functions have
been observed in soybeans [73,74], suggesting a potential interaction between the enzyme
and phytohormones. Divergence was observed in several genes associated with trichome
development, including TRICHOME BIREFRINGENCE-LIKE(TBL) and BRANCHLESS
TRICHOME (BLT) genes. Trichomes act as a protective barrier against various threats such
as herbivores, ultraviolet (UV) radiation, pathogens, and excessive transpiration [ 74]. Their
morphology and density are crucial for mediating interactions between the plant and its
environment [ 75]. Additionally, trichomes contribute to increased epidermal thickness
and higher content of long-chain fatty acids compared to other epidermal cells, helping
to reduce evaporation and regulate temperature [ 76]. The TBL gene family is involved in
trichome development; for instance, in Arabidopsis, TBL44 is associated with powdery
mildew resistance [77], while TBL3 plays a crucial role in xylan acetylation [ 78,79].

Moreover, mutations in TBL genes in Arabidopsis can lead to reduced xylem vessels,
extremely slow plant growth [ 80], dwar�sm, weak stems, and stunted development [ 81].
In cotton, Wang et al. [ 82], identi�ed four TBL genes involved in �bre formation and
development [ 83], with overexpression of GhTBL34enhancing resistance to Verticillium
wilt [ 84,85]. In rice, TBL1 and TBL2 affect the plant's response to rice blight disease [86].
Overall, these studies emphasize the important role of TBL genes in breeding programmes,
particularly their regulatory function in trichome development. Additionally, the BRANCH-
LESS TRICHOME(BLT) gene regulates trichomes branching by affecting endoreduplication
in trichome precursor cells [ 87]. In Arabidopsis, the BLT gene acts as a negative regulator of
complex trichomes development, with loss-of-function mutations resulting in an increased
number of complex trichomes. Another divergent gene between the C1 vs. C2 groups is
WAX2-LIKE, which is associated with the production of cuticular waxes crucial for pro-
tecting plant aerial organs from biotic and abiotic stressors [ 88]. In cucumber, CsWAX2, a
homolog of Arabidopsis AtWAX2 , is highly expressed in the epidermis and endoplasmic
reticulum and is induced by low temperatures, drought, salt stress, and ABA. Transgenic
cucumber plants expressing CsWAX2 exhibited signi�cant improvements in pollen viability
and enhanced resistance to water loss and pathogens compared to wild-type plants [ 89,90].

We have identi�ed NAC transcription factors that are essential for �owering and
the ripening of climacteric fruits, including grapes [ 91]. Speci�cally, VvNAC26 promotes
ripening by increasing levels of ethylene and abscisic acid [ 92].

Notably, we detected the NIT4B gene on chromosome 2, located within a selective
sweep region identi�ed by Liang et al. [ 93] through the whole-genome resequencing of
472 Vitis accessions. This gene is essential for cyanide detoxi�cation and nitrogen recovery
from cyanogenic glycosides, thereby impacting both plant development and defence.

Finally, a group of genes related to auxin and ethylene signalling pathways, as well
as photoperiod-dependent processes such as �owering, distinguish group C2 from C3.
Auxin and ethylene, along with genes involved in their regulation (e.g., VAMP , KTEL) act
as the main stimuli in�uencing berry development, as well as phytochrome-mediated light
perception [94–96]. Berry size and ripening processes signi�cantly impact wine quality and
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production, which in turn have substantial economic implications. This likely in�uenced
the selection of these clones by growers in speci�c areas [97], as in the case of Apulia.

While the results obtained are promising, this work is biased by a methodological lim-
itation that should be addressed when developing a clonal sequencing protocol. Although
the GBS technique offers high sequencing coverage and robust variant calling, providing a
strong foundation for reliable data, sequencing multiple biological replicates are essential
for assessing the reproducibility and reliability of the sequencing process. Although clonal
material is genetically identical, technical variations in library preparation, sequencing, or
data analysis can introduce errors. Sequencing multiple replicates enables the assessment
of the consistency of genotype calls and helps identify and correct potential errors that
may occur during the experimental work�ow. Additionally, while a single clonal sample
can suf�ce for certain applications, including replicates enhances the statistical power
of the analysis and increases con�dence in the accuracy of genotype identi�cation. We
believe that the high coverage and rigorous quality control measures in place reduced
the likelihood of signi�cant errors in the sequencing data. However, we recognize that
incorporating replicates could improve the robustness of the clonal identi�cation protocol.
Unfortunately, we did not include biological replicates in our study, and we recognize that
this could pose a limitation. Soon, we plan to use Sanger sequencing of the relevant SNPs
to con�rm the robustness of the results obtained. This step will be crucial for validating
our �ndings and ensuring the accuracy of the identi�ed genetic markers. By performing
Sanger sequencing, we aim to provide a more detailed and reliable con�rmation of the
SNPs of interest, which will further strengthen the foundation for future genomic studies
and breeding applications.

4. Materials and Methods
4.1. Plant Material and Phenotyping

The germplasm under investigation was conserved in a well-established regional
ex situ gene bank managed by CRSFA-Centro Ricerca, Sperimentazione e Formazione
in Agricoltura “Basile Caramia” in Locorotondo (Bari) [ 98] with a planting density of
1.0 � 2.5 m, following standard agronomic practices. The 35 analysed clones originated
from various geographical locations in Apulia: 9 from the province of Bari, 22 from Taranto,
and 4 from Brindisi. The clones from Taranto were further categorized based on their
proximity to three towns, Mottola, Crispiano, and Manduria, which are ~74 km apart
(Figure 4). The clone identi�ers, sampling sites, provinces of origin, and geographical
coordinates (latitude and longitude) are listed in Table 2. All samples were con�rmed
to be clones of the PRIMITIVO variety using a set of SSR markers routinely employed
for grapevine genotyping: VVMD5, VVMD7, VVMD27, VVMD31, VVMD32, VVMS2,
VRZAG62, and VRZAG79.

Table 2. List of P RIMITIVO clones under study. For each clone, the identi�er, sampling site, and
province are reported. The national varietal register code for the registered/certi�ed clones (marked
with an asterisk) is provided in brackets.

Clone Identi�er Sampling Site Province Clone Identi�er Sampling Site Province

PR_46 * (UBA 55/A) Gioia del Colle BA PR_67 Manduria TA
PR_47 * (UBA 46/H) Gioia del Colle BA PR_69 Mottola TA
PR_48 * (UBA 47/A) Gioia del Colle BA PR_70 Mottola TA
PR_49 * (UBA 47/B) Bari BA PR_71 Mottola TA
PR_50 Torricella TA PR_72 Mottola TA
PR_51 Lizzano TA PR_73 Acquaviva delle Fonti BA
PR_52 Crispiano TA PR_74 * (CD Ta 7) Gioia del Colle BA
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Table 2. Cont.

Clone Identi�er Sampling Site Province Clone Identi�er Sampling Site Province

PR_53 Crispiano TA PR_75 Gioia del Colle BA
PR_54 * (CD Ta 19) Crispiano TA PR_76 Gioia del Colle BA
PR_55 Manduria TA PR_77 * (CD Ta 12) Mottola TA
PR_57 Manduria TA PR_78 Crispiano TA
PR_58 Manduria TA PR_79 Crispiano TA
PR_59 Manduria TA PR_80 Mottola TA
PR_60 Manduria TA PR_82 Mottola TA
PR_62 San Pancrazio Salentino BR PR_83 Mottola TA
PR_63 San Pancrazio Salentino BR PR_85 Manduria TA
PR_64 San Pancrazio Salentino BR PR_86 Alberobello BA
PR_65 * (E 210) San Pancrazio Salentino BR

 

Figure 4. A map of Apulian region in southern Italy showing the distribution of P RIMITIVO clones.
Dot symbols are assigned based on geographical coordinates reported in Table S1.

The clonal selection of the Primitivo cultivar began in the early 1970s and continued
until 1995 across various areas of the Apulia region. This process took place in vineyards
with plants of varying ages (ranging from a minimum of 35 years to over 60 years old) and
featuring diverse training systems (“alberello”, trellis, or “spalliera” and “tendone” system).
Over the past 15 years, among all the Primitivo selections conserved in the gene bank
and tested by ELISA for 7 viruses (Grapevine Virus A (GVA), Grapevine Virus B (GVB),
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Grapevine Leafroll associated Virus 1 (GLRaV-1), GLRaV-2, GLRaV-3, Grapevine Fanleaf
Virus (GFLV), and Grapevine Fleck Virus (GFkV), 35 promising clones were selected based
on their distinctive phenotypic, the main productive characteristics, and the absence of key
viruses that signi�cantly affect critical quantitative production parameters. The phenotypic
data summarized in Table S1 represent averages of measurements collected for these clones
over several years. The clones were transferred to a conservation �eld at different times
and monitored for the key production traits, including real fertility (number of bunches per
plant/number of buds, yield (kg/vine), number of bunches per plant, bunch weight (g),
berry weight (g), pruning wood weight (kg/vine), and the Ravaz index (yield/pruning
weight). Real fertility, bunch weight, and berry size/weight were speci�cally evaluated
due to their signi�cant impact on overall yield, grape quality, and bunch compactness,
which affects the susceptibility of grape clusters to rot. These data were used solely to
illustrate the phenotypic variability that formed the basis for selecting the 35 clones in
this study analysed at the genomic level. Among the samples, 8 clones were subsequently
registered over time as follows: one in 1992, three 1996, three in 2013, and one in 2020. The
clones resulted infected were submitted to sanitation treatments by meristem tip culture
eventually associated with thermotherapy on in vitro explants. After the sanitation, these
eight clones, according with the EU and Italian Certi�cation schemes and protocols, were
assessed for the absence of the 7 above-mentioned viruses plus the Arabis Mosaic Virus
(ArMV) by RT-PCR as well the lack of the main symptoms of viral diseases (infectious
degeneration, leafroll, rugose wood, rupestris stem pitting, Kober stem grooving, corky
bark, vein necrosis, �eck) was proved by graft indexing on 5 woody indicators. Finally,
the healthy vines underwent the necessary testing for registration in the Grapevine Italian
National Catalogue in accordance with Ministerial Decree n. 489243 30 September 2021
(Figure 5 and Table S1) [99,100].

 

�4

Figure 5. Bunches of the registered PRIMITIVO clones in the Italian Grapevine Varieties Catalogue.
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4.2. DNA Extraction, SNP Calling, Filtering, and Statistics

The methods described in Spadoni et al. [101] were utilized to extract and evaluate the
quality and quantity of the gDNA. Elshire Group Ltd. (Palmerston North, New Zealand)
performed GBS and SNP calling on 188 grapevine samples using the 12X.v2 version of
the Vitis vinifera PN40024 reference genome sequence (assembly GCA_000003745.2) in
2017, following the methodology described by Miazzi et al. [ 31]. The resulting raw VCF
�le included data from 188 grapevine accessions and contained 184,895 un�ltered SNPs.
Among these, half are Apulian, national, and international grapevine accessions, while the
other half consists of clones of Apulian varieties, including 35 P RIMITIVO clones. Some
of these accessions were analysed in Miazzi et al. [31] and Villano et al. [ 35], while the
remaining data are unpublished. For this study, 35 P RIMITIVO clones were extracted from
the original VCF �le and then subjected to a �ltering procedure using Golden Helix SNP
and Variation Suite (SVS) v.8.8.4 (Golden Helix Inc., Bozeman, MT, USA) with the following
parameters: minor allele frequency (MAF) < 5% and call rate > 20%.

VCFtools vs. 0.1.17 [102] was used to generate various statistics for the dataset under
investigation and to add gene annotations to the VCF �le. SNP density for each chro-
mosome was visualized using the Circle Manhattan Plot (CMplot) R package 4.5.1 [ 103].
The dataset was LD (linkage disequilibrium)-pruned (r 2 = 0.20) for population structure
analysis using SVS.

4.3. Identity-by-State and Linkage Disequilibrium Analysis

The �ltering procedure produced a high-quality SNP marker dataset, which was used
to calculate the pairwise identical-by-state (IBS) distance matrix among all clones using
SVS. Duplicated clones with an allele sharing rate � 99% were considered duplicates, and
only one of them was selected for downstream analysis. The Linkage Disequilibrium (LD)
Adjacent Pairs Analysis function in SVS was employed to compute the average LD decay,
predicted at the critical level of r 2 = 0.20.

4.4. Genetic Diversity and Population Structure

Genetic diversity was evaluated using multidimensional scaling (MDS) using TASSEL
v.5 [104], and a neighbour-joining tree with 1000 bootstrap replicates generated using
MEGA v.11 [105]. The resulting tree was visualized with FigTree v.1.4 [ 106].

In this study, we used ADMIXTURE v. 1.3.0 [ 107] to identify potential gene pools
within the P RIMITIVO clones. Although population analysis by ADMIXTURE is typically
employed for population structure analysis in large SNP datasets of unrelated individuals,
we opted to use it as a preliminary exploratory tool to investigate the overall genetic struc-
ture. This analysis provided an initial framework for understanding genetic differentiation,
which was then compared with more appropriate methods, such as neighbour-joining tree
and PCA, both of which account for relatedness among individuals.

We performed 10-fold cross-validation (CV) for sub-populations (K) ranging from
K = 1 to 10 with 1000 bootstrap replicates. The optimal K value was determined based on
CV scores. Individuals were assigned to a speci�c group if their membership coef�cient
(qi ) exceeded 0.90.

4.5. Divergent Loci Between Groups

To assess genomic divergence at individual loci between de�ned groups, we used the
population-based pairwise FST index [ 108], as detailed in Taranto et al. [109]. Divergent
loci with an FST � 0.50 were considered for intra-clonal analysis. Candidate genes were
identi�ed using grapevine gene annotations from the source [ 110]. The LD decay distance
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was employed to de�ne the region around each outlier marker, thus encompassing potential
QTLs or genes associated with agronomically important traits.

5. Conclusions
This study highlights the substantial clonal diversity within the P RIMITIVO grapevine

variety, offering important insights for viticulture, especially in the context of climate change
and shifting industry priorities. By employing genomic tools, particularly the GBS-based
approach, we identi�ed key clonal variations that could impact crucial traits such as yield,
berry quality, and stress resilience. Genetic analysis revealed distinct clusters of PRIMITIVO

clones, closely associated with environmental factors and historical selection practices.
These �ndings underscore the potential of genomic diversity to guide the selection of
clones better suited to speci�c growing conditions, thereby improving both environmental
sustainability and grape quality.

The study further demonstrates that genomic techniques, which facilitate a compre-
hensive exploration and utilization of intra-clonal genetic diversity, can greatly enhance the
conservation, propagation, and effective use of grapevine germplasm. These advancements
are particularly relevant for promoting climate-smart viticulture in Apulia. The genomic
insights highlight the unique potential of each clone and provide valuable guidance for
shaping future conservation and selection strategies for P RIMITIVO clones, with far-reaching
implications for the advancement of grapevine cultivation and genetic improvement.

Moreover, by integrating environmental data with genomic and future metabolomic
analyses, we expect to gain a more comprehensive understanding of the molecular mecha-
nisms driving the effects of terroir.

While the findings of this study are promising, several meth odological limitations—such
as the need for biological replicates to enhance sequencing robustness—should be ad-
dressed in future research to re�ne clonal sequencing protocols and further validate
the results.

Supplementary Materials: The following supporting information can be downloaded at https://

www.mdpi.com/article/10.3390/plants14030437/s1 . Figure S1: Bar charts showing mean depth

per the 188 grapevines, including the 35 clones of Primitivo; Figure S2: Scatter plot showing the

decay of linkage disequilibrium (r 2 = 0.20) calculated for PRIMITIVO clone germplasm; Figure S3:

Cross-validation error estimates for each value of K (i.e., number of sub-populations) tested; Table S1:
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Study of the genetic diversity of five grape varieties that 1 

characterize the Apulian wine scenario 2 

 3 

�$�E�V�W�U�D�F�W 4 

The Apulian wine industry, a cornerstone of Italian viticulture, benefits from the great genetic 5 

diversity of local grape varieties that are closely linked to the traditional and cultural heritage of 6 

Apulian landscape. The aim of this study is to investigate the genomic diversity of five representative 7 

Apulian grape varieties, NEGRAMARO, MALVASIA NERA, PRIMITIVO , MINUTOLO BIANCO, and UVA 8 

DI TROIA - using genotyping-by-sequencing. By analysing 59,183 high-quality single nucleotide 9 

polymorphism (SNP) markers across 75 clones, we were able to detect significant genetic variation 10 

within and between varieties. The results highlighted divergent loci associated with genes crucial for 11 

secondary metabolism, stress resilience, and berry quality traits. Key genes identified in this study 12 

include WRKY transcription factors, MYB regulators, and enzymes such as glycosyltransferases and 13 

O-methyltransferases, all of which play an important role in the biosynthesis of secondary metabolites 14 

that influence wine flavour, aroma, and pigmentation. Additionally, six SNP loci were validated for 15 

varietal discrimination by PCR amplification and Sanger sequencing, confirming their potential for 16 

traceability. These results provide a solid genomic foundation for the development of targeted 17 

breeding programs to enhance the quality, traceability, and resilience of Apulian wines in the face of 18 

changing �F�R�Q�V�X�P�H�U�¶�V�� �S�U�H�I�H�U�H�Q�F�H�V���� �P�D�U�N�H�W�� �D�Q�G��climatic conditions. This study emphasizes the 19 

importance of conserving local vine germplasm as a vital genetic resource for sustainable wine 20 

production, while also supporting the competitive positioning of Apulian wines in national and 21 

international markets. Taking advantage of advanced genomic tools, our research paves the way for 22 

future innovations in viticulture and oenology, ensuring the preservation and valorisation of Apulia's 23 

rich wine heritage. 24 

 25 

Keywords: Climate change, single nucleotide polymorphism (SNP) markers, outlier SNPs, varietal 26 

discrimination, traceability 27 

1. �,�Q�W�U�R�G�X�F�W�L�R�Q 28 

Grapevine (Vitis vinifera L.) is one of the most important tree crops worldwide, characterized by 29 

extensive genetic diversity resulting from its long history of cultivation and adaptation to diverse 30 

environmental conditions (Dong et al., 2023; Marrano et al., 2018). In Italy, historical migrations 31 

�0�D�Q�X�V�F�U�L�S�W�����Z�L�W�K�R�X�W���$�X�W�K�R�U���'�H�W�D�L�O�V�� �&�O�L�F�N���K�H�U�H���W�R���Y�L�H�Z���O�L�Q�N�H�G���5�H�I�H�U�H�Q�F�H�V



have introduced a vast array of allochthonous plant material, further enriching the genetic landscape 32 

of native varieties. As a result, the Country boasts remarkable diversity, with over 650 wine grape 33 

varieties registered in the National Register of Vine Varieties and 1,774 officially recognized clones 34 

���³�Z�Z�Z���F�D�W�D�O�R�J�R�Y�L�W�L���S�R�O�L�W�L�F�K�H�D�J�U�L�F�R�O�H���L�W���F�D�W�D�O�R�J�R���S�K�S�´������������. 35 

Apulia is a prominent Italian wine region, encompassing 95,025 hectares of vineyards and yielding 36 

13,578,500 tonnes of grapes in 2023 ���³�K�W�W�S�������G�D�W�L���L�V�W�D�W���L�W���,�Q�G�H�[���D�V�S�[�"�4�X�H�U�\�,�G� �����������	�O�D�Q�J� �H�Q���´��37 

2024). Its diverse landscapes and climate conditions, allowed the adaptation of grape varieties to 38 

distinct local conditions (Seccia and Santeramo, 2018). The �L�Q�W�H�U�S�O�D�\�� �E�H�W�Z�H�H�Q���W�K�H���U�H�J�L�R�Q�¶�V unique 39 

physical and biological environment and traditional agricultural practices imparts distinctive qualities 40 

to its wines, contributing  to the success of the Apulian wines (Alba et al., 2024; Gentilesco et al., 41 

2023). In recent years, Apulia has experienced significant valorisation and enhancement of its wine 42 

production, leading to greater recognition and appreciation in both national and international markets. 43 

Apulian wines produced from the NEGRAMARO, PRIMITIVO , and UVA DI TROIA grape varieties rank 44 

among the most widely produced and exported Italian wines. These varieties originate from different 45 

areas of the region: NEGRAMARO from the South, PRIMITIVO  from the central zones, and UVA DI 46 

TROIA from the North. They play a key role in the production of several QWPSR (Quality wines 47 

produced in specified regions), both DOC (Controlled Designation of Origin) or PDO, and IGT 48 

(Typical Geographical Indication) or PGI wines (Gentilesco et al., 2023; Tarricone et al., 2014).  49 

The PRIMITIVO  grape variety has undergone significant evolution, transitioning from a blending wine 50 

used to enhance weaker product of other countries or regions to a distinguished variety for 51 

monovarietal regional PDO. Originally recognized and cultivated in Gioia del Colle (BA), Apulia, as 52 

an early-ripening valuable variety in the late 18th century, PRIMITIVO  has since spread globally. It is 53 

known as ZINFANDEL in the U.S., PRIBIDRAG/TRIBIDRAG/CRLJENAK K�$�â�7�(�/�$�1�6�.�, in Croatia and 54 

Kratosjia in Montenegro (Marinov et al., 2024). Genetic studies revealed a strong connection between 55 

PRIMITIVO  and other varieties like PLAVAC MALI  and D�2�%�5�,�ý�,�û (Calò et al., 2008; Maras et al., 2004) 56 

�D�O�W�K�R�X�J�K���W�K�H���U�H�F�H�Q�W���V�W�X�G�\���R�I���0�D�U�L�Q�R�Y���H�W���D�O�������������������H�[�F�O�X�G�H�V���W�K�D�W���µ�3�O�D�Y�D�F���0�D�O�L�¶���L�V���W�K�H���R�I�I�V�S�U�L�Q�J���R�I���W�K�H��57 



cross between PRIMITIVO  and D�2�%�5�,�ý�,�û. While evidence of clonal divergence suggests their 58 

independent geographical and temporal evolution. 59 

NEGRAMARO, a red grape variety, originates from southeastern Apulia, produces wines with a deep 60 

red colour and a well-balanced aromatic profile. Traditionally, it is blended with other grape varieties 61 

to produce 14 Apulian PDO wines (Marzano et al., 2016). 62 

UVA DI TROIA is native to the northern region of Apulia and has gained increasing recognition in 63 

recent years for its ability to produce wines of exceptional quality. This grape variety, known for its 64 

rich polyphenol content and intense ruby red colour, is the result of a natural cross between BOMBINO 65 

BIANCO and QUAGLIANO  (also known as BOUTEILLAN), a variety once widely cultivated in northern 66 

Apulia (Lacombe et al., 2013). At present, UVA DI TROIA is authorized for use in several PDO wines 67 

and, like PRIMITIVO  and NEGROAMARO, is included in all six regional PGIs: Puglia, Daunia, Murgia, 68 

Salento, Tarantino, and Valle d'Itria  (https://www.regione.puglia.it/web/produzioni-di-qualita/vini-69 

igp). 70 

The black grape variety MALVASIA NERA is widely cultivated in the southern part of  Apulia, mainly 71 

mixed with Negramaro to produce important PDOs of Salento, known with the two local names 72 

MALVASIA NERA DI BRINDISI and MALVASIA NERA DI LECCE; according to Crespan et al. (2008), 73 

these are synonymous and have emerged from the crossbreeding of the aromatic MALVASIA BIANCA 74 

LUNGA (also known as MALVASIA DEL CHIANTI ) with NEGROAMARO. 75 

MINUTOLO BIANCO, an aromatic grape variety cultivated in southern Italy since the 1200s, is 76 

recognized for its yellow pulp, elliptical shape, and medium-small size. These characteristics 77 

contribute to MINUTOLO wines' the distinctive floral aromas. Traditionally grown in the Itria Valley, 78 

a territory known for its calcareous and clay soils, the variety benefits from enhanced aromatic 79 

complexity. For many years, MINUTOLO was believed to be related to FIANO BIANCO typical of the 80 

Campania region, often referred to as FIANO AROMATIC, FIANELLO , or FIANO MINUTOLO. However, 81 

studies, confirmed its true genetic relationship with MOSCATO BIANCO and MOSCATO DI 82 

ALESSANDRIA ���'�¶�$�J�D�W�D�����������������5�X�I�I�D���H�W���D�O����������������. 83 



The use of single nucleotide polymorphism (SNP) markers generated by Next Generation Sequencing 84 

(NGS) technologies has provided high-throughput and cost-effective approach for characterizing 85 

genetic variation. This data uncovers patterns of allele variability and identifies key genomic regions 86 

associated with complex traits, enhancing breeding accuracy and efficiency (Kumar et al., 2024; 87 

Prasad et al., 2024). Fully annotated, complete reference genomes (Zhou et al., 2019; Massonnet et 88 

al., 2020; Vondras et al., 2021; Minio et al., 2022; Navarro-Payá et al., 2022; Shi et al., 2023) enable 89 

the identification and mapping of allelic variants in understudied varieties, which represent an 90 

untapped reservoir of alleles potentially valuable for breeding. These rare alleles could be useful for 91 

traceability, maintaining typicality, and preserving varietal identity (Bianchi et al., 2020; Di Rienzo 92 

et al., 2021; Kaya et al., 2023; Miazzi et al., 2020). However, few studies have investigated genetic 93 

variability within Apulian varieties (Meneghetti et al., 2012; Miazzi et al., 2020; Villano et al., 2023; 94 

Montemurro et al., 2024; Procino et al., 2025). Therefore, studying both intra- and inter-varietal 95 

genetic diversity is a crucial first step in developing a panel of SNP markers that can be used for both 96 

variety discrimination and wine traceability (Sion et al., 2021).  97 

Preserving local viticultural biodiversity characterized by unique quality traits and a strong territorial 98 

identity has become an asset for wineries seeking to expand their market opportunities. The quality 99 

of grape berries for winemaking is determined by complex and dynamic interactions between the 100 

plant and its environment. Climate change and in particular global warming is increasingly impacting 101 

the traditional wine-producing regions, altering grapevine physiology and biochemistry and, in turn, 102 

affecting berry quality. Identifying the genomic regions and key genes that regulate these traits is 103 

crucial for developing sustainable strategies to help growers to navigate the challenges posed by the 104 

unpredictable climatic conditions (Droulia and Charalampopoulos, 2021). 105 

With this in mind, we assessed the genomic variability both within and among five Apulian grapevine 106 

varieties (NEGRAMARO, MALVASIA NERA, PRIMITIVO , M INUTOLO BIANCO, and UVA DI TROIA) using 107 

the genotyping-by-sequencing (GBS) approach. The specific objectives of the study were: i) to 108 

explore clonal variability within each variety, ii) to explore inter-varietal genetic variation, iii) to 109 



identify putative divergent loci/genes between varieties that could be responsible for morpho-110 

qualitative traits relevant to breeding purposes, and iv) to validate unique allelic variants for each 111 

variety, enabling improved varietal discrimination, identification, and traceability. 112 

2. �0�D�W�H�U�L�D�O�V���D�Q�G���P�H�W�K�R�G�V 113 

2.1 Plant Material 114 
 115 

The genetic material consists of five grapevine varieties cultivated in different areas of Apulia: 116 

MALVASIA NERA (MN, 8 clones), NEGRAMARO (NE, 16 clones), UVA DI TROIA (UT, 13 clones), 117 

MINUTOLO BIANCO (MI, 5 clones), and PRIMITIVO  (PR, 33 clones) (Figure 1, Table S1). The clones, 118 

identified during a long-�O�D�V�W�L�Q�J���F�O�R�Q�D�O���D�Q�G���V�D�Q�L�W�D�U�\���V�H�O�H�F�W�L�R�Q���S�U�R�J�U�D�P���V�W�D�U�W�H�G���L�Q���W�K�H���µ�����V�� were grown 119 

in the Regional ex situ conservation Center at the CRSFA - Centro Ricerca, Sperimentazione e 120 

�)�R�U�P�D�]�L�R�Q�H���L�Q���$�J�U�L�F�R�O�W�X�U�D���µ�%�D�V�L�O�H���&�D�U�D�P�L�D�¶���L�Q���/�R�F�R�U�R�W�R�Q�G�R�����%�D�U�L�������Z�L�W�K���D���S�O�D�Q�W�L�Q�J���G�H�Q�V�L�W�\���R�I�����������î��121 

2.5 m, following standard agronomic practices. All samples were confirmed as clones of the five 122 

varieties using a set of SSR markers, as described by Montemurro et al. (2024), and their  sanitary 123 

status was assessed , according to the procedure outlined in Procino et al. (2025). 124 



 125 

Figure 1. A map of southern Italy indicating the collection sites of the five grapevine cultivars studied in this 126 
research, located within the Apulia region. 127 

 128 

2.2 �'�1�$���H�[�W�U�D�F�W�L�R�Q�����6�1�3���F�D�O�O�L�Q�J�����I�L�O�W�H�U�L�Q�J�����D�Q�G���V�W�D�W�L�V�W�L�F�V 129 

DNA extraction was performed according to Spadoni et al. (2019). GBS and SNP calling were 130 

performed by Elshire Group Ltd. (https://www.elshiregroup.co.nz/) using the 12X.v2 version of the 131 

Vitis vinifera PN40024 reference genome sequence (NCBI genome GCA_000003745.2) , as detailed 132 

by Miazzi et al. (2020). The raw VCF file included data from 188 grapevine accessions and 184,895 133 

unfiltered SNPs. Some of these accessions were analysed in Miazzi et al. (2020), Villano et al. (2023) 134 

and Procino et al. (2025), while the remaining data are unpublished. For this study, 8 clones of 135 

MALVASIA NERA,16 of NEGRAMARO, 13 of UVA DI TROIA, 5 of MINUTOLO BIANCO, and 33 of 136 

PRIMITIVO  (PR, 33 clones) were extracted from the original VCF file and then subjected to a filtering 137 

procedure using the Golden Helix SNP and Variation Suite (SVS) v.8.8.4 (Golden Helix Inc., 138 

Bozeman, MT, USA) with a minor allele frequency (MAF) threshold of < 5%, and call rate > 20%. 139 

Various statistics were generated using VCFtools v.0.1.17 (Danecek et al., 2011), which also added 140 

gene annotations to the VCF file.  141 



2.3 Identity-by-state, linkage disequilibrium and population structure analysis 142 
 143 

The filtering process resulted in high-quality SNP marker datasets, which were used to calculate 144 

the pairwise identity-by-state (IBS) distance matrix between all clones using SVS. Duplicated 145 

individuals were identified based on �D�� �S�H�U�F�H�Q�W�D�J�H�� �R�I�� �V�K�D�U�H�G�� �D�O�O�H�O�H�V�� �• 0.95. The average decay of 146 

linkage disequilibrium (LD) across the entire collection was calculate using TASSEL v. 5.2.94 147 

(Bradbury et al., 2007) with a sliding window of 50 SNPs and a MAF threshold of 0.05, at the critical 148 

r² level of 0.20, as described by Remington et al. (2001).  149 

Genetic structure was assessed via Principal Components Analysis (PCA) using TASSEL. The 150 

genetic relationships among individuals were determined using a Neighbour-Joining tree with 1,000 151 

bootstrap replicates using MEGA XI (Tamura et al., 2021). The resulting trees were visualized using 152 

FigTree v.1.4 (Rambaut, 2014). The average observed heterozygosity (Ho) for each variety was 153 

calculated as follow:  154 

Hoi = nHi 155 
m 156 

where nHi is the number of heterozygous genotypes for each individual i, and m is the number of total 157 

markers. Pairwise genetic distances between sub-populations were estimated using Weir and 158 

�&�R�F�N�H�U�K�D�P�¶�V���D�Y�H�U�D�J�H fixation index (FST), implemented in SVS v.8.4.0. 159 

 160 

2.4 Identifying candidate genes in divergent genomic regions 161 
 162 

To assess the contribution of genomic divergence at individual loci in distinguishing the five 163 

grapevine varieties, we applied the population-based pairwise FST (Weir and Cockerham, 1984), 164 

following the approach outlined by Taranto et al. (2022). Only loci with an FST value of 1, indicating 165 

complete divergence, were considered for identifying candidate genes. Gene annotations were 166 

obtained from the URGI platform (https://urgi.versailles.inra.fr/Platform). The LD decay distance 167 

was used to define the size of regions containing each divergent marker, thus encompassing potential 168 

quantitative trait loci (QTLs) or genes influencing agronomically important traits. functional 169 



information for these genes was retrieved through a BLAST search against the Vitis vinifera genome 170 

(GCA_000003745.2). SNP impacts on gene sequences were evaluated using SnpEff (Cingolani et al., 171 

2012), with default settings applied.  172 

The in-silico validation of the SNP effect was performed using BLASTx alignments (Altschul et al., 173 

1997). 174 

 175 
2.5 SNP validation 176 

 177 
Based on divergent loci with FST = 1, six SNP markers capable of discriminating among the five 178 

grapevine varieties were selected for validation thorough PCR amplification and Sanger sequencing 179 

(Eurofins Sanger Sequencing Services, Cologne, Germany). A genomic region of approximately 500 180 

nucleotides flanking each SNP locus was extracted, and primer design was guided using Primer3Plus 181 

���³�K�W�W�S�V�������Z�Z�Z���S�U�L�P�H�U���S�O�X�V���F�R�P�����´������������. 182 

3. �5�H�V�X�O�W�V 183 

3.1 GBS-derived SNP markers  184 
 185 

The analysed dataset comprised 75 clones, as detailed in Material and Methods, along with 186 

184,895 unfiltered SNPs. After filtering, 59,183 183 high-quality SNP markers, distributed across the 187 

19 chromosomes were retained (Table S2). These SNPs were used for downstream analysis. 188 

Chromosomes 5 (4,146 SNPs) and 14 (3,785 SNPs) had the largest number of SNPs, while 189 

chromosomes 2 (2,224 SNPs) and 17 (1,862 SNPs) had the fewest.  190 

The average SNP density across all chromosomes was ~2,900. Of the total SNPs, 63.3% were 191 

transitions (Ts) and 36.7% were transversions (Tv), yielding a Ts/Tv ratio of 1.7 (Table S3). The most 192 

common �V�X�E�V�W�L�W�X�W�L�R�Q���Z�D�V���$�:�*����������������, while �W�K�H���O�H�D�V�W���I�U�H�T�X�H�Q�W���Z�D�V���&�:�*��������������������Based on the 193 

genomic coordinates of grapevine gene models, 28,475 (48.2%) SNPs were in genic regions, and 194 

30,713 (51.8%) in intergenic regions. Of the genic SNPs 13,265 (22.4%) were found within annotated 195 

exons, affecting a total of 13,175 genes.  196 

 197 



3.2 Dissecting the genetic structure of the population 198 
 199 
No duplicate clones were detected based on the pairwise IBS distance within and between varieties. 200 

The intra-chromosomal LD decay showed a mean value of 110 kb (Figure 2A). The average of 201 

heterozygosity calculated for each variety was higher in NEGRAMARO (0.37), PRIMITIVO  (0.33) and 202 

UVA DI TROIA UT (0.30) than MALVASIA NERA (0.26) and MINUTOLO BIANCO (0.23). 203 

PCA was used to assess the population structure (Figure 2B). The first two principal components 204 

explained approximately 49% of the variance, with 31% for PC1 and 18% for PC2. PCA revealed 205 

high variability among the five varieties and relatively low variability within clones of each variety. 206 

Clones of UVA DI TROIA and MINUTOLO BIANCO were clustered in the II quadrant, while clones of 207 

MALVASIA NERA and NEGRAMARO were grouped in the III quadrant. All PRIMITIVO  clones were 208 

positioned in the IV quadrant. Notably, one clone of MALVASIA NERA (namely MN_127) clustered 209 

closed to the MINUTOLO BIANCO clones.  210 

The Neighbour-Joining tree corroborated the PCA results, revealing the presence of three main 211 

clusters (Figure 2C). Cluster I consisted of PRIMITIVO  clones, cluster II grouped NEGRAMARO and 212 

MALVASIA NERA, while the third cluster includes MINUTOLO BIANCO and UVA DI TROIA. The 213 

MN_127 clone formed a distinct clade, closely related to the node grouping NEGRAMARO and 214 

MALVASIA NERA. To assess sub-population differentiation, we calculated FST values between the five 215 

varieties. Strong differentiation was observed in all comparisons, with the highest FST value of 0.41 216 

between MALVASIA NERA and UVA DI TROIA and the lowest FST value of 0.27 between NEGRAMARO 217 

and MALVASIA NERA (Figure 2D). 218 

 219 



 220 

Figure 2. A) LD decay calculated on the entire grapevine collection. B) PCA plot and C) Neighbour-Joining 221 
tree based on 75 clones and 59,183 SNPs. D) Genetic distance between the five varieties assessed using the 222 
fixation index (FST). PR = PRIMITIVO ; MN = MALVASIA NERA; MI = M INUTOLO; UT = UVA DI TROIA; 223 
NE = NEGRAMARO. 224 
 225 

3.3 Molecular signatures of divergence 226 
 227 

A total of 59,183 SNPs were analysed to identify molecular signatures of divergence. The FST 228 

was calculated for each individual SNPs, with a significance threshold set �D�W�� �•������ �7�K�H�� �D�Q�D�O�\�V�L�V��229 

identified 8,373 divergent SNPs across ten comparisons (Figure 3), distributed throughout all 19 230 

chromosomes (including the unknown chromosome) of the Vitis vinifera genome. Of these, 5,363 231 

were non-redundant between comparisons (Table S4). Among the divergent SNPs, 1,785 were in 232 

genes, with 887 found in untranslated regions (UTRs), 518 in introns, and 380 in the coding sequences 233 

(CDS).  234 



Overall, this analysis revealed that PRIMITIVO  exhibited the lowest number of molecular signatures 235 

(N. = 1,979) compared to the other four grapevine varieties, while MINUTOLO BIANCO and UVA DI 236 

TROIA showed the largest number (N. = 5,306 and N. = 4,485). The fewest divergent loci were 237 

observed in the comparisons between NEGRAMARO with PRIMITIVO  (N. = 105) and between 238 

NEGRAMARO and MALVASIA NERA (N. = 260).  239 

Six divergent loci were selected to identify unique SNP markers for each of the five varieties and 240 

were validated through Sanger sequencing. All polymorphisms were confirmed, indicating that the 241 

combination of these 6 SNP markers is effective for discriminating among the five varieties (Table 242 

S5, Supplementary file S1). 243 

 244 

Figure 3. Venn diagrams illustrating the number of divergent loci (FST = 1) among the five grapevine varieties 245 
PR = PRIMITIVO ; MN = MALVASIA NERA; MI = MINUTOLO; UT = UVA DI TROIA; NE = NEGRAMARO. 246 

 247 

The panel of 5,363 SNPs was analysed using SnpEff, which identified 1,785 variants affecting the 248 

genes (Figure S1). Of these, 51.65% (922) were in exons, with 76.7% (N. = 707) of these being 249 

synonymous variants and 23.32% (N. = 215) non-synonymous variants. Annotation analysis revealed 250 

that thirteen divergent loci with FST = 1 had variants classified as "HIGH" impact, suggesting a 251 



significant effect on gene function or protein structure (Table 1, Figure 4). Among these SNPs, seven 252 

had a stop gained effect, four were splice acceptor variants, and two were stop lost variants. The 253 

variants with a stop gained effect were found within the MEDIATOR OF RNA POLYMERASE II 254 

TRANSCRIPTION SUBUNIT on chromosome 15, AT5G42310-LIKE on chromosome 18, ARMADILLO BETA-255 

CATENIN-LIKE REPEAT-CONTAINING PROTEIN, on chromosome 19, HYDROXYPHENYLPYRUVATE 256 

DIOXYGENASE (HPPD) gene on chromosome 2, and the CALCIUM ION BINDING and CALCIUM-257 

TRANSPORTING ATPASE CHLOROPLASTIC genes on chromosomes 6 and 19, respectively.  258 



 259 

Figure 4. The overall impact of the SnpEff tool. A) Percentage contribution of single-nucleotide 260 
polymorphisms (SNPs) in high, low, moderate and modifier types of effects. Detailed percentage sub-261 
classification of B) high, C) low, D) moderate and E) modifier groups. In brackets the number of SNPs 262 
identified in each effect. 263 

The Supplementary figure S1 presents BLASTx alignments comparing the nucleotide sequences 264 

containing the SNP to the original protein sequences of three genes: VIT_202s0012g01990, 265 

VIT_206s0004g00600, and VIT_219s0002g00042. The pairwise alignments confirm the predicted 266 

changes in the protein sequences caused by the nucleotide modification. Additional candidate genes 267 

were identified based on divergent loci with FST = 1, located within the genes or their proximal 268 



regions, as inferred from LD decay analysis (Table S6). Six outlier SNPs, identified in comparisons 269 

between M INUTOLO BIANCO vs the other varieties, fall within genes involved in regulating plant 270 

growth and development, including gibberellin and mycorrhizal signalling, as well as responses to 271 

abiotic and biotic stresses. These genes include GROWTH-REGULATING FACTOR (VIT_215s0048g01740, 272 

GRF), APETALA2/ETHYLENE RESPONSE FACTORS (VIT_216s0013g00890, AP2/ERFs), ETHYLENE-273 

RESPONSIVE TRANSCRIPTION FACTOR 5 (VIT_216s0013g01050), and GRAS FAMILY TRANSCRIPTION 274 

FACTOR (VIT_208s0007g00510, VIT_213s0019g01780). Six loci, divergent between UVA DI TROIA 275 

and the other four varieties, were all in the VvGAI1�±1 (VIT_214s0068g01610) gene. In addition, a 276 

GIBBERELLIN (GA)-REGULATED PROTEIN 2 PRECURSOR (VIT_218s0072g01120) was divergent between 277 

UVA DI TROIA and MALVASIA NERA and NEGRAMARO. Numerous divergent loci identified WRKY 278 

transcription factors and SAUR (small auxin upregulated RNA) genes, which are distributed across 279 

several chromosomes.  280 

Several genes associated with secondary metabolism were also found. Among these, 281 

GLYCOSYLTRANSFERASES (GTSs) genes (VIT_202s0033g00240; VIT_204s0023g02510; 282 

VIT_205s0062g00270 etc.) are involved in the glycosylation of secondary metabolites, while the O-283 

METHYLTRANSFERASE (OMT; VIT_210s0003g00440, gene is involved in flavonoid decoration.  284 

Other relevant divergent genes were involved in the production of secondary metabolites such as the 285 

family of the GLUTATHIONE S-TRANSFERASE (GST, VIT_201s0026g01330; VIT_201s0026g01340; 286 

VIT_201s0026g01370) which play a critical role in fruit pigmentation. Additionally, GLUTATHIONE 287 

PEROXIDASES (GPXs, VIT_202s0025g03610; VIT_202s0025g03620) are involved in the transport of 288 

anthocyanins and flavonoid. Several MYB TRANSCRIPTION FACTOR genes (e.g., 289 

VIT_201s0011g03110; VIT_201s0011g03730; VIT_201s0026g01050) were identified as divergent 290 

among the analysed varieties.  291 

 292 

Table 1. List of genes containing divergent SNPs (FST =1) that are predicted to have a significant effect (HIGH 293 

impact) on gene function or protein structure. 294 



Chr SNP 
position Gene ID Gene 

start Gene End Gene Function Comparison Variant effect 

2 8634201 VIT_202s0012g01990 8633024 8634459 
4-
hydroxyphenylpyru
vate dioxygenase 

PR vs NE stop_gained| 
c.235C>T|p.Gln79* 

3 9286731 VIT_203s0088g01050 9270890 9287382 ll-diaminopimelate 
aminotransferase MI vs UT stop_gained| 

c.461G>A|p.Trp154* 

4 183565 VIT_204s0008g00260 183115 183936 amino acid MN vs MI 
splice_donor_variant
&intron_variant | 
c.273+1A>G 

4 22943741 VIT_204s0044g01395 22934239 22945853 swim zinc finger-
like protein MI vs UT 

splice_donor_variant
&intron_variant| 
c.1208+2C>T 

5 21880163 VIT_205s0102g00060 21880043 21882648 
ankyrin repeat-
containing protein 
at3g12360-like 

PR vs MI 
splice_donor_variant
&intron_variant| 
c.619+1G>A 

6 766380 VIT_206s0004g00600 765088 767737 calcium ion binding 
protein UT vs MI stop_gained| 

c.1122T>G|p.Tyr374* 

8 14728017 VIT_208s0007g00420 14724285 14728537 protein kinase NE vs MI stop_lost|c.1216T>A| 
p.Ter406Lysext* 

13 3740818 VIT_213s0019g02490 3740333 3756703 
uncharacterized 
protein 
loc100259879 

NE vs UT stop_lost|c.2961A>T| 
p.Ter987Cysext* 

15 20140123 VIT_215s0046g03620 20139683 20144426 
mediator of rna 
polymerase ii 
transcription subunit 

PR vs MI 
stop_gained|c.2116G>
T| 
p.Gly706* 

17 2884982 VIT_217s0000g03060 2882518 2889082 
pentatricopeptide 
repeat-containing 
protein 

MN vs MI 
splice_acceptor_varia
nt&intron_variant| 
c.*529-1A>G 

18 15161094 VIT_218s0076g00100 15159481 15161375 at5g42310-like 
partial UT vs MI 

stop_gained|c.601C>
T| 
p.Gln201* 

19 7844035 VIT_219s0090g01800 7842956 7844371 
armadillo beta-
catenin-like repeat-
containing protein 

NE vs MI 
stop_gained|c.1116T>
A| 
p.Tyr372* 

19 18219189 VIT_219s0027g00042 18219094 18221860 
calcium-
transporting atpase 
chloroplastic-like 

UT vs MI 
stop_gained|c.1228C>
T| 
p.Gln410* 

 295 

4. �'�L�V�F�X�V�V�L�R�Q 296 

The International Organization of Vine and Wine (OIV) recognizes the importance of preserving  297 

�Z�R�U�O�G�¶�V��grapevine heritage through intra-varietal diversity assessment and polyclonal selection, as 298 

outlined in the �³�5�(�6�2�/�8�7�,�2�1���2�,�9���9�,�7�,�������������������´ and �³�5�(�6�2�/�8�7�,�2�1���2�,�9-VITI 564B-��������� .́ 299 

The protection of local grape biodiversity is increasingly considered as a strategic advantage for 300 



producers, especially given the impact of climate change on grapevine physiology and berry quality 301 

(Bacilieri et al., 2013; Lózsa et al., 2015). The identification of key genomic regions and genes that 302 

regulate these traits can support the development of sustainable viticultural practices (Piarulli et al., 303 

2024). This is particularly relevant for Apulian grape varieties such as PRIMITIVO , NEGRAMARO, and 304 

UVA DI TROIA, which play an important role in the region's wine production (Fanelli et al., 2021; Riaz 305 

et al., 2018). Additionally, local policies are encouraging the cultivation of other varieties such as 306 

MINUTOLO and MALVASIA NERA, valued for their contribution to fruity and aromatic wines, and 307 

recently also considered for the preparation of sparkling wines (Capozzi et al., 2022; Fanelli et al., 308 

2019).  309 

Building on previous studies that focused on analysing intra-clonal genomic diversity in the 310 

PRIMITIVO , UVA DI TROIA, MINUTOLO BIANCO, and MALVASIA NERA varieties (Villano et al., 2023; 311 

Procino et al., 2025), this study aimed to: i) comprehensively investigate inter-varietal genetic 312 

differences, ii) identify key genes responsible for variations in major morpho-agronomic and 313 

qualitative traits, and iii) develop a reliable set of SNP markers for accurate varietal discrimination.  314 

To better understand the genetic diversity of the studied varieties, it was essential to examine their 315 

origin and ancestry. IBS and genetic diversity analyses confirmed a high degree of clonal variability 316 

across all five varieties. Inter-varietal comparisons revealed significant genetic divergence, with 317 

MALVASIA NERA displaying the lowest differentiation from NEGRAMARO and the greatest from UVA 318 

DI TROIA. The genetic proximity between MALVASIA NERA and NEGRAMARO likely reflects 319 

NEGRAMARO�¶�V���S�U�H�V�H�Q�F�H in MALVASIA NERA�¶s pedigree (De Lorenzis et al., 2019).  320 

PRIMITIVO  and NEGRAMARO were found to have high heterozygosity and a lower number of divergent 321 

loci compared to MINUTOLO BIANCO and MALVASIA NERA. These results could be due to greater 322 

intra-clonal variability as previously reported by Villano et al. (2023) and Procino et al. (2025) for 323 

the same varieties. As two of the most important grape varieties in Apulia, PRIMITIVO  and 324 

NEGRAMARO have undergone extensive selection programs targeting genomic regions associated 325 



with wine-quality traits. This has resulted in a great number of accessions/clones and increased intra-326 

varietal variability following the accumulation and fixation of somatic mutations in a heterozygous 327 

state through clonal propagation, as shown by Vondras et al. (2019) in Zinfandel. Indeed, PRIMITIVO  328 

and NEGRAMARO have a large number of clones widely distributed over the territory where they show 329 

phenotypic plasticity reflected in the genome by an increased variability. In contrast, MINUTOLO 330 

BIANCO and MALVASIA NERA exhibited lower overall heterozygosity and fewer differences between 331 

clones. The intra-varietal variability affects the vine�¶�V physiology and phenology and is crucial for 332 

adaptability and resilience to different environmental condition. Studies carried out on cv Malbec 333 

confirmed the effects of somatic mutations on shaping phenotypic diversity and adaptation capacity 334 

of Malbec variety (Calderón et al., 2021), and in Nebbiolo clones, single-nucleotide variants (SNVs) 335 

were found associated with genes involved in stress response and geographical origin of the 336 

accessions (Boccacci et al., 2020). The genetic variation underlying clonal differences in the old 337 

variety Chardonnay has also been proposed as a genetic marker for identifying specific clones for 338 

authenticity testing, or as breeding markers for new clonal selections (Roach et al., 2018). 339 

The variety UVA DI TROIA showed a significant genetic distance from the other Apulian varieties, and 340 

a high number of divergent loci, confirming the results of previous studies (Villano et al., 2023, 341 

Miazzi et al., 2020)�����7�K�L�V���G�L�I�I�H�U�H�Q�W�L�D�W�L�R�Q���F�R�X�O�G���E�H���G�X�H���W�R���W�K�H���)�U�H�Q�F�K���R�U�L�J�L�Q���R�I���W�K�L�V���Y�D�U�L�H�W�\�����'�¶�2�Q�R�I�U�L�R��342 

et al., 2021), and was referable in particular to two candidate genes (GA-REGULATED PROTEIN 2 343 

PRECURSOR and VvGAI1�±1) belonging to the DELLA subfamily within the GRAS family of plant 344 

regulatory proteins (Jaiswal et al., 2022; Tyler et al., 2004). These genes are involved into gibberellin 345 

(GA)-mediated regulatory networks during seed and berry development (Vargas et al., 2013; Wu et 346 

al., 2015; Wang et al., 2020). The VvGAI1�±1 gene (VIT_214s0068g01610) includes six SNPs that 347 

were divergent between UT and the other four varieties. Both VvGAI1 and GA- REGULATED PROTEIN 348 

2 PRECURSOR are associated with flowering time regulation, a crucial factor in plant adaptation. This 349 

regulatory mechanism enables vines to adjust to early or late frosts and seasonal temperature 350 



fluctuations. Such adaptability ensures optimal flowering and fruiting periods, ultimately improving  351 

ripening conditions (Van Leeuwen et al., 2019).  352 

A large number of divergent loci were also identified in the comparison between MINUTOLO and the 353 

other varieties, including genes related to APETALA2/ETHYLENE-RESPONSIVE FACTOR (AP2/ERF), ERF, 354 

Grass Family Transcription Factors, and growth-regulating factors (GRFs) families. These genes play 355 

key roles in regulating plant growth and development, particularly in hormone responses, root growth, 356 

and resistance to environmental stress. MINUTOLO is particularly known for the volatile compounds 357 

that define the unique aromatic profile of its wine. MINUTOLO is a terpenic variety closely related to 358 

MOSCATO BIANCO and MOSCATO DI ALESSANDRIA�����Z�K�L�F�K���E�H�O�R�Q�J���W�R���W�K�H���³�0�X�V�F�D�W���W�\�S�H�V�´���N�Q�R�Z�Q���I�R�U��359 

�W�K�H�L�U���K�L�J�K���O�H�Y�H�O�V���R�I���I�U�H�H���P�R�Q�R�W�H�U�S�H�Q�H�V�����!�����×�P�J���/����(Mateo and Jiménez, 2000), in contrast, PRIMITIVO  360 

and NEGRAMARO are non-aromatic varieties (Capone et al., 2013). The aroma profile plays a 361 

fundamental role in the sensory characteristics and consumer preferences of wine, and results from 362 

significant biochemical modifications, including esterification, hydrolysis, and redox reactions, all 363 

facilitated by enzymes (Baiano et al., 2015). The aromatic composition of grapes can change during 364 

ripening (Fenoll et al., 2009), with key aromatic compounds, such as terpenes and esters, largely 365 

derived from secondary metabolites, synthesized during flowering and fruit development. Studies 366 

have shown that the expression of specific genes involved in flowering is also associate with the 367 

production of these aromatic compounds (Carmona et al., 2008; Fenoll et al., 2012). The timing of 368 

flowering and the environmental conditions during this period can greatly influence the aromatic 369 

profile of the grapes, as the accumulation of aroma precursors is closely linked to fruit maturity (Sun 370 

et al., 2011; Ubeda and Cortiella, 2017).  371 

MINUTOLO showed divergent SNP loci also in other genes involved in the production of secondary 372 

metabolites that affect wine aroma, such as UGTs and OMTs.  373 

This was in agreement with the findings of Li et al. (2017) who found that monoterpenyl 374 

glycosyltransferases differentially contribute to the production of monoterpenyl glycosides typical of 375 

aromatic V. vinifera varieties.  376 



Despite their importance, there is limited data available in the literature on these Apulian grape 377 

varieties, and the focus is mainly on UVA DI TROIA, NEGRAMARO and PRIMITIVO . These varieties were 378 

studied in terms of bioactive compounds, wine aroma volatiles, and antioxidant properties, and to 379 

optimize production processes, ensuring traceability, or verifying the trueness to type Sabetta et al., 380 

2022). Fewer studies have been conducted on MALVASIA NERA, (Dinu et al., 2021; Morcia et al., 381 

2021; Pesavento et al., 2008; Pollon et al., 2019), and MINUTOLO, which only recently has been 382 

investigated for sparkling wine production and for evaluating the effects of the use of a non-383 

Saccharomyces starter on the chemical and sensory properties of wines (Fanelli et al., 2019; Capozzi 384 

et al., 2022; Paradiso et al., 2022).  385 

A more in-depth analysis of the functional significance of the genetic variations found in MINUTOLO 386 

compared to the other varieties will provide valuable insights into the regulation of biosynthetic 387 

pathways responsible for the synthesis and degradation of primary (e.g., sugars, amino acids, organic 388 

acids, etc.) and secondary metabolites (e.g., phenolic compounds, volatile flavour compounds, and 389 

their precursors) in grapes (Rienth et al., 2021).  390 

MINUTOLO and UVA DI TROIA were distinguished from the other varieties for SNPs in genes primarily 391 

related to plant growth, such as the WRKY transcription factors and SAUR genes. The first group is 392 

essential for plant development by regulating genes that respond to carbohydrates (such as sucrose, 393 

glucose, and fructose) and hormones (including abscisic acid and auxins) in many species, including 394 

grape where their expression varies across different stages of berry development (Huang et al., 2021). 395 

The SAUR genes form the largest family of early auxin response genes (Spartz et al., 2012) and 396 

regulate various aspects of plant growth by promoting cell elongation. In grapevine, several SAUR 397 

members are known to influence berry size, making them potential candidates for grape selection (Li 398 

et al., 2021).  399 

Finally, the MYB genes also contain SNPs that are divergent between varieties. MYB genes constitues 400 

a large family of transcription factors involved in epidermal cell differentiation, stomatal opening, 401 

flavonoid synthesis, and stress resistance (Kim et al., 2024). In grapevine, MYBs are central in 402 



regulating anthocyanin accumulation (Yan et al., 2021). In particular, the R2R3-MYB transcription 403 

factor regulates flavonol synthesis during berry development (Czemmel et al., 2009), while two 404 

anthocyanin-related MYBA clusters play overlapping and cooperative roles in influencing grape and 405 

wine quality traits such as colour and astringency (Matus et al., 2017). Further understanding of the 406 

role and regulation of these enzymes would facilitate the development of strategies to enhance the 407 

sensory properties of wine by promoting the accumulation of secondary metabolites that positively 408 

contribute to wine aroma, ultimately improving both grape and wine composition. 409 

Among the key loci, three showed divergences with a high impact on protein function. The 4-410 

HYDROXYPHENYLPYRUVATE DIOXYGENASE (HPPD) gene, which is divergent between PRIMITIVO  and 411 

NEGRAMARO, plays a role in the biosynthesis of tocopherols and plastoquinones. It also significantly 412 

influences the accumulation of anthocyanins, responsible for the coloration of grape berries (Mei et 413 

al., 2025). The colour of grape berries is largely determined by the presence and concentration of 414 

anthocyanins, flavonoid compounds that are synthesized via the phenylpropanoid pathway. 415 

PRIMITIVO  and NEGRAMARO exhibit distinct anthocyanin profiles that contribute to their unique 416 

colour and sensory characteristics (Negro et al., 2021; Sabetta et al., 2022). PRIMITIVO  is known for 417 

its deep, intense colour and robust fruity flavour profile, while NEGRAMARO typically produce less  418 

coloured wines with more suitable secondary aromatic nuances. Two high-impact variants were 419 

identified in the CALCIUM ION BINDING gene and CALCIUM-TRANSPORTING ATPASE CHLOROPLASTIC gene, 420 

which are divergent between MINUTOLO BIANCO and UVA DI TROIA. Some studies have shown that 421 

these genes are involved in the molecular mechanisms underlying the calcium-induced accumulation 422 

of anthocyanins (Yu et al., 2020). Since MINUTOLO BIANCO has a low anthocyanin content due to the 423 

white berry phenotype, these SNPs, which both generate stop-gain mutations, should be further 424 

investigated by functional studies to determine whether they are actually linked to the observed 425 

differences in anthocyanin content.  426 

Overall, these findings emphasize the critical role of identifying outlier SNPs in understanding the 427 

genetic basis of grapevine diversity and its influence on wine quality. Outlier variants, especially 428 



those with significant functional relevance, enable the identification of key genes involved in essential 429 

processes such as anthocyanin biosynthesis, flowering regulation, and the production of aromatic 430 

compounds. By isolating SNPs that show significant divergence between varieties, we gain valuable 431 

insights into the genetic mechanisms driving variation in grape composition, growth patterns, and 432 

sensory attributes. This approach not only improves our understanding of grapevine biology but also 433 

opens up new opportunities for breeding programs to improve grape and wine quality. Further 434 

functional studies of these outlier SNPs could lead to the development of more precise strategies for 435 

enhancing specific traits and ultimately allowing for the cultivation of grapevine varieties with 436 

optimized aromatic profiles and resilience to environmental stresses. 437 

Finally, the development of a panel of six SNPs which allows to discriminate between the analysed 438 

Apulian varieties �K�R�O�G�V�� �V�L�J�Q�L�I�L�F�D�Q�W���Y�D�O�X�H�� �I�R�U���W�K�H�� �U�H�J�L�R�Q�¶�V�� �Y�L�W�L�F�X�O�W�X�U�H���� �7�K�L�V�� �J�H�Q�H�W�L�F�� �E�D�U�F�R�G�H�� �R�I�I�H�U�V�� �D��439 

precise and reliable method for identifying specific grapevine varieties and will help to preserve the 440 

authenticity of regional wines and to prevent mislabelling or fraud. By ensuring that the correct 441 

variety is linked to a wine's origin, the SNP panel strengthens traceability and supports quality control 442 

in the wine industry. The ability to distinguish between these varieties also aids in maintaining the 443 

�L�Q�W�H�J�U�L�W�\���R�I���$�S�X�O�L�D�¶�V���Y�L�W�L�F�X�O�W�X�U�D�O���K�H�U�L�W�D�J�H�����H�Q�V�X�U�L�Q�J���W�K�D�W���W�U�D�G�L�W�L�R�Q�D�O���Y�D�U�L�H�W�L�H�V���D�U�H���S�U�R�W�H�F�W�H�G�����0�R�U�H�R�Y�H�U����444 

it enhances legal and regulatory compliance by providing a tool for verifying that wines meet regional 445 

labelling standards, which is vital for protecting both local producers and consumers. 446 
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Figure S1. In silico validation of Single Nucleotide Polymorphism (SNP) effects. The figure presents 804 
BLASTx alignments comparing the nucleotide sequences containing the SNP to the original protein 805 
sequences of three genes: VIT_202s0012g01990, VIT_206s0004g00600, and VIT_219s0002g00042. 806 
These pairwise alignments confirm the predicted changes in the protein sequences resulting from the 807 
nucleotide modification. 808 
 809 
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 815 
Table S1. List of clones under study, including the variety name, clone identifier, sampling site, 816 
metropolitan city, and geographic coordinates (latitude and longitude). 817 
 818 
Table S2. Distribution of 59,183 SNPs across the 19 chromosomes and the unassigned chromosome 819 
of the Vitis vinifera L. genome. 820 
 821 
Table S3. Number of transition and transversion identified from the 59,183 high-quality SNPs 822 
generated through genotyping-by-sequencing. 823 
 824 
Table S4. List of divergent loci and their localization within the CDS, exon and gene regions. 825 
 826 
Table S5. List of six SNP loci selected for validation thorough PCR amplifications and Sanger 827 
sequencing across the five grapevine cultivars. 828 
 829 

Table S6. List of candidate genes containing divergent SNP with FST =1. The table includes 830 
chromosome, position, gene ID, gene Function, and the associated SNP impact. 831 
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