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Grapevine (Vitis vinifera L.) is one of the most widely cultivated and economically
valuable horticultural crops globally [1]. According to the International Organisation
of Vine and Wine (OIV), the world’s vineyard surface stands at 7.2 million hectares [2],
distributed mainly between latitudes 4° and 51° in the Northern Hemisphere (NH) and
between 6° and 45° in the Southern Hemisphere (SH) [3]. In the last 3 years, there has been
a 2.3% decrease in the global vineyard surface area, driven by the removal of vineyards
in major vine-growing regions (including all grape types: wine, table, and dried grapes)
across both hemispheres.

This reduction was mainly motivated by extreme climatic conditions and widespread
fungal diseases that severely impacted many vineyards worldwide, culminating in a
historically low global wine production of 237 million hectoliters. This marked a 10% drop
from 2022 and represented the lowest output since 1961, and a decrease of 2.6% in the
consumption of wine [2]. These numbers show that viticulture is facing new challenges
such as climate change, diseases, pests, and the need to produce sustainably, adapting to
consumer demand and taste [4,5].

In this context, the genetic resources available for viticulture could be of particular
interest. Internationally, there are approximately 253 institutions holding plant material,
and 23,000 cultivars are registered according to the Vitis International Varieties Catalogue
(VIVC) [6]. This is evidence of high levels of recorded biodiversity, which provide a crucial
reservoir of genetic heterogeneity, providing a reservoir of valuable allelic combinations
that can offer genetic resistance or tolerance to both biotic and abiotic stresses [7].

In this Special Issue entitled “Genetic Resources for Viticulture”, we would like to
include studies related to the identification and agronomic, physiological, and oenological
characterization of new and local grapevine varieties, rootstocks, clones, and interspecific
hybrids as sources of genetic resources to meet the challenges of viticulture.

1. An Overview of Published Articles

The articles by Fort et al. (2023, 2024) (contributions 1, 2, and 3, respectively) explore
the genetic diversity of grapevines (Vitis vinifera L.) cultivated in the Canary volcanic
archipelago, located in European overseas territory (near Western Sahara). The origin of
the vine in the Canary Islands comes from the introduction of European varieties in the
15th century. These islands are home to a great diversity of vines due to their evolution
and adaptation to these habitats. In these studies, the volcanic islands of La Gomera,
Fuerteventura, and El Hierro have been prospected, collecting a total of 247 samples of
grapevine plants, which were genotyped using 20 SSRs. In addition, a parentage study
was carried out with the different genotypes obtained. The results of these research
articles revealed notable genetic diversity among Canary Islands strains, suggesting a
long history of cultivation and adaptation to island conditions. An outstanding discovery
was the identification of local varieties exclusive to each island, representing a valuable
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genetic heritage. These native varieties could harbor genes for disease resistance, drought
tolerance, or unique organoleptic characteristics, making them a genetic resource of great
interest for varietal improvement. Likewise, the articles made it possible to trace kinship
relationships between the Canary varieties and other varieties from different wine regions,
providing information on the origin and dispersion of the vines in the archipelago. The
authors concluded these articles by pointing out the importance of the Canary Islands
as reservoirs of genetic diversity of the vine. These results can not only contribute to
improving knowledge of the history and evolution of viticulture in the archipelago, but
also be of great interest for the conservation of this genetic heritage. The identification and
characterization of local varieties from the Canary Islands could open up new perspectives
of interest in the recovery and valorization of wine heritage, as well as for the creation of
new high-quality wines adapted to local conditions.

Gonzélez et al. (2023) (contribution 4) focused on revealing the rich genetic diversity
of vines (Vitis vinifera L.) grown on the islands of Ibiza and Formentera, belonging to the
Balearic archipelago (Spain). By combining genetic data with ethnobotanical information,
the authors managed to decipher the complex history of these varieties and establish
phylogenetic relationships between them. The set of results obtained after the analysis of
microsatellite markers and descriptions of morphological and ampelometric characteristics,
together with the ethnobotanical study through interviews with local winegrowers to collect
information on the cultivated varieties, local names, and their traditional use, revealed
a great diversity of genetics between the strains grown on both islands. This suggests
a long history of cultivation and selection, as well as an adaptation to the agroclimatic
conditions of each island. Through this research, the researchers identified new synonyms
and homonyms for some varieties, which could help clarify the nomenclature and avoid
confusion in their identification. Likewise, new kinship relationships were established
between some varieties, which makes it possible to reconstruct the evolutionary history
of viticulture in Ibiza and Formentera. In conclusion, the authors indicated that these
findings are not only relevant to the scientific community, but could also be of interest to
local viticulture, opening avenues to the recovery of native varieties, in addition to the
diversification of the region’s wines.

The research by Rahimi et al. (2023) (contribution 5) systematically described the
habitats, growth habits, morphology, and anatomy of widely spread wild grapevine popu-
lations growing in two distinct habitats in north Israel (Beit Tsaida and Banias River sites).
The results of this work show the identification of plants belonging to Vitis vinifera L. subsp.
Sylvestris. These new genetic resources should be conserved for the preservation of the
species.

Using morphometric techniques, domestication indices, multivariate analysis, and
Bayesian hypothesis testing, Valera et al. (2023) (contribution 6) identify grapevine seeds
found in archaeological sites in the ancient Upper Euphrates. Archaeological seeds were
compared with a pull of 782 grape seed samples provided by various European and U.S.
institutions and entities. Digital imaging techniques and statistical analyses were used to
measure various morphological characteristics of the seeds, such as length, width, and
thickness. Using Bayesian analysis, statistical models were constructed to compare the
archaeological seeds with reference samples of modern and ancient varieties.

In the seventh article, Bhattarai et al. (2023) (contribution 7) focused on characterizing
the volatile compound profile of different muscadine grape varieties, a species native to
North America with great viticultural potential. To this end, different volatile compounds
responsible for the characteristic aromas and flavors were identified and quantified in
different varieties of muscadine grapes, as well as in hybrids between muscadine and
other vine species. The results showed a diversity of volatile compounds (terpenes, esters,
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alcohols, ketones, and sulfur compounds) associated with odorant series corresponding
to fruity, floral, citrus, green, and spicy odors. In conclusion, this work contributes to
a better understanding of the aromatic potential of grapes of this species. The results
revealed a significant variation in the composition of aromatic volatile compounds between
the different muscadine genotypes studied, as well as distinctive composition patterns
depending on the variety and the ripening stage. The results of this study are valuable
for muscadine breeding programs, consumer preference studies, and the development of
metabolic markers to evaluate the ripening quality of grapes.

The article by Ruiz-Garcfa et al. (2023) (contribution 8) focuses on the characterization
of new vine varieties obtained from crosses of the Monastrell variety, a red grape native to
the region of Murcia, Spain. These new genotypes (“Calblanque”, a white genotype, and
“Calnegre”, “Gebas”, and “Myrtia”, red genotypes) have been specifically developed to
adapt to the hot and dry climatic conditions of this region and to improve the quality of
the wines produced. The red genotypes were selected for their phenolic quality, which
was much higher than that of the parents, and for their different harvest dates that allow
staggered harvesting and cultivation in different areas. “Calblanque” was selected for its
good balance of acidity and aromatic profile. The attributes of these new varieties could
allow them to better adapt to the effects of climate change on the quality of grapes and
wine in warm areas. Wines made with these new varieties showed greater aromatic com-
plexity and better tannic structure, suggesting great oenological potential. In conclusion,
these results indicate that the new varieties obtained from Monastrell crosses represent
a valuable tool for wine growers, since they would allow them to adapt to the new envi-
ronmental conditions generated by climate change in the region of Murcia and produce
high-quality wines.

The research works of Rodriguez-Torres et al. (2023) (contribution 9) and Jiménez-
Cantizano et al. (2023) (contribution 10) deal with the genetic characterization of local
vine varieties, contributing to the preservation and valorization of the wine heritage of
Andalusia (Southern Spain). To this end, both articles used microsatellite markers (SSR) for
the genetic characterization of the vine and to determine kinship relationships between the
different samples.

Rodriguez-Torres et al. (2023) (contribution 9) examined 98 samples from six Andalu-
sian wine-growing areas. To do this, they used microsatellite marker analysis, identifying
33 different genotypes, of which 20 corresponded to varieties already described (11 of them
are from six minority cultivars in Andalusia: “Rojal Tinto”, “Beba”, “Zurieles”, “Rome”,
“Hebén”, “Mollar Cano”, “Listan Prieto”, “Listdn del Condado”, “Jarrosuelto”, “Negra
Dorada”, and “Mantto de Pilas”), while the other 12 profiles did not match previously
identified varieties. In addition to the genetic characterization, they carried out a health
analysis using an ELISA test to detect the presence of viruses (vine fan virus, vine spot
virus, and viruses associated with vine leaf curl) due to the requirement of healthy clones
of the new varieties for their authorization for cultivation in Spain.

Meanwhile, Jiménez-Cantizano et al. (2023) (contribution 10) analyzed 49 vine acces-
sions collected in the districts of four provinces of Andalusia (Spain). In total, 30 different
genotypes were identified, 22 of which corresponded to known varieties and 8 to new
genotypes. These results confirm the high genetic diversity present in local Andalusian
varieties. As conclusions of this work, the eight new genotypes identified in this work have
not yet been identified and could represent ancient local varieties in danger of extinction.
These new cultivars could be used to make original wines and, therefore, these genotypes
have been preserved in the “Rancho de la Merced” germplasm bank (Andalusia, Spain).
The results of this work show that there is significant biodiversity in old vineyards located
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in the region of Andalusia of cultivars not yet exploited, which may be of great interest to
the wine industry.

The article by Arslan et al. (2023) (contribution 11) focused on analyzing the genetic
diversity and population structure of the Kara grape variety, a native variety of Anatolia. To
this end, an analysis of 49 Kara grape cultivars from six regional subpopulations in Turkey
was carried out, using microsatellite markers (SSR) together with ampelographic charac-
terization. The results of the molecular analyses showed high genetic diversity, possibly
explained by the adaptation of the vine to different environmental conditions throughout
its history and by selection processes. Four synonyms and five homonymies were also
identified. According to the results of the ampelographic analysis, it was determined that
the shape of the berry and the density of upright hairs on the young shoot/density of
lying hairs at the end of the young shoot were the determining characteristics between the
different cultivars. The conclusions of this article indicate that the genetic characterization
of the Turkish Kara grape germplasm has been obtained using SSR for the first time. These
results could be very useful for the development of other genetic characterization studies
of grapes and will contribute to wine research in other areas such as the improvement,
protection, and registration of varieties.

In addition to this, this Special Issue includes articles of great interest in the viticulture
sector, such as the resistance of the vine against diseases such as Xylella fastidiosa. The article
by Martinez et al. (2023) (contribution 12) focuses on evaluating the resistance of different
European grapevine cultivars and rootstocks to the bacterium Xylella fastidiosa subsp.
fastidiosa, a pathogen that causes serious damage to crops. This research acquires special
relevance due to the growing threat that this bacterium poses to viticulture worldwide.
Using molecular and phenotypic techniques, the researchers evaluated the plant’s response
to infection, analyzing bacterial colonization in different tissues, the expression of genes
related to the immune response, and the appearance of symptoms. The results showed
a significant difference in resistance to this disease between the different cultivars and
rootstocks evaluated. This could allow the identification of varieties and rootstocks that are
more tolerant to bacteria, which could be used for the development of more sustainable
and effective management strategies.

In parallel, Yin et al. (2023) (contribution 13) have deepened our understanding of
the agronomic characteristics of rootstocks, a key aspect for the selection of resistant plant
material adapted to different environmental conditions. Rootstocks are vine varieties used
as a base for grafting other varieties, and their choice can significantly influence the yield
and quality of the vines. For this, characteristics such as the multiplication rate, the time of
sprouting and maturation, and vegetative growth were studied, in addition to analyzing
the relationship between the vigor of the rootstocks and the inheritance of this trait through
the parents, in 31 vine rootstocks. The results revealed wide variability between their ease
of propagation and their phenology, suggesting a wide range of adaptations to different
environmental conditions. This diversity is crucial for the selection of suitable rootstocks
and for optimizing wine production in various regions, allowing the vine to adapt to
specific climatic conditions and improving the efficiency of cultivation systems.

2. Conclusions

The vine (Vitis vinifera L.) has been cultivated by humans since ancient times, forming
a fundamental pillar of the culture and economy of numerous civilizations. Its wide
geographical distribution and its adaptation to diverse climates and soils have given rise
to extraordinary genetic diversity. This Special Issue focuses on exploring the genetic
diversity of the vine in different wine-growing regions, with a particular emphasis on those
territories where viticulture has been an ancient activity in the Mediterranean.



Horticulturae 2025, 11, 362

The articles compiled in this volume address various topics, from the genetic charac-
terization of local varieties to the evaluation of disease resistance and adaptation to extreme
climatic conditions. Through a combination of molecular, morphological, and statistical
analysis, the authors offer a comprehensive view of the genetic complexity of the grapevine
and its relationship with environmental and historical factors.

A highlight of this volume is the attention paid to local and indigenous varieties.
These varieties, often adapted to specific conditions and carrying a unique genetic heritage,
represent an invaluable resource for modern viticulture. The articles presented here reveal
the richness and diversity of these varieties, as well as their potential for obtaining high-
quality wines and adaptation to the challenges of climate change.

Likewise, this volume highlights the importance of international collaboration in wine
research. The articles presented here are the result of the collaboration of researchers from
different countries, which has allowed a broader and deeper vision of the genetic diversity
of the vine worldwide to be obtained.

In conclusion, this Special Issue offers a valuable contribution to the knowledge of
grapevine genetic diversity and its implications for viticulture. The results presented here
are relevant from both a scientific and practical perspective and can serve as a basis for
future research and applications in the wine sector.

As a final note, we would like to emphasize that this Special Issue is distinguished
by its focus on wine regions with a long history of grape cultivation, but which have been
less studied compared to other, better-known regions. By exploring the genetic diversity of
these regions, this volume can contribute to filling a gap in the scientific literature and offer
a new perspective on grapevine evolution and adaptation. Furthermore, the combination
of different methodological approaches and the integration of data from various sources
make this Special Issue an essential reference for researchers, wine growers, and all those
interested in the genetic diversity of the vine and its conservation.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: La Gomera Island is one of the areas of our planet where the phylloxera plague never
arrived. To measure the genetic diversity of the vine after more than 500 years (inter- and intravarietal
variability) of adaptation to this new environment, a prospection was carried out. For this purpose,
120 samples were collected and genotyped with 20 SSRs. A total of 52 unique profiles were found
corresponding to 4 new varieties (Coello blanca, Barrerita negra, Malvasia periquin gomerae, Verdello
gomerae), 9 individuals identical to the most widespread profile, and 39 individuals that presented
variations (1 corresponding to a mutation of a new variety (Verdello gomerae de Monacal) and
38 corresponding to variations of known varieties, some of which included cases of triallelism or
quadriallelism). The population of local vines in La Gomera Island is considered to be the most
unique in the Canary Islands to date. It is hypothesised that the grapevine varieties Malvasia periquin
gomerae and Verdello gomerae are possibly the most unique and that the Barrerita negra variety
may have resulted from an interspecific crossbreeding. The Coello blanco variety (admixed) seems to
have a strong Central European influence. Finally, we propose that the prime name for the Albillo
forastero variety, which was arbitrarily imposed by the scientific community, be changed to the more
widespread and better-known name in La Gomera Island and the Canary Archipelago, which is
Forastera gomerae.

Keywords: Vitis vinifera L.; SSR; microsatellite; diversity; volcanic; Canary Islands; La Gomera

1. Introduction

Nowadays, the cultivation of Vitis vinifera L. varieties is one of the oldest and most
relevant worldwide. The FAO (Food and Agriculture Organization of the United Nations,
Washington, DC, USA) affirms that the most economically valued crop is the vine for the
vinification of medium- and high-quality wines [1]. Furthermore, the NASS (National
Agricultural Statistics Service) reaffirmed its importance as the sixth most economically
valuable crop in 2021 in the United States [2]. The global production volume of fresh
grapes in 2021, according to the OIV (International Organisation of Vine and Wine), was
74.8 million tons, of which more than 20% came from Europe. Specifically, and in this order,
Italy, Spain, and France led European production by a wide margin, representing 79% of
the total production [3].

However, if one examines the cultivated varieties’ biodiversity on a global scale, it can
be seen that almost the same varieties are grown in most countries, occupying between
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70 and 90% of the cultivated area. In this sense, these varieties are already known as
international varieties [1]. This fact highlights the need for further exploration and study of
the rest of the varieties. It is, therefore, about searching for unique and interesting molecular
profiles (MP-SSRs) that not only help to expand the range of wines offered in the current
market or mitigate the effects of climate change but also give advantages to other relevant
factors, whether biotic (pests and/or diseases) and/or abiotic (salinity, etc.).

A starting point for this purpose is undoubtedly La Gomera Island. This island is
located in European overseas territory (near Western Sahara); it belongs to the volcanic
archipelago of the Canary Islands and Macaronesia (a group of Atlantic volcanic islands)
(Figure 1) [4].
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Figure 1. (a) Macaronesia map [5]. (b) Canary Islands archipelago and La Gomera Island [6].

It is now widely accepted that the vine was not a part of the existing crops in the
Canary Islands until its introduction in the 15th century. This belief was challenged by the
discovery of fossilised Vitis seeds in archaeological excavations [7]. However, Vitis vinifera
ssp. sylvestris, like much of the endemic and fossilised flora of the islands, does not appear
today, as it disappeared afterward for unknown reasons. It is for this reason that grapevines
in the Canary Islands come from those cultivated (domesticated) varieties introduced by
Europeans. Thus, a low diversity of vines compared to other regions of the planet could be
expected, but the opposite is true. Due to the phylloxera plague (Daktulosphaira vitifoliae)
that hit Europe at the end of the 19th century, the loss of Vitis vinifera L. varieties was much
more accentuated on the mainland than in the Canary Islands, which remained unaffected
by this plague. It is for this reason that the Canary Islands, including La Gomera Island, are
one of the last strongholds of the European vine varieties that existed before this plague [8].
As a result, vines have evolved and adapted to this new habitat for more than 500 years
(through natural crosses, mutations, and selection (natural and anthropogenic)).

La Gomera Island has a similar climate to the islands of La Palma and El Hierro (hot,
semiarid climates, BSh Koppen) with incident precipitation in high areas and scarce precip-
itation near the coast [9]. Furthermore, if its orography is observed, it can be concluded
that apart from making possible the humid microclimate of Garajonay Park (laurel forest
dating from the Tertiary period, which is also a World Heritage Site), the only areas suitable
for agricultural cultivation are the mountain’s slopes and ravines [8]. These areas were
initially unsuitable for vine cultivation. In these circumstances, the traditional farmers over-
came this problem with heroic viticulture based on the construction of dry-stone terraces
(Figure 2). These were staggered stone constructions without cement (mortar) on the slopes,
which made planting possible. Under these conditions, when the crops took root, they
strengthened the construction and prevented the soil from sliding away [10].
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Figure 2. Staggered dry-stone terrace in La Gomera [10].

Grape-berry production in La Gomera Island is currently one of the most important
crops in the island’s agricultural sector. Within the area for permanent crops (citrus and
noncitrus fruit trees, vineyards, olives, etc.), 139.7 hectares are reserved for dry crops.
Specifically, 117.9 hectares are reserved for vine cultivation, almost all of which are used for
winemaking [11]. In 2020, the total grape production was 53,576 kg, of which 38,834 kg
corresponded to white grapes. Examined by variety, the Albillo forastero is the most
important variety in this category. Comprising more than 82% of the total amount of white
grapes of the island [12] and 85% of the wine-growing area of the island of La Gomera,
Albillo forastero is the most cultivated grapevine variety [13]. It is currently known that
this variety comes from a cross between the Andalusian variety Palomino fino (known in
the Canary Islands as Listan blanco) and the Portuguese variety Verdelho branco (known
in the Canary Islands as Verdello). This cross also produced another Canary Islands variety
known as Albillo criollo (a local variety from La Palma Island) [14].

The island of La Gomera has had its own Appellation d’Origine Controlée (AOC) since
2003, which accepts 31 varieties for winemaking [12]. The most curious thing is that among
the accepted varieties, there is no Albillo forastero, the prime name (PN) found in the Vitis
International Variety Catalogue (VIVC) [15], a worldwide database for grapevine varieties.
On the other hand, the synonymous names of this variety, Forastera blanca and Forastera
gomera, are found. Moreover, on La Gomera Island and in the Canary Archipelago (the
only place in the world where this variety can be found), the name Albillo forastero has
never been used to refer to this local variety. It is also observed that the term “local” is
always used and not the term “autochthonous”. Accepting the proposal of Dr. Manna
Crespan (2nd OENOVITI International Symposium, 2014) [16], the term autochthonous
is not used because the main variety of the island of La Gomera did not originate on the
island itself, but it is the island’s inhabitants who have preserved it until the present day,
making it unique in the world.

Historically, grapevine varieties’ characterisation and identification were based on the
description and comparison of morphological characters. The science that allowed these
comparative studies of Vitis vinifera L.’s phenotypes to be carried out is ampelography [17].
Two of the most widespread errors generated by this phenotypic science (which is markedly
subjective, influenced by the abiotic factors of the environment and by the state of health
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of the individual to be analysed) are homonyms and synonyms. A term is said to be a
homonym when it is used to name two or more vine varieties. This is the case for the term
Ugni blanc, which is used to name three different varieties (the Italian variety Trebiano
toscano, the Spanish variety Viura, and the Portuguese variety Douradinha). On the other
hand, a term is qualified as a synonym when it is one of the different names of the same
variety. In this case, a variety has a PN and one or more synonymous names. As an example
to illustrate this concept, for the most cultivated variety on La Gomera Island, the PN is
Albillo forastero and the four synonymous names registered in the VIVC are Forastera,
Forastera blanca, Forastera gomera, and Gomera [15]. Of all the names by which the same
variety is known, the most widespread or the one most commonly used in the place where
the variety possibly originated or where it has been preserved is chosen as the PN [18,19].
This is not the case in this example. The names most commonly used on La Gomera
Island and in the Canary Islands are Forastera blanca and Forastera gomera, and it is the
international community that has arbitrarily imposed the term Albillo forastero, unknown
to all the inhabitants of La Gomera and the rest of the Canary Islands, as the PN. In order
to avoid the appearance of errors of this and other kinds, from the 1990s onwards, different
molecular marker techniques were implemented for the characterisation and identification
of grapevine varieties based on the study of the genotype (which is practically invariable).
Currently, the most widely implemented and therefore used are SSRs (simple sequence
repeats) or microsatellites and SNPs (single-nucleotide polymorphisms) [19].

This work aimed to study the intervarietal and intravarietal diversity of the island of
La Gomera existing at the time of sampling using the SSR technique. In addition, another
objective was to detect possible errors in terminology and to find synonyms and homonyms,
if any. The last objective was to verify the uniqueness of the population of the La Gomera
grapevine population. For this purpose, a population structure study was carried out,
comparing the population of local varieties of La Gomera with those of other populations
in the Canary Islands and the rest of the world.

2. Materials and Methods
2.1. Plant Material

In order to explore the Vitis vinifera L. biodiversity extent, 120 vine shoot samples
were collected in different municipalities of La Gomera Island (Agulo, Alajerd, Hermigua,
San Sebastian de La Gomera, Valle Gran Rey, and Vallehermoso) through a mass selection
process carried out by the local winegrowers and supervised by the Regulatory Council of
the Vinos de La Gomera AOC technicians. Once harvested, shoots were stored at —20 °C
until processing. Table S1 shows detailed information on the analysed grape varieties.

2.2. DNA Extraction and Purification

The purified DNA was obtained using a specific method for foliar and recalcitrant
tissues such as wood and seeds [20,21]. This is an adaptation based on the protocol of
Fort et al. [22], which was improved by adding PVP (polyvinylpyrrolidone) to the extraction
buffer and by adding two chloroform washes. With the help of a Thermo Fisher® Scientific
NanoDrop TM 1000 spectrophotometer and using the electrophoresis technique, the levels
of purity, integrity, and concentration of the nucleic acid were precisely evaluated.

2.3. Microsatellites

The twenty SSRs that the Investigacion en Tecnologia Enolégica (TECNENOL) research
group uses for genotyping samples from the Canary Islands were also tested on this occasion
(VVS2, VVS3, VVS29 [23]; VVMD5, VVMD6, VVMDY? [24]; VVMD27, VVMD28, VVMD36 [25];
VrZAG21, ViZAG47, ViZAG62, ViZAG64, ViZAG79, ViZAGS83 [26]; VVUCH11, VvUCH12,
VvUCH19 [27]; scuO6vv [28]; VChrl19a [29]). Of these, there are two SSRs that are not
independent, as they analyse the same area of the genome with different primers. These
are VrZAG47 and VVMD27 [30]. Furthermore, in this SSR “kit” used by TECNENOL, there
are 7 SSRs that coincide with some of the 9 SSRs accepted by the international scientific
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community [31]. In Table S2, the values of the allelic lengths of the SSRs considered as
international standards corresponding to the unique MP-SSRs of this grapevine population
can be seen.

2.4. DNA Amplification

For the satellite region amplification, an AmpliTaq DNA Polymerase kit (Applied
Biosystems, Foster City, California, USA) was used with a final reaction volume of 12.5 uL.
The amounts of each reagent broken down per well were as follows: 1.25 uL of buffer,
2 uL of dNTPs, 0.125 pL of deionised formamide, 0.0625 uL of Taq polymerase, and 4 ng
of DNA. In addition to 1 uM of each primer (1.25 pL), with the particularity that the
forward primer (Fw) was labelled with a specific fluorochrome (6-FAM: VVS3, VVMD?,
VVMD28, VVMD36, ViZAG47, ViZAG62, ViZAG83, VvUCH11, and VvUCH19; HEX:
VVS2, VVS29, VVMD6, VVMD?27, ViZAG21, VrZAG79, and VChr19a; NED: VVMD5,
VrZAG64, scu06vv, VVUCH12). Seven thermocycling blocks were performed according to
the different annealing temperatures (Tu) (Table S3), and for all of them, the thermocycling
conditions were as follows: (a) a first stage of 5 min at 95 °C; (b) a second stage of 40 cycles:
45 s at 95 °C during, 30 s at the corresponding Ta, and 1 min 30 s at 72 °C; and (c) a third
stage of 7 min at 72 °C. An Applied Biosystems 2720 Thermal Cycler was used for this
process (Foster City, CA, USA).

2.5. Amplified Fragments Length Measurement

Measurements of the polymerase chain reaction (PCR) amplified fragments was per-
formed by capillary electrophoresis with an ABI PRISM 3730® genetic analyser (Applied
Biosystems, Foster City, CA, USA). The preparation of the amplified plates was carried
out by adding to each well the corresponding amplification product, 20.5 pL of deionised
formamide, and 0.25 pL of the internal marker GeneScan ROXTM 500 (Applied Biosystems,
Foster City, CA, USA). Each plate was then denatured by a thermocycling regime at 95 °C
for 3 min. Peak Scanner Software 2.0 (Applied Biosystems, NJ, USA) was used to size the
amplified fragments.

2.6. Data Analysis

GenAlEXx 6.5 software was used for different purposes [32,33]. Data input files were
prepared according to this program using the Excel program 2016 (Microsoft 365, USA).
Firstly, the efficiency and effectiveness of the SSR kit used by TECNENOL was evaluated.
For this purpose, the following statistical parameters were measured: Na (number of
different alleles), Ne (number of effective alleles: alleles that are transmitted to the next
generation), Ho (observed heterozygosity: the computed heterozygotes), diversity index or
He (expected heterozygosity: estimation of the heterozygotes that the population under
study could have), F (fixation index: parameter that measures the goodness of homozy-
gotes), and PI (probability of identity: the probability that two MP-SSRs with the same SSR
value are the same variant). Secondly, it allowed us to find all the MP-SSRs that matched
each other in order to eliminate redundant information. Assignment tests to check the
sample distribution goodness of fit in different populations were also performed using
this program. GenAlEx 6.5 bases this strategy on the allele frequency of each accession.
It also allowed us to calculate a logarithmic probability value of this accession for each
subpopulation using the allele frequencies of the respective subpopulations and assign
an individual to the subpopulation with the highest logarithmic probability value [34].
Thirdly, based on the standardised covariance of the genetic distances calculated for the
codominant markers, GenAlEx 6.5 enabled two-dimensional graphical representations to
be made for a set of populations and also for a set of individuals belonging to different
populations. Finally, it made it possible to calculate the coefficient of genetic differentiation
between populations assuming the infinite allele model (Fst).
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Python Data [35], applying Matplotlib strategy, and MEGA version 7 [36], applying
the neighbour-joining approach [37], were used to make the three-dimensional graphical
representations of PCoA, the phylogenetic trees, and the circular dendrograms.

The structure of the different populations that emerged from this study was explored
using the cluster analysis method based on models implemented in the program Structure
2.3 [38,39]. This program calculates a probability value for a predetermined number of K
populations (or clusters) and assigns the part of each individual’s genome derived from
each cluster. Population structure was tested from K = 1 to K = 7 for the local population
of La Gomera Island and for the Canary Islands population and from K =1 to K =9
for the world population. Ten independent replications were performed, composed of
1.000.000 Markov chain Monte Carlo (MCMC) steps after discarding the first 100.000. It
was assumed that the current populations’ allele frequencies were correlated and that they
could have originated from more than one ancestral population. The most probable value
of K was determined according to the method of Evanno et al. [40]. The parameter g defines
what proportion of an individual’s genome belongs to the different predefined clusters (K).
The membership of a population to a cluster was accepted for mean values of g4 > 0.85.

3. Results
3.1. SSR Polymorphism

Once the 120 samples were genotyped, the first data normalisation was carried out by
eliminating 68 identical profiles (including the 2 “sports”: Bermejuela negra and Malvasia
rosada) (Tables S1 and S2). From the remaining 52 MP-SSRs, which corresponded to
19 varieties, the relevant statistics were calculated to determine the goodness of fit of
the 20 SSRs used. Table S4 presents the results of the main statistics. The total number
of alleles in the unique MP-SSR population was 181, with a mean value of 9.1. The
SSRs with the highest number of alleles were VVMD28 with 16 alleles and VVMD36
with 13 alleles. The SSRs with the lowest number of alleles were VVS3 with four alleles,
UCH19 with five alleles, and VVS29 with six alleles. The mean number of effective alleles
was 4.4, with the SSRs VVMD28, VVMD27, and VVMD36 showing the best values (8.32,
6.76, and 6.72, respectively), and the worst results were shown by the SSRs VVS29 with
1.41 alleles, VVS3 with 2.17 alleles, and VVS3 with 2.17 alleles passing to the next generation,
respectively. The mean Ho (78.8% heterozygotes) was higher than the He (72.4%). The
highest percentages of heterozygotes were observed in the SSRs VVMD36 with 98.1%
heterozygotes; VVS2 with 96.2%; and ZAG79, VVMD28, and SCU06 with 94.2%. In contrast,
the lowest values corresponded to VVS29 with 30.8%, UCH19 with 51.9%, and VVS3 with
55.8%. The highest values of the diversity index, also known as He, were for SSRs VVMD28,
ZAG47, VVMD27, and VVMD36 (88%, 86.9%, 85.2%, and 85.1%, respectively), and the
lowest values were again for SSRs VVS29 with 29.1%, UCH19 with 51.9%, and VVS3 with
53.9%. Only four SSRs had an F index with zero or positive values; these were UCH19
(F =0.000), ZAG47 (F = 0.005), ZAG83 (F = 0.112), and UCH12 (F = 0.144). The lowest PI
was shown by SSRs VVMD28, ZAG47, VVMD27, and VVMD36 with values of 2.55 x 1072,
3.04 x 1072,3.86 x 1072, and 3.95 x 1072, respectively, and the highest PI was shown by
SSRs VVS29, VVS3, and UCH19 with values of 5.16 x 1071,3.07 x 107!, and 2.68 x 10~
The accumulative PI for the 20-SSR kit reached a value of 3.1 x 10721,

3.2. Grapevine Variety Analysis

All of the original and conclusive information concerning the 120 accessions can be
found in Table S1. In addition, it presents in detail the similarity of the MP-SSR of a
given accession concerning the most widespread MP-SSR according to the TECNENOL
database, even specifying which allele presents the variation. With all of this information
and the possibility of comparing it with the VIVC database, a study was carried out at
both the molecular and terminological scales. In Table S2 and for the 52 unique MP-SSRs,
the numerical values of the allelic lengths measured for the 7 international SSRs available
to the TECNENOL research group are also presented. Furthermore, the accessions in
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these tables (Tables S1 and S2) correspond to 19 varieties, of which 5 are local varieties
from the island of La Gomera (Albillo forastero, Barrerita negra, Coello blanca, Malvasia
periquin gomerae, Verdello gomerae); also, 5 are local varieties from the rest of the Canary
Archipelago (Bermejuela, Listan negro, Torrontes volcanico, Uva de Afio, Verijadiego), and
the remaining 9 correspond to foreign varieties from the Canary Islands: 3 from Spain
(Mollar cano, Palomino Fino, Tempranillo tinto), 2 from Portugal (Caracol, Verdelho branco),
1 from France (Alicante Henri Bouschet), 1 from Greece (Muscat of Alexandria), 1 from
the Balkan Peninsula (Malvasia Dubrovacka), and 1 from the United States of America
(Ruby cabernet). Mutations should also be highlighted, whether colour (sport) or numerical
(see Table S1). There is a colour mutation that corresponds to a sport widely spread
throughout the Canary Islands (Malvasia Dubrovacka rosada), another that corresponds to
a sport from the island of La Gomera (Bermejuela negra), and an individual that presents
a numerical variation with respect to a variety from the island of La Gomera (Verdello
gomerae de Monacal).

In both Tables S1 and S2, it can be seen that the grouping corresponding to the Albillo
forastero variety is made up of 46 individuals and is, therefore, the most numerous. Among
them, 26 accessions were identical to the most widespread MP-SSRs in the TECNENOL
database (identities), 16 individuals presented variations in their allelic length in one
allele, 3 accessions showed variations in two alleles, and 1 sample presented variation in
three alleles. These results defined 10 different MP-SSRs for this variety. One MP-SSR
corresponded to an identity with the most widespread profile in our database. This profile
was named with its PN according to the VIVC, which in this case corresponded to the term
Albillo forastero. Six MP-SSRs showed allelic length variation in one allele: (a) The variation
in VVS3-1 (numerical change in the first SSR allele VVS3), which is known as Forastera de
la Isla Redonda and was previously published by Fort et al. [41]. (b) The VV53-2 variation
that was called Forastera blanca de Agulo. (c) The mutation in VV529-2, which is known
as Forastera blanca de Vallehermoso. In addition, there are two mutated profiles in this
same allele but with different allelic lengths that are marked with *, but all are known with
the same term. (d) The variation in UCH12-2 known in La Gomera as Forastera blanca
roquillos. Two individuals showed variation in their allelic length in two alleles of the same
SSR (VVS3-1, VVS29-2), but as in the previous case, a numerical difference in allelic length
was detected for VVS29-2. Both specimens are known as Forastera blanca Simancas. The
last profile detected for the variety Albillo forastero corresponded to an accession with
variation in allelic length in three alleles (VVS3-1, VVS29-1, VV529-2) known on the island
of La Gomera as Forastera blanca tamargada.

The only representative of the French variety Alicante Henri Bouschet, known in La
Gomera as Alicante tintilla, had a mutation in one allele (VVS29-2).

The local Canarian variety Bermejuela cluster consisted of seven members, two identi-
ties, two mutations in one allele, one mutation in two alleles, one mutation in four alleles,
and a colour mutation with the same MP-SSR as the most widespread genetic profile
in the TECNENOL database (these cases are known as “sport”). This colour mutation
is known in La Gomera Island as Marmajuelo negro [14]. This grouping provided four
different MP-SSRs: (a) the identity itself known by the name Bermejuela; (b) the variation
in one allele (VVS3-2), a profile already described by TECNENOL in El Hierro Island
and named Bermajuelo del Echedo [41], which is also known on the island of La Gomera
by the synonymous name Marmajuelo corto (Table S1); (c) the variation in two alleles
(VVS3-2, SCU06-1) known as Marmajuelo de Vallehermoso; and (d) the variation in four
alleles (VVS3-1, VVS3-2, VChr19a-1, VChr19a-2) known in La Gomera as Marmajuelo de
Valle bajo.

The Portuguese variety Caracol was recorded under the erratic name Forastera negra
and did not show any variation in its MP-SSR.

There are eighteen entries of the local Canarian variety Listan negro, of which half
are identities, eight have one variation in one allele, and the last one is mutated in two
alleles. This group of individuals gives rise to six different MP-SSRs, from the identity
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named Listan negro to the profiles mutated on one allele which give rise to four different
MP-SSRs: (a) variation in VVS3-1 which is known as Listan negro de Hermigua; (b) two
variations, one in VVS2-2, for which the profile is already published under the name Listan
negro santanero [42], and one in VV529-2, for which the profile is also published under the
name Listan negro de la corona [42]; (c) variation in VVMD6-1 known in La Gomera as
Listan negro de Vallehermoso; and finally (d) the accession registered as Listan negro de lo
Machado, which corresponds to an MP-SSR with variations in VVS3-1 and ZAG83, the last
variation being a case of triallelism.

The five members of the Malvasia Dubrovacka variety are distributed in one identity,
two individuals mutated in one allele, and another mutated in three alleles of which one is
triallelic; the last component, a rosé sport very widespread in the Canary Islands and unique
in the world, is the Malvasia rosada. For this variety, there are four MP-SSRs corresponding
to an identity known as Malvasia Dubrovacka, a variation in VVS2-2 known as Malvasia
blanca de Agulo, a variation in VVS529-2 known as Malvasia blanca de Vallehermoso, and
finally the Malvasia blanca piedra gorda with three variations in VVS3-2, VV529-2, and
SCUO06, the latter variation being a case of triallelism.

In La Gomera Island, three specimens of the Mollar cano variety were collected, one
identity with the same name and two individuals with one variation in one allele. These were
the Negramoll de Vallehermoso (VVS3-1) and the Mulata del macayo (SCU06-2) mutations.

In contrast, for the Muscat of Alexandria cluster, only individuals with variations
were present. Two accessions with one variation in one allele and two with variations
in two alleles displayed a total of three MP-SSRs, with one variation being the accession
Moscatel de Hermigua (VVS529-2) and two variations being the mutations Moscatel de la
caleta (VVS3-1, VVS29-2) and Moscatel de la caleta fino (VVS29-2, SCU06-2).

The grouping of the Palomino fino grapevine variety, known in the Canary Islands
by the synonymous name Listan blanco, contained 21 individuals. Of these, 13 were
identities. Six had one variation in an allele, and of these, two were triallelic. In addition,
one individual had two variations, one of which was triallelic, and the last one had four
variations, one of which was also triallelic. In total, six different MP-SSRs were computed:
(a) The identity. (b) An accession, Listan blanca chicharrera, with a variation in VVS3-1,
which was already published [42]. In addition, Listan blanco de Hermigua, with a variation
in VVS3-2 and a variation in the form of triallelism in SSR ZAG83, was already published in
the Lanzarote Island prospection as Listan blanco de la bodega [42]. (c) The profile known
as Listan blanco de Vallehermoso, presenting variations in VV529-2 and ZAG83 (triallelic).
(d) The entry registered as Listan blanco de espina with four variations (VVS3-1, ZAG79-1,
ZAG79-2, ZAGS3 (triallelic)).

A single entry corresponded to a Ruby cabernet mutated in three alleles (VVS529-2,
VVMD27-1, VVMD36-1) and known as Ruby cabernet ingenio.

The Spanish variety Tempranillo tinto was represented by two mutated individuals,
one on an allele (VV529-2), called Negra mora, and the other, known as Tempranillo de
Vallehermoso, with a very rare case of quadriallelism in the SSR (SCU06).

The local variety of Lanzarote Island, Torrontes volcanico, was represented by three
accessions, one of which was an identity while the other two had variation in one allele.
The mutation known as Torrontes volcanico montoro had a variation in UCH12-2, and
Torrontes volcanico machado had a variation in SCU06-1.

The variety also originating from Lanzarote, Uva de afio, presented only one compo-
nent (Uva de afio montoro), which presented two variations in two different alleles (VVS3-1,
VVS29-2).

With only one component, there were also the following: (a) The Portuguese Verdelho
branco with a case of triallelism in the SSR UCH19 (Verdello blanco del Corte). (b) The
Verijadiego grapevine variety from El Hierro Island with an identity. (c) Three of the
four new varieties: the variety Barrerita negra, also described by Rodriguez-Torres [43] as
unknown no. 2; the variety Coello blanca; and Malvasia periquin gomerae, which presented
a case of quadriallelism in the SSR (SCU06). (d) The last new variety, which presented two
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individuals, of which one was a mutation of the other in two alleles. These were the variety
Verdello gomerae and its mutation Verdello gomerae de Monacal (VVS3-1, ZAG83-1).

3.3. Genetic Structure of the Grapevine Population of the Island of La Gomera

In order to carry out the study of the grapevine population uniqueness in La Gomera
Island, a second data normalisation was carried out. Table S2 shows the 52 unique MP-SSRs
corresponding to 19 varieties, which means that 33 individuals were left out because they
were genetically very close to each other and could alter the final result of the corresponding
study (63.5%). In this sense, the representatives of the 19 varieties mentioned above
remained, which did not always correspond to identities, but for the cases of the Alicante
Herni Bouschet (with a similarity to the most widespread MP-SSR of 97.5%, i.e., with a
variation of only one allele), Muscat of Alexandria (97.5%), Ruby cabernet (92.5% (with a
variation of three alleles)), Tempranillo tinto (97.5%), Uva de afio (95% (with a variation
of two alleles)), and Verdelho branco (97.5%), these were represented by individuals
with variations. In order to obtain the best population distribution in different ancestral
populations (K), distributions by population from one to seven were tested, with the
best distribution being in two populations (K = 2) (Figure S1). Each individual from
the population of La Gomera Island was distributed according to a statistical parameter
g (which indicates the percentage of its inferred genome that belongs to one of these
populations) in these two proposed populations. In this study, the arbitrary percentage of
85% [44] was chosen, so that values for g > 85% correspond to pure individuals belonging
to a given population and those with a value of g < 85% are admixed individuals for
the same population. Figure 3 shows the best distribution for the La Gomera Island
population in two populations (POP1 and POP2). Figure S2 shows the values for the
parameter g as well as the origin of the members of each population considered. Thus,
POP1 consisted of four individuals and represented 21% of the total population on the
island. Of these, three individuals were pure, two were new varieties (Malvasia periquin
gomerae and Verdello gomerae), and one was the Balkan variety Malvasia Dubrovacka.
The population’s fourth member, and admixed, was the Spanish variety Tempranillo tinto
(97.5%). In contrast, for POP2 (79% of the island population), all individuals were found to
be pure. This grouping included (a) three varieties from La Gomera, of which two were
new (Barrerita negra and Coello blanca) and one was the well-known Albillo forastero;
(b) five Canary Islands varieties (Bermejuela, Listan negro, Torrontes volcanico, Uva de
ano (95%), and Verijadiego); (c) two Spanish varieties (Mollar cano and Palomino fino);
(d) two Portuguese varieties (Caracol and Verdelho branco (97.5%)); (e) one Greek variety
(Muscat of Alexandria (97.5%)); (f) one French variety (Alicante Henri Bouschet (97.5%));
and (g) one American variety (Ruby cabernet (92.5%)).

Apart from locating correctly in each population (POP1 and POP2) the different
members of the La Gomera Island population, the Structure 2.3 program allowed us to
detect the admixed individuals that, in another standardisation, were eliminated, with the
aim of constructing the main coordinate plots (PCoA) without interference. Thus, the only
admixed individual in both populations, Tempranillo tinto (97.5%), was eliminated, leaving
La Gomera Island with 18 components distributed in two populations. An assignment test
was carried out using the GenAlEx 6.5 program, resulting in a 100% goodness of fit.

The two- and three-dimensional PCoA representations are presented in Figure 4.

Coordinate 1 (with a goodness of fit of 15.11%) and coordinate 2 (with a goodness
of fit of 12.71%) in Figure 4a give a total reliability of 27.82%, separating the 18 grapevine
varieties into four quadrants. The upper-right quadrant contains all of the POP1 varieties,
with a clear influence from the Eastern Mediterranean Basin (specifically from the Balkan
Peninsula (BP)). Of the three POP1 varieties, it is the local ones from the island of La Gomera
that are significantly distant from the Malvasia Dubrovacka, located in the lower part of
the quadrant. POP2, on the other hand, is distributed throughout the rest of the quadrants.
In the upper-left quadrant, the Coello blanca and Verdelho branco varieties (97.5%) are
also positioned far away from the rest. In the lower-right quadrant are the Canary Island
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Coord. 2:12.71%

varieties Torrontes volcanico and Uva de afio (95%), the Spanish Mollar cano, and the
American Ruby cabernet. The rest of the POP2 representatives are located in the lower-left
quadrant. In the three-dimensional representation of the population of La Gomera, a
higher goodness is obtained (36.96%), but the same distribution is maintained with some
significant changes (Figure 4b). Two important shifts were detected: the approximation
of Muscat of Alexandria closer to the BP-influenced varieties and the approach of the
local variety from La Gomera, Albillo forastero, closer to the pairing of Coello blanca and
Verdelho branco (97.5%). It should also be noted that in both presentations, the local variety

Barrerita negra continued to stay away from the rest of the varieties in its quadrant.
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3.4. Relation of La Gomera Grapevine Population with respect to the Canary Archipelago Population

Once the above results were obtained, it was considered appropriate to begin a compara-
tive study of the local varieties of La Gomera Island with respect to the local varieties of the
Canary Islands in order to gauge the uniqueness of the population of this first island and,
furthermore, to see if any other noteworthy characteristics emerged that should be taken into
account. The starting point was a total population of 36 individuals, 5 of which were local
varieties from La Gomera (the Albillo forastero variety was added to the 4 new varieties).

The same strategy was used as in the previous section. Thus, the Structure 2.3 program
was used to obtain the best distribution for the population of Canary Islands varieties.
After testing up to seven different distributions, it was the one corresponding to K = 5, i.e.,
distributing the population of 36 individuals in five ancestral populations, which gave the
smallest error and therefore was the best of all the distributions (Figure S3). Figure 5 shows
the graphical representation of the Structure 2.3 program, displaying the distribution of
all individuals by ancestral population (as a function of the g statistic) and by pure and
admixed varieties. The g numerical values and the statistical data associated with the whole
study are shown in Figure S4. Figure 5 and Figure 54 show that POP1 consists of a total
of seven varieties (19%) almost equally distributed between the islands of Lanzarote and
El Hierro, of which five are pure (71%) and two are admixed (29%). POP2 is made up of
nine components that represent 25% of the total Canary Islands population, of which five
are pure varieties (56%) and four are admixed (44%). This cluster includes the interspecific
cross known as Bienmesabe tinto (Canary Islands (IC)), in addition to the variety from
Fuerteventura Island, which has been postulated so far as another possible interspecific
cross [45], alongside other varieties from all over the archipelago that usually appear as very
singular MP-SSRs in other TECNENOL research group studies. The local Gomeran variety,
Barrerita negra (pure), is also included in this grouping. POP3 is constituted by eight
members (22%) mainly from Lanzarote Island, which are related very closely or completely
to the original variety of BP Malvasia Dubrovacka. It consists of four pure and four
admixed individuals. In this group are present as pure individuals the new local varieties
of the island of La Gomera, Malvasia periquin gomerae and Verdello gomerae. The POP4
group with six components represents 17% of the total and is formed almost exclusively
by varieties from El Hierro Island, of which three are pure and three are admixed. Finally,
POPS5, also with six components distributed in three pure and three admixed varieties,
is characterised by the fact that all the pure individuals come from IC and the two local
varieties present are admixed (Albillo forastero and Coello blanca).
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Once the pure varieties were known, the data were standardised by eliminating the
admixed varieties, with the aim of optimising the graphical representations by means of
PCoA. In this way, from a population of 36 Canary Islands varieties, a population of 20 was
obtained. It should be pointed out once again that under these new circumstances, the
population of La Gomera local grapevines was reduced to three individuals (Barrerita
negra, Malvasia periquin gomerae, and Verdello gomerae). An assignment test was carried
out to check the reliability of the location of each pure individual to its corresponding
population. This was 90%. Figure 6 shows the two- and three-dimensional PCoA represen-
tations. Figure 6(a.1) shows the two-dimensional PCoA representation by population with
a goodness of 69.11%, corroborated by Figure 6(a.2), where the matrix of the Fst statistic
for each pair of populations is shown. From this information, it can be seen that POP1 and
POPS5 are the closest populations occupying a single quadrant, the lower-left one. Also
close to them is POP2, positioned in the upper-left quadrant, very close to coordinate 2.
In the right quadrants and very distant from this group of populations are POP4 in the
upper quadrant and POP3 in the lower quadrant, the latter being the most distant of them
all. Figure 6(a.3) shows the two-dimensional representation by PCoA, now by individual.
In this case, the distribution is practically the same as that resulting from the population
plot but with a rotation on both axes. Thus, POP1 and POP5 appear again very close to
each other in the upper-right quadrant (POP5 more dispersed in the centre of the inter-
section between the axes), while POP2 is close to them and distributed in the lower-right
quadrant. Again in the opposite quadrants are POP3 in the upper-left quadrant and POP4
in the lower-left quadrant. In a specific grapevine variety analysis (Figure 6(a.3,b)), the
position of the variety Bienmesabe tinto, which is significantly distant from the rest of the
group, should be highlighted. The varieties Majorera, Barrerita negra, Malvasia periquin
gomerae, and Verdello gomerae are also far from the rest (Figure 6b) although to a lesser
extent. While the Majorera variety in Figure 6(a.3) (two-dimensional representation by
individual (24.37% goodness of fit)) appears indistinguishable from the rest of the varieties,
in Figure 6b (three-dimensional representation by individual (33.87% goodness)), it appears
distant from the main group. In both figures, the three local varieties of La Gomera Island
also appear in separate locations from the group of Canary Islands vinifera, with the variety
Barrerita negra occupying a position very close to the variety Bienmesabe tinto. Also, the
varieties Malvasia periquin gomerae and Verdello gomerae appear in Figure 6b, standing
out from the rest and appearing close to the Majorera grapevine variety.

3.5. Relation of La Gomera Grapevine Population with Respect to the World Population

In order to complete and give consistency to the hypotheses set out in the Discussion
section, the possibility of comparing the population of 5 local vines from La Gomera Island
with the collection of 309 individuals of Vitis vinifera ssp. vinifera from 22 countries of
the world from the TECNENOL database [41,42,45-48], always genotyped with the same
20 SSRs, was considered. This comparative study was carried out using two different
strategies. In the first, a purely genetic criterion was taken into account, and in the second,
a geographical criterion (country of origin of each variety) was also used.

To implement the first criterion, the Structure 2.3 program was used again so that the
best distribution for the 314 varieties under study was sought, in this case between one
and nine different distributions. Figure S5 shows that the best distribution for the world
population analysed was K = 2, so the components were divided into two populations
(Figure 7a and Figure S6). POP1 consists of 183 individuals (58%), mostly from Italy, France
and Central Europe, Greece, the Balkan Peninsula, and the Eastern Mediterranean. A total
of 88% were pure (161 individuals) and 12% were admixed (22 individuals). POP2, on the
other hand, is a population mainly of Spanish origin made up of 131 individuals (42%), of
which 103 are pure (79%) and 28 are admixed (21%). The detection of admixed individuals
is essential for the necessary data standardisation and thus for the continuation of this
study. Therefore, the 22 admixed varieties of POP1 and the 28 admixed varieties of POP2
were removed. In total, 50 individuals were eliminated, reducing the study population
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a3

to 264 varieties, with a goodness of assignment of 100%. The Canary Islands varietal
population was entirely located in POP2 (Figure S6), and of the 36 varieties from the Canary
Islands, only 3 were found to be admixed: Malvasia alistanada fina, Albillo criollo, and
Coello blanco (new variety from La Gomera Island).
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Figure 6. Population of varieties of the Canary Islands (20 pure varieties). (a.1) Two-dimensional
representation of the 5 populations of the Canary Islands by population. (a.2) Values of the Fst
statistic for each population. (a.3) Two-dimensional representation of the 5 populations by individual.
(b) Three-dimensional representation of the 5 populations by individual.

Figure 7b,c show the circular dendrogram and the phylogenetic tree of the 264 pure
individuals distributed in two populations. It can be clearly seen in both cases how
the population of varieties from La Gomera Island occupies a branch by itself (either
the branch or the variety name coloured in pink). These are the new varieties Malvasia
periquin gomerae and Verdello gomerae as well as the already-known Albillo forastero.
The Barrerita negra variety is found together with the rest of the Canary Islands varieties
in the continuous branch. It should be remembered that the Coello blanca variety was
eliminated as it was an admixed variety. Therefore, (a) the first main branch contains the
La Gomera Island population, (b) the second main branch is made up of varieties from the
Canary Archipelago, where the varieties from El Hierro Island predominate as well as the
variety from Fuerteventura Island known as Majorera, and (c) in one of the sub-branches
of the third main branch (origin of the Spanish varieties and also of the rest of the world),
there is the other half of the Canary Islands varieties, dominated by the varieties from the
island of Lanzarote, together with the interspecific cross Bienmesabe tinto.

The two- and three-dimensional PCoA representations are shown in Figure 8. In order
to see the extent of the uniqueness of La Gomera and the Canary Islands, both populations
were extracted from POP2 and studied as independent populations.
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Figure 8. PCoA representation of La Gomera, Canary Islands, and worldwide populations normalised
for K = 2. (a.1) Two-dimensional representation of the 4 populations per population. (a.2) Values of
the Fst statistic for each population. (a.3) Two-dimensional representation of the 4 populations per
individual. (b) Three-dimensional representation of the 4 populations per individual.
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In Figure 8(a.1,a.2) (with a goodness of fit of 85.56%), it can be clearly seen how the La
Gomera Island population, occupying the upper-right quadrant, is very distant from both
POP2 and IC, which occupy the lower-left quadrant. In Figure 8(a.3,b), corresponding to the
representations by individual, it is possible to see the total overlap of the three populations.
Perhaps the most relevant fact is that in Figure 8b, the Bienmesabe tinto variety once again
moves away from the vinifera pool, and the Majorera variety is apparently integrated with
the rest of vinifera.

Once the geographical component was introduced into this study to consolidate
the results obtained so far, the distribution of the 314 varieties was observed in seven
geographical areas arbitrarily defined according to the country of origin of each variety
published in the VIVC [15,49]. It was decided to distribute by area and not by country, as
there were countries with only one representative. In this way, the seven areas that were the
object of our study were defined as follows (Figure S7): EASTMED-CAU (Algeria, Cyprus,
Georgia, Israel, Lebanon, Tunisia, and Turkey), BP (Bosnia and Herzegovina, Bulgaria,
Croatia, Greece, Serbia, Slovenia, and Montenegro), ITA (Italy), FRA-CEU (Austria, France,
Germany, Hungary, and Switzerland), IP (Spain and Portugal), IC (Canary Islands), and
LG (La Gomera Island). Using this distribution, an assignment test was performed with the
GenAlEXx 6.5 program, which gave a goodness of fit of 61%. This test helped to locate all
those varieties that were misplaced. The EASTMED-CAU population, which accounted for
4% of the total, was composed of 33% pure individuals and 67% admixed individuals. In BP,
9% of the world population was found to be half pure and half admixed. ITA had 23% of the
representatives, of which 51% were pure and 49% were admixed. FRA-CE had 19% of the
population, with 72% pure and 28% admixed varieties. IP was the largest population with
33% of varieties, of which 65% were pure and 35% were admixed. IC accounted for 10%
of the world total, and this population was distributed in 75% pure individuals and 20%
admixed individuals. Finally, LG, with the smallest population (2% of the total), presented
40% pure individuals (Malvasia periquin gomerae and Verdello gomerae) and 60% admixed
individuals (Albillo forastero, Barrerita negra, and Coello blanca). Once the admixed or
misplaced varieties were located, they were eliminated (123 individuals), leaving a starting
population of 191 pure or well-placed varieties. Thus, with the populations of well-located
individuals, a second allocation test was carried out, which showed a goodness of fit of 91%.

Figure 9 shows the circular diagram and the corresponding phylogenetic tree for the
world population under the geographical criterion. In both images, it can be seen, in a
significant way, how LG has a singular and outstanding character with respect to both the
IC varieties and the varieties of the rest of the world.

It is also worth noting that the IC population is distributed in three sub-branches
(Figure 9b). In the first, the LG and the Majorera varieties are separated and are almost
entirely made up of individuals from the island of El Hierro (Figure 9a). The second
sub-branch, linked to the previous ones, is made up of individuals from Lanzarote Island,
and the third sub-branch, now linked to peninsular individuals and where the Bienmesabe
tinto variety is located, is made up of the rest of the varieties from Lanzarote and varieties
from the rest of the Canary Islands. Another remarkable fact is the dichotomy between
PI varieties. This population is spread over the three main branches of both figures, the
main one being the one most linked to IC. Figure 10 shows the results of the graphical
representations using PCoA.

Figure 10(a.1,a.2) with a reliability of 76.74% show the final distribution of the seven
world populations. LG is shown to be significantly distant from the rest of the populations,
occupying the lower-right quadrant. The rest of the populations occupy the left quadrants.
On the other hand, IC and IP, which occupy the upper-left quadrant, are close to each
other but differ from the rest of the world populations, which are distributed in the lower-
left quadrant. Figure 10(a.3) does not give relevant information, as both LG and IC, and
the varieties highlighted as being either possible interspecific crosses or as being a true
interspecific cross, overlap with IP. Finally, Figure 10b shows that the Bienmesabe tinto
variety (a true interspecific cross) is significantly displaced from the viniferas and that
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the pure varieties of LG together with Majorera (a possible interspecific cross) are slightly
different from the rest of the viniferas.

EASTMED-CAU

COLOUR KEY GRAPHIC

COLOUR KEY NAMES

armyﬁom hGomen(lG)
Variety from the rest of the Canary Islands (IC)

Figure 9. World population (191 individuals) distributed in populations corresponding to 7 geo-
graphical areas. (a) Circular neighbour-joining dendrogram of the 191 pure individuals of the world
population, highlighting the Bienmesabe tinto, Majorera, and LG locations. (b) Phylogenetic tree of
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Figure 10. PCoA representation of La Gomera, Canary Islands, and world populations for the
geographical criterion. (a.1) Two-dimensional representation of the 7 populations per population.
(a.2) Values of the Fst statistic for each population. (a.3) Two-dimensional representation of the
7 populations per individual. (b) Three-dimensional representation of the 7 populations per individual.
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4. Discussion

One of the main objectives of this study was to analyse the MP-SSRs of the 120 samples
obtained during the La Gomera Island prospection with the 20 SSRs usually analysed by
the TECNENOL research group. Once the MP-SSRs were obtained, they were compared
with the TECNENOL database [41,42,45-48] and with specialized books on Canary Islands
grapevine varieties [14,43,50]. Finally, the MP-SSRs that were unknown were compared
with a worldwide database (Vitis International Variety Catalogue (VIVC)) [15,49].

The discovery of four new MP-SSRs and an individual with variations concerning
one of these new profiles (a mutation), as well as 29 individuals with variations in their
MP-SSRs of the most widespread MP-SSR, gives an idea of the degree of evolution of Vitis
vinifera ssp. vinifera on La Gomera Island, also known as Colombina Island. More than
500 years of natural selection, natural crosses, and mutations, as well as anthropogenic
selection, have been the driving force behind the adaptation of this subspecies.

As in the rest of the Canary Archipelago, La Gomera was never attacked by phylloxera,
and for this reason, its adaptive evolution was never interrupted [51,52]. Therefore, one of
the objectives of the Discussion section is to justify the uniqueness of the local wine-growing
population of La Gomera.

4.1. SSR Polymorphism

The first step is to assess the good functionality of the tools used for the analysis, in
this case the chosen SSRs. For this purpose, six statistical parameters were used, among
which the allelic diversity (Na and He), the goodness of homozygote or F index (i.e., that
a homozygote is real and has not lost alleles), and the probability of identity (PI) were
estimated (Table S4). A values comparison of the main statistics with respect to the different
published works can be a very complex task as there are often variables that are difficult
to handle. These are, for example, the number of starting samples, the number and type
of SSRs used for the corresponding genotyping, and the uniformity of the population
studied, which always depends on the final objective of each study [53]. Because of this,
the reference values from island studies are taken as reference values in order to minimise
differences. Moita et al. [54] studied a 34-grapevine population from the Azores archipelago
with 14 SSRs; Avramidou et al. [55] worked with 56 accessions from the island of Crete,
genotyped with 13 SSRs; and TECNENOL prospected three islands with the same 20 SSRs:
Lanzarote with 223 samples analysed (statistical study with 99 unique MP-SSRs) [42], El
Hierro with 87 accessions genotyped (statistical study with 46 unique MP-SSRs) [41], and
Fuerteventura with 40 samples analysed (statistical study with 15 unique MP-SSRs) [45].
In the La Gomera Island grapevine populations study, 120 samples were genotyped, and
the statistical study was carried out to determine the goodness of the chosen kit, with
52 unique MP-SSRs. When the Na and/or He (parameters that indicate allelic diversity) are
compared, it can be deduced that as the number of individuals in the population which are
not of the same variety increases and the number of SSRs tested also increases, the values
found will be higher. On the other hand and in general terms, the higher the number of
SSRs, the lower the accumulative PI. Therefore, with lower values in the accumulative PI,
the ability of a given SSR kit to distinguish two apparently identical samples will show the
high discrimination capacity of the chosen SSR kit. The populations of Crete Island [55]
and the population of the Azores archipelago [54] showed higher accumulative PI values
than those found in La Gomera Island and the rest of the islands surveyed by TECNENOL.
This is probably not due to the malfunctioning of the SSR kit used but to the low number of
SSRs tested (only 13 or 14 SSRs). Regarding the F index (probability that a kit presents null
alleles), the La Gomera population only presents two SSRs with an index higher than 0.01, a
threshold above which homozygotes are considered doubtful [56]. In this sense, this work
presents the best values of all the studies consulted. Therefore, and comparing the results
found on La Gomera Island with the rest of the islands prospected by the TECNENOL
research group, it can be concluded that the SSR kit used continues to give good results and
is therefore effective and efficient for this research’s purposes, as the main parameters do
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not show major differences (except for the island of Fuerteventura, where the low number
of members of the population means that many of the parameters show different indices
from the usual ones). For La Gomera Island, the best-performing SSRs were VVMD?28,
VVMD36, VVMD27, and ZAG47, and the worst-performing SSRs were, once again, VVS29,
VVS3, and UCH19 (Table S4).

4.2. Grapevine Variety Analysis

The population of accessions collected in the La Gomera Island prospection turned out
to be fairly uniform, since in a first standardisation it went from 120 individuals (Table S1) to
52 unique MP-SSRs (Table S2). This meant the removal of 68 individuals (56.67%) from the
population because they possessed the same genetic profile either to an identity 708 or to a
mutation. This reduction was slightly higher than that found on the island of Lanzarote [42],
with 55% of individuals discarded in the first data normalisation, which was so far the
highest (El Hierro had 52.9% [41] and Fuerteventura had 37.5% [45]). This population stan-
dardisation of the island of La Gomera also included the elimination of two sports unique
in the world, Malvasia rosada [14,43,48-50] and Bermejuela tinta [14]. It is also interesting
to note that these 52 unique MP-SSRs correspond to representatives of 19 varieties, which
demonstrates the existence of a very significant intravarietal variability (63%).

Of these 19 varieties, 3 correspond to individuals described for the first time, the
varieties Coello blanca, Malvasia periquin gomerae, and Verdello gomerae, and another
individual that was described by Rodriguez-Torres in 2013 [43] as unknown no. 2, which
in this work is recorded as Barrerita negra. It should be noted that for the variety Verdello
gomerae, another sample was also collected which turned out to be a mutation in two alleles
of this new variety, registered as Verdello gomerae de Monacal. The consideration of an MP-
SSR as corresponding to a new variety is somewhat arbitrary for the scientific community.
Different authors established different thresholds, for example, Ibafiez et al. [57] (SSR
(2 alleles/26), 92%), Vélez [58] (SSR (2 alleles/18), 89%), and Cabezas et al. [59] (SNP, 90%).
For this work, the threshold was set at a difference of 5 alleles out of the 40 studied for
20 SSRs, which corresponded to an MP-SSR similarity of 87.5% with respect to the most
widespread MP-SSR in the TECNENOL database.

Continuing with Tables S1 and S2, it can be stated that in this study, six errors were
detected in the registration of accession names with respect to their MP-SSRs, probably
due to a lack of knowledge by the vine grower (in red), and 14 entries registered were
identified as unknown individuals (pale green). Also, 29 new MP-SSRs for known varieties
(intense green) and six more profiles were recorded that were already published in other
TECNENOL studies (Forastera de la Isla Redonda and Bermajuelo del Echedo [41]; Listan
negro santanero, Listan negro de la corona, Listan blanca chicharrera, and Listan blanco de
la bodega [42]). In addition, cases of tri- and quadruple allelism were detected, probably
due to hybridisation or periclinal chimeras. This phenomenon was previously described
by other authors [60-62], and individuals showing triallelic SSRs were also found in the
Lanzarote Island prospection [42], one of them (Listan blanco de la bodega) coinciding with
sample codes 1111 and 3111 from the La Gomera prospection (ZAG83). The samples with
triallelic SSRs were Listan negro de lo Machado and Listan blanco de Vallehermoso, also in
the SSR ZAG83; Malvasia blanca piedra gorda (SCU06); Listan blanco de espina (ZAG83);
and Verdello blanco del Corte (UCH19). Finally, the samples Tempranillo de Vallehermoso
and the new variety Malvasia periquin gomerae showed a quadriallelic SSR (SCU06) [60].

In the lexicography section, the inclusion in the VIVC of the PN of the four new
varieties (Barrerita negra, Coello blanca, Malvasia periquin gomerae, and Verdello gomerae)
is proposed. It is also proposed that the new MP-SSR names corresponding to mutations
of known varieties be included, as the VIVC database has been doing. In this way, the
Pinot noir variety mutant is known by the proper name Pinot meunier, and in the case
of the sports, these would also receive their own name, for example, Garnacha blanca
(berry colour mutation) and Garnacha peluda (hairy Garnacha mutation), names that
differ from the PN of the variety, which is Garnacha tinta (red Garnacha). Therefore,
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29 more names should also be included (Forastera blanca de Agulo, Forastera blanca
de Vallehermoso, Forastera blanca roquillos, Forastera blanca simancas, Forastera blanca
tamargada, Alicante tintilla, Marmajuelo de Vallehermoso, Marmajuelo de Valle bajo,
Listan negro de Hermigua, Listan negro de Vallehermoso, Listan negro de lo Machado,
Malvasia blanca de Agulo, Malvasia blanca de Vallehermoso, Malvasia blanca piedra
gorda, Negramoll de Vallehermoso, Mulata del macayo, Moscatel de Hermigua, Moscatel
de la caleta, Moscatel de la caleta fino, Listan blanco de Hermigua, Listan blanco de
Vallehermoso, Listan blanco de espina, Ruby cabernet ingenio, Negra Mora, Tempranillo
de Vallehermoso, Torrontes volcanico montoro, Torrontes volcanico machado, Uva de afio
montoro, and Verdello blanco del Corte), as should the new variety mutation (Verdello
gomerae de Monacal) and the new sport PN (Bermejuela negra). The inclusion of three new
synonyms is also proposed: Marmajuelo Corto as a synonym of Bermajuelo del Echedo [41],
Marmajuelo negro as a synonym of Bermejuela negra, and Moscatel Blanca as a synonym
of Moscatel de Hermigua. Finally, there are two synonyms registered for another variety
that are proposed to be included in a given variety. This is the case of the term Listan negra,
a synonym registered for the variety Listan prieto, now proposed as a synonym of Listan
negro, and the case of the name Malvasia blanca, a synonym registered for the variety
Alarije, now proposed as a synonym of Malvasia Dubrovacka [49].

4.3. Genetic Structure of the Grapevine Population of the Island of La Gomera

The population of varieties found in the La Gomera Island prospection, as mentioned
above, was 19 varieties. Four of these were new local varieties from La Gomera: Coello
blanca, Barrerita negra, Malvasia periquin gomerae, and Verdello gomerae. The remain-
ing 15 varieties turned out to be well-known varieties (Albillo forastero, Alicante Henri
Bouschet, Bermejuela, Caracol, Listan negro, Malvasia Dubrovacka, Mollar cano, Muscat of
Alexandria, Palomino fino, Ruby cabernet, Tempranillo tinto, Torrontes volcanico, Uva de
afio, Verdelho branco, and Verijadiego).

The most relevant conclusions after observing the figures related to this section
(Figures 3, 4a,b, S1 and S2) are as follows: (a) The new local varieties Malvasia periquin
gomerae and Verdello gomerae have a possible influence from the BP (Eastern Mediter-
ranean). These varieties present a very characteristic and singular MP-SSR since in all the
graphical representations by PCoA they appear close to the variety Malvasia Dubrovacka
(chlorotype A, existing but not widespread in the BP [63]) but significantly distant from the
rest (Figure 4), thus forming a single grouping (POP1) (Figure 3). (b) The MP-SSR of the
Coello blanca variety probably has a Central European influence. It appears (Figure 4) also
close to the Portuguese variety Verdelho branco (chlorotype D), which is a cross between
the Central European variety of unknown origin and chlorotype D, Savagnin blanc, and an
unknown variety. It is not uncommon that many varieties from the north of the Iberian
Peninsula (Spain and Portugal) have as a progenitor the Savagnin blanc variety, which
emigrated from the centre of Europe to establish and proliferate in this area through the
Camino de Santiago [64]. Both varieties, Coello blanca and Verdelho branco, also have
an MP-SSR far from the rest of the varieties that make up the population of La Gomera,
probably due to their Central European origin (Figure 4). (c) The best-known local variety
of La Gomera Island is the Albillo forastero. This, alongside the local variety from La
Palma Island, Albillo criollo, is the result of a cross between the Spanish variety Palomino
fino (chlorotype D) and the Portuguese variety Verdelho branco (chlorotype D) [14,63]. In
Figure 4b, it is located between its progenitors but close to the other local Gomeran variety,
Coello blanca. (d) The last local variety of La Gomera, known as Barrerita negra, is also
singular as it is located equidistant from the previous ones but significantly distant from
the group of viniferas. This time, in Figure 4a,b, it is positioned close to the Alicante Henri
Bouschet variety (chlorotype A), a cross made by Louis Bouschet in 1829 [49] with the
French varieties Teinturier (chlorotype A and a cross between Savagnin blanc (chlorotype D)
and an unknown variety) and Aramon noir (chlorotype D and a cross between the French
variety Oliven (chlorotype D) and the Central European variety of unknown origin He-
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unisch weiss (chlorotype C)). Therefore, it is possible that the MP-SSRs of the local varieties
from La Gomera Island are not at all conventional, at least not the new local varieties.

Finally, the reliability rates of 27.82% for the two-dimensional PCoA representation
and 36.96% for the three-dimensional PCoA representation (Figure 4) should be noted.
The overall performance of the PCoA representations decreases as we increase the num-
ber of samples to be represented, sometimes reaching no more than 10% in studies with
global populations. This is due to the fact that when working with 20 SSRs, 40 allelic
values will define the position of a point (variety) in the PCoA plot. This means that the
ideal representation, without error and therefore with 100% goodness of fit, would be a
40-dimensional representation. Given the impossibility of executing graphical represen-
tations with so many dimensions, the scientific community has to assume as good the
reduction to two or three dimensions and their intrinsic errors, a fact that makes us accept
this loss of reliability of the varieties represented by PCoA [65,66]. The solution to this
problem is to assume trends, not accuracies.

4.4. Relation of La Gomera Grapevine Population with Respect to the Canary Archipelago Population

A comparative study was carried out between the local varieties of La Gomera Island
and the local varieties of the rest of the Canary Islands in order to see if the affinities and
trends between them provided relevant information. To this end, a population structure
study was carried out using Structure 2.3. This study proposed the distribution of the
36 Canary Islands local varieties in five ancestral populations (Figures 5 and S4). Although
very little information on crosses or on the chlorotypes of these varieties is available, trends
can be observed at first sight in this distribution. Furthermore, once the standardisation
was performed by eliminating the admixed individuals, Figure 6 as a whole also provides
relevant information.

In this sense, the POP3 population (Figures 5 and S4) is the most remote popula-
tion (Figure 6(a.1,a.2)); as it is made up of representatives closely related to Malvasia
Dubrovacka, it is the most Eastern Mediterranean Basin (BP)-influenced population. This
population includes Malvasia volcanica, the best-known local variety on the island of
Lanzarote and an offspring of Malvasia Dubrovacka [14,42]. The other parent, the Canary
Islands variety Bermejuela, also belongs to this group. The rest of the components of
this group, in all the studies carried out by the TECNENOL research group [41,42,45-48],
have always been related either to Malvasia Dubrovacka or to oriental varieties. Malvasia
periquin gomerae and Verdello gomerae form part of this group as pure and local varieties
of La Gomera Island.

The POP4 population, also positioned significantly away from the rest and occupying
a single quadrant (Figure 6(a.1,a.2)), is a pure population constituted by El Hierro Island
individuals. Nearly all of its components (83.33%) are individuals from El Hierro Island.
As it is one of the archipelago’s westernmost islands, its relationship with the Azores and
Madeira was strong [51,52], so much so that the Verdello de El Hierro variety (admixed) is
the result of a cross between the local variety of El Hierro Island, Verijadiego (admixed with
POP2), and the Portuguese Alfrocheiro (the result of a cross between the Central European
variety Savagnin blanc and an unknown variety) [14]. There is no local variety from the
island of La Gomera in this grouping. The POP2 population, positioned in the upper-left
quadrant very close to the axis and also very close to POP1 and POPS5 (Figure 6(a.1,a.2)),
is constituted by a group of very diverse grapevine varieties (Figures 5 and 54). It can
be observed in this cluster the variety Bienmesabe tinto, described as an interspecific
cross, and also the variety Majorera (a possible interspecific cross) [45] as well as the
Gomeran variety Barrerita negra. Other varieties that appear in previous studies close to
Bienmesabe tinto are those from Lanzarote Island, Blanca de la granja del Cabildo and
Breval negro [45]. Also noteworthy in this group are the variety Tesoro blanco from El
Hierro, always admixed, and vinifera but with a very distant origin from the population of
the Canary Islands [41]. It is interesting to note how Barrerita negra is always positioned
very close to the variety Bienmesabe tinto (Figure 6(a.3,b)), thus allowing us to hypothesise
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about a possible interspecific origin of this variety from the island of La Gomera. The
POP5 population is a cluster characterised by the varieties that are part of the Spanish
variety Palomino fino progeny [14,43,50]. Individuals such as Listan negro (Palomino
fino x Mollar cano), Albillo criollo de la Isla de La Palma, and its sister of both parents,
Albillo forastero from La Gomera Island (Palomino fino x Verdelho branco (Savagnin
blanc x unknown)) [14,43,50]. In this grouping and as an admixed variety, the Gomeran
variety Coello blanco also appears. In Figure 4a,b, this variety appears very close to the
Portuguese variety Verdelho branco, and therefore it is hypothesised that it might have
a Central European origin. Finally, the POP1 population is presented as a population
whose components come almost equally from the islands of El Hierro and Lanzarote
(Figures 5 and S4). Furthermore, this population occupies the lower-left quadrant, very
close to POP5 (Figure 6).

In conclusion, the uniqueness of the new local varieties of La Gomera Island is con-
firmed for the second time, with the Albillo forastero variety having a more integrated
MP-SSR in the vinifera group, i.e., not so unique. It is hypothesised that the MP-SSRs of the
Coello blanco grapevine variety have a strong Central European influence, and those of the
Malvasia periquin gomerae and Verdello gomerae varieties have a marked influence from
BP (Eastern Mediterranean Basin). Finally, it is also hypothesised about the possibility that
the Barrerita negra variety comes from an interspecific cross.

4.5. Relation of La Gomera Grapevine Population with Respect to the World Population

The next step was to broaden the comparative universe and to see how the new
local varieties from La Gomera Island would behave, and in turn, how the La Gomera
population as a whole would behave. Also, the opportunity to observe the Bienmesabe
tinto and Majorera varieties” behaviour related or possibly related to other species of the
genus Vitis.

A purely genetic strategy and a genetic—geographical strategy were used. In both
strategies, admixed varieties from La Gomera were removed. The one that was always
eliminated was the white Coello variety, because it was either admixed or badly located.
This variety could have an MP-SSR with Central European influence due to its proximity
in Figure 4a,b to the Portuguese variety Verdelho branco (Savagnin blanc x unknown).
In addition, in the genetic-geographical strategy, the varieties Barrerita negra and Albillo
forastero were also eliminated.

Another fact common to both strategies was the remarkable singularity of the La
Gomera Island population in the circular dendrograms, phylogenetic trees, and PCoA
graphs by population (Figures 7b,c, 8(a.1,a.2), 9a,b and 10(a.1,a.2)). In all these cases,
it is clear how the La Gomera population (a) forms a main branch (Figure 7b,c) when
the population is made up of the local varieties Malvasia periquin gomerae, Verdello
gomerae, and Albillo forastero, forming part of the genetic strategy; (b) forms a sub-branch
(Figure 9a,b) when the population consists of the grapevine varieties Malvasia periquin
gomerae and Verdello gomerae; or (c) occupies a quadrant on its own away from the other
populations in both the genetic and genetic-geographical strategies when the population
consists only of varieties from La Gomera Island, Malvasia periquin gomerae and Verdello
gomerae (Figures 8(a.1,a.2) and 10(a.1,a.2)). This may highlight the fact that the uniqueness
of LG is given by the MP-SSR of either the two varieties or one of them. With regard to the
Bienmesabe tinto and Majorera varieties, it should be noted that in all cases, they appear
quite separate but with the common feature that Bienmesabe tinto is more closely related
to the varieties from Lanzarote Island, while the Majorera variety appears closely linked to
the varieties from El Hierro Island.

In the case of the three-dimensional PCoA by individuals’ representations, in Figure 8b,
it is apparently only the variety Bienmesabe tinto that moves away from the whole, while
in Figure 10b, both the varieties Bienmesabe tinto and Majorera as well as the two local
varieties of LG that make up this population (Malvasia periquin gomerae and Verdello
gomerae) are significantly separated from the rest.
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Finally, another relevant fact related to IP should be analysed. In Figure 9a,b, IP
presents a fragmented population in such a way that a couple of IP varieties” sub-branches
are in the main branch that gives rise to the FRA-CEU population, and another couple
of IP sub-branches are located in another of the three main branches, the one that gives
rise to the EASTMED-CAU, BP, and ITA varieties. It is clear that the Iberian Peninsula
over the years had major stages in its history that were linked to a strong bidirectional
transfer, in this case of wood or vine seeds. From the arrival of the Phoenicians and Greeks
to the conquest by the Crown of Aragon of the Balkan territories via central-southern
Italy [67], the Iberian Peninsula had close bonds with the eastern part of the Mediterranean
Basin. This fact could well justify the influence on the MP-SSRs of certain varieties by the
EASTMED-CAU, BP, and ITA populations. The previously mentioned case of the Camino
de Santiago should also be remembered, which perfectly justifies the Central European
influence on the MP-SSRs of the northern varieties of IP [64].

5. Conclusions

The conclusions reached after genotyping 120 samples from the prospection of the
volcanic island of La Gomera are diverse and interesting. As usual, the kit of 20 SSRs
performed efficiently and effectively, although not all of them had the same qualitative
level. Four new varieties from La Gomera Island (Coello blanca, Barrerita negra, Malvasia
periquin gomerae, and Verdello gomerae) and a mutation of the variety Verdello gomerae,
known as Verdello gomerae de Monacal, are presented for the first time and proposed for
inclusion in the VIVC. For the first time, 29 unique MP-SSRs corresponding to variations
of known varieties were also computed and are also proposed for inclusion in the global
database. Additionally, six errors were detected, 14 unknown varieties were identified, and
individuals with cases of triallelism and quadriallelism were described.

About the lexicography, four PNs are presented (Coello blanca, Barrerita negra, Mal-
vasia periquin gomerae, and Verdello gomerae), as is one name of a mutation of a new
local variety (Verdello gomerae de Monacal), the inclusion of the sport Bermejuela negra,
and the registration of twenty-nine names of new mutations corresponding to known
varieties. Additionally, three new synonymous names are presented: Marmajuelo Corto as
a synonym of Bermajuelo del Echedo; Marmajuelo negro as a synonym of Bermejuela negra
(PN of the sport); and Moscatel Blanca as a synonym of Moscatel de Hermigua. Finally,
there are two synonyms registered for another variety that we propose be included in a
given variety. This is the case of Listan negra, a synonym registered for the variety Listan
prieto, now proposed as a synonym of Listan negro, and Malvasia blanca, a synonym
registered for the variety Alarije, now proposed as a synonym of Malvasia Dubrovacka.

The population of local grapevines from La Gomera is thought to be the most unique
in the Canary Islands to date. It is hypothesised that varieties with a strong influence from
the Eastern Mediterranean Basin, Malvasia periquin gomerae and Verdello gomerae, are
possibly the most unique. The white Coello variety, which is admixed, seems to have a
strong Central European influence. It is hypothesised that the black Barrerita variety as
well as the Fuerteventura Majorera variety may be the result of interspecific crossbreeding,
as the Bienmesabe tinto variety turned out to be.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae10010014/s1, Table S1: Information on 120 accessions
from La Gomera (original and conclusive) [15,41-43,45-49]; Table S2: Unique molecular profile of
the 52 accessions collected in La Gomera Island prospection. International SSRs coinciding with
the TECNENOL SSRs [15,41-43,45-49]; Table S3: Annealing temperature (Ta), range (in base pairs)
where the peaks have to appear in the electropherogram and type of fluorescence label of the
20 SSRs used by TECNENOL; Table S4: Characteristics of the twenty microsatellite markers used
in this study; Figure S1: The four steps of the graphical method of Evanno et al. [40], allowing
the estimation of the true number of ancestral K groups for a population with 19 individuals from
La Gomera Island; Figure S2: Genetic structure of the La Gomera Island population. Distribution
K =2 (individuals belonging to each group or population). Details of the ratio of pure and admixed
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individuals according to the value of g (pure (g > 85%) and admixed (g < 85%)); Figure S3: The four
steps of the graphical method of Evanno et al. [40], allowing the estimation of the true number of
ancestral K groups for a population with 36 individuals from Canary Islands collection (IC including
La Gomera Island); Figure S4: Genetic structure of the Canary Islands population (36 varieties).
Distribution K = 5 (individuals belonging to each group or population). Details of the ratio of pure and
admixed individuals according to the value of g (pure (g > 85%) and admixed (g < 85%)); Figure S5:
The four steps of the graphical method of Evanno et al. [40], allowing the estimation of the true
number of ancestral K groups for a population with 314 individuals from the TECNENOL database
(including La Gomera Island); Figure S6: Genetic structure of the world population. Distribution
K =2 (individuals belonging to each group or population). Details of the proportion of pure and
admixed individuals as a function of g value. Nationalities that make up pure and admixed groups;
Figure S7. Genetic structure of the world population (191 individuals). Distribution in 7 geographical
areas. Detail of the ratio of well-assigned (pure) and misassigned (admixed) individuals. Nationalities
that make up each of the groups: EASTMED-CAU (Algeria, Cyprus, Georgia, Israel, Lebanon,
Tunisia, and Turkey), BP (Bosnia and Herzegovina, Bulgaria, Croatia, Greece, Serbia, Slovenia, and
Montenegro), ITA (Italy), FRA-CEU (Austria, France, Germany, Hungary, and Switzerland), IP (Spain
and Portugal), IC (Canary Archipelago), and LG (La Gomera Island).
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Abstract: A prospection was carried out on Fuerteventura Island in order to explore the existing
biodiversity of Vitis vinifera ssp. vinifera in almost desert conditions (<120 mm per year). For this
purpose, 40 individuals were collected and genotyped with 20 SSRs. Nine known varieties and one
unknown variety, named Majorera on the island, were identified. In addition, four new mutations
were found in the varieties Listan negro and Listan prieto, respectively. Thirteen unknown individuals
and five erratic accessions were identified. Seven new names are proposed for inclusion in the world
databank (one main name (Majorera), one new synonym for Listan negro (Hoja moral), four new
mutation names (Listan prieto de Antigua, Listan prieto de Vega, Hoja moral de El Rosario and
Hoja moral de Betancuria) and a new synonymy for Muscat Hamburg (Moscatel), which is very
widespread on the island). Finally, the possibility is raised that the new Majorera variety is not a
pure vinifera but the product of an interspecific cross, as has happened with the variety found on
the island of La Palma, Bienmesabe tinto. Once again, the Canary Archipelago shows itself to be a
possible centre for the creation of biodiversity for the cultivated vine.

Keywords: Vitis vinifera L.; SSR; microsatellite; climate change; volcanic; Canary Islands; Fuerteventura
Island

1. Introduction

One of the main problems affecting vine cultivation (one of the oldest and most
economically important crops in the world) in the 21st century is climate change [1].
Vitis vinifera L. species, like all other living organisms, will suffer significant genetic ero-
sion. However, this will not be the only erosion that vine has suffered throughout its
history. Already in the 19th century, this plant species suffered the consequences of the
Phylloxera plague, causing a high mortality of vines and the disappearance of most of its
varieties worldwide (except for certain areas of the planet such as Crete, the Canary Islands,
Chile. . .) [2]. During the 20th century, the problem lay in the excessive use of a small num-
ber of varieties, which came to be considered international (such as Cabernet sauvignon,
Chardonnay, Pinot noir. . .) [1]. In the 21st century, the problem will be climate change in
its main aspects: the increase in average temperatures during vegetative growth and in
some regions, the frequency and severity of frosts during spring and autumn, very hot
days during the summer, extreme rain or hail events and widespread spatial and temporal
drought [3], so much so that, at the inauguration of the 43rd World Congress of Vine and
Wine (Mexico, November 2022), its Director General stated: “...this year’s harvest was
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characterised by extreme heat and a record drought that accelerated ripening in vineyards
all over the world. .. this was the worst drought in the last 500 years” [4]. What is most
striking is that these seasonal (punctual) and devastating phenomena due to large-scale
climatology, which has been defined as climatic variability, are centred in narrow areas of
our planet, which happen to correspond mostly to wine-growing areas. Hannah et al.’s [5]
predictions are not encouraging at all. They predict a gradual disappearance of the current
wine-growing areas towards more northern areas of the planet, substantially changing the
global landscape by 2050 and beyond. The effects of climate change on vines have already
been observed for 50 years. Above all, what is being observed is an earlier phenological
stage (budbreak, flowering, veraison and harvest) and shorter intervals between these
stages, with the latter being shortened by 6 to 17 days, depending on the variety and
location [1]. Thus, for the most widely planted varieties on our planet (known as interna-
tional varieties), the production of a quality product from their harvest will be endangered
and jeopardised.

Focusing on this problem analysis, it can be stated that adaptation responses to climate
change in the world of wine can vary from those implemented at a winery level, which
can be relatively easy, cheap and immediate, but which provide a low adaptation potential,
or those implemented at a vineyard level, which can be more expensive and can lead
to more difficulties, but which have a higher adaptation potential. Strategies that could
be implemented at a vineyard level, in turn, are divided into two. There are those with
medium-term effects and medium adaptation potential, based on vineyard management
and aimed at mitigating radiation, leaf and bunch temperature and water deficit. There
are also those with a high potential for adaptation to climate change effects; therefore,
long-term effects will be based on changing the location of vineyards and/or replacing
old varieties (often international varieties) with others that are much better adapted to the
new changing conditions [6]. Obviously, the implementation of the latter will require a
high level of investment and a change in legislation (especially at the level of appellation
d’origine contr6lée (AOC)). For many vine growers, a change in vineyard location will be
an impossible task, but it will be possible to opt for a change to different grapevine varieties
in the same location. This would be a matter of using a new varietal range that has a wide
temperature niche for vegetative growth and ripening, adapted to the new circumstances,
and is also efficient in water management [1,7]. To this end, and as advised by Wolkovich
et al. [1], current efforts are being made to study both the intervarietal and intra-varietal
variability of the current marketed crops and, among them, Vitis vinifera L.

This study’s main objective is to prospect areas that are much drier than normal for a
wine-growing area, with very low rainfall, to locate high-temperature and drought-resistant
vines. In Spain, there are territories where these conditions are found, as is the case of
the Canary Islands (Figure 1). The Canary Islands are one of the five archipelagos of
Macaronesia, a group of volcanic islands located in the Atlantic Ocean. The easternmost
islands of this archipelago have desert conditions, as they are only a few kilometres from
the Sahara Desert, as is the case of Fuerteventura, which is only 97 km away [8].
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Figure 1. (Left) Macaronesia map [9]. (Right) Canary Archipelago and Fuerteventura Island [10].

Fuerteventura is an island situated at the coordinates 28°24" N 14°00’ W and is the
archipelago’s second-largest island in terms of area [11]. According to the Koppen climate
classification, the climate is hot desert (BWh) in most of Fuerteventura Island, with very low
rainfall that is always below 120 mm per year. Due to the island’s low altitude (between
0 and 813 m), this island does not retain humid air masses, as is the case on other archipelago
islands [12]. Fuerteventura is the Canary Island with the smallest surface area dedicated to
vine cultivation (about 10 ha) and is the only island without an AOC [13]. Paradoxically,
the first written document in which the first wine was produced in the Canary Islands was
in Fuerteventura [14].

This scarcity of vine cultivation has been maintained throughout history by the pres-
ence of gavias (Figure 2). Gavias are structures built by Fuerteventura inhabitants to retain
and make the most of the scarce precipitation water that falls on the island. Thus, the walls
and surroundings of these structures are where most of the vines are found, planted with
the aim of providing consistency to the structure’s containment dam [15].

Figure 2. Detail of a gavia on the Fuerteventura Island [15].
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Thus, and given all the above, the aim of this research was to carry out a prospection
of this arid island, which has never suffered from the Phylloxera plague (like the rest of
the Canary Islands), in order to identify the different individuals currently forgotten in
the gavias or in old abandoned plantations. At the same time, a study of the island’s
vine varieties names was also carried out, as well as, whenever possible, a study of the
population structure.

2. Materials and Methods
2.1. Plant Material

Forty vine samples from different locations on Fuerteventura Island were analysed
(woody tissue). Prospection was carried out by vine growers and hunters by means of
a mass selection process. Samples were collected either in the bush (barren land) or on
the slopes of gavias. Once collected, they were stored at —20 °C until analysis. Detailed
information about the accessions analysed is given in Table S1.

2.2. DNA Extraction and Purification

DNA extraction was carried out using a protocol developed by the Tecnologia Enolégica
(TECNENOL) research group [16,17]. It is an adaptation of Fort et al.’s [18] protocol, specific
for RNA procurement. It was also improved by introducing polyvinylpyrrolidone (PVP)
into the extraction buffer and adding another chloroform wash. The NanoDrop TM 1000
Spectrophotometer (Thermo Fisher® Scientific, Waltham, MA, USA) was used to determine
the extraction yield and purity of the extracted DNA.

2.3. Microsatellites

The 20 SSRs used for the genotyping of the samples from Fuerteventura Island were
previously chosen for their discrimination capacity and polymorphism. Of all of them,
7 match (Table S2) with the 9 that were proposed by the international community as refer-
ence genetic markers (VVS2, VVMD5, VVMD?7, VVMD25, VVMD27, VVMD28, VVMD32,
VIZAG62, VrZAG79) [19]. SSR “kit”, with which the TECNENOL group has been working
for several years, comprises: VVS2, VVS3, VVS29 [20]; VVMD5, VVMD6, VVMD? [21];
VVMD?27, VVMD28, VVMD36 [22]; VIZAG21, ViZAG47, ViZAG62, ViZAG64, VrZAG79,
VIZAGS83 [23]; scul6vv [24]; VVUCH11, VvUCH12, VvUCH19 [25]; VChr19a [26]. Mi-
crosatellites VrZAG47 and VVMD27 are not independent loci, i.e., they amplify the same
area of the genome. The difference between the two is the design of their primers [27].

2.4. Polymerase Chain Reaction (PCR)

In order to carry out the PCR, an Applied Biosystems 2720 Thermal Cycler (Foster City,
CA, USA) was used. Amplification was carried out from 4 ng of DNA and 1 uM of each
primer with a fluorescent dye attached to the primer Forward (Fw) (6-FAM: VVS3, VVMD?7,
VVMD28, VVMD36, ViZAG47, ViZAG62, VrZAG83, VvUCHI11 y VVUCH19; HEX: VVS2,
VVS29, VVMD6, VVMD27, VrZAG21, VrZAG79 y VChr19a; NED: VVMD5, VrZAG64,
scu06vv, VvUCH12) by using AmpliTaq DNA Polymerase kit (Applied Biosystems, Foster
City, CA, USA). Thermocycling conditions were: a first stage at 95 °C for 5 min, a second
phase with 40 cycles at: 95 °C for 45 s; the annealing temperature for each SSR (48.1 °C,
50 °C,52°C,54.4°C,56.1 °C, 56.6 °C and 58 °C (Table S3)) for 30 s; 72 °C for 1 min and a
half; and a last stage at 72 °C for 7 min.

2.5. Measurement of Amplified Fragment Lengths

In addition to the PCR product, formamide and the internal marker GeneScan ROXTM
500 (Applied Biosystems, Foster City, CA, USA) was used to prepare the plates for mea-
suring the length of the amplified fragments. Furthermore, these plates were subjected to
thermal denaturation (3 min at 95 °C). Fragment separation was performed by capillary
electrophoresis with an ABI PRISM 3730® genetic analyser (Applied Biosystems, Foster
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City, CA, USA). Finally, Peak Scanner Software (Applied Biosystems, NJ, USA) was used to
interpret the electrophenograms.

2.6. Data Analysis

GenAlEx 6.5 software [28,29] was used to assess the reliability of the chosen SSR kit.
For this purpose, the statistics Na (number of different alleles), Ne (number of effective
alleles. These are the alleles that are transmitted to the next generation), Ho (observed
heterozygosity. These are the heterozygotes computed), He (expected heterozygosity.
Estimation of the heterozygotes that the population under study might have. Also known
as diversity index), F (fixation index. Parameter measuring the goodness of homozygosity)
and PI (probability of identity. Probability that two molecular profiles (MP-SSR) with the
same SSR values are the same variety) were used. Furthermore, the same software was
used to identify MP-SSRs identical to each other (data normalisation) and, in addition,
the assignment test was performed. This last strategy is based on the allele frequency
of each entry and calculates a log probability value of this entry for each subpopulation
using the allele frequencies of the respective subpopulations. Thus, an individual is
assigned to the subpopulation with the highest log likelihood value [30]. To examine the
genetic relationships between the populations found, two-dimensional principal coordinate
analysis (PCoA) was used, both for populations and for populations of individuals based on
the standardised covariance of the genetic distances calculated for the co-dominant markers.
Finally, the value of Fst, the coefficient of genetic differentiation between populations, was
calculated assuming the infinite allele model.

For the three-dimensional representation of PCoA, the Python Data programme [31]
was used, applying the Matplotlib strategy. The programme MEGA version 7 [32] was
used for the phylogenetic trees and circular dendrograms (neighbour-joining method [33]).

The assessment of the population structure, which entailed the best combination of
populations and the identification of admixed individuals, was carried out using the Struc-
ture 2.3. [34,35] programme. This model-based software uses a Bayesian clustering method
in which several ancestral populations (K) are assumed to be present, each characterised
by a set of allele frequencies at each locus. Individuals in the sample are assigned to popu-
lations (clusters), or conjointly to more populations if their genotypes indicate that they
are admixed. All loci are assumed to be independent and each population K is assumed
to follow Hardy—Weinberg equilibrium. Posterior probabilities were estimated using the
Markov chain Monte Carlo (MCMC) method. MCMC chains were run with a 100,000
burn-in period followed by 1,000,000 iterations using a model allowing for admixture and
correlated allele frequencies. Structure was run at least ten times by setting K from 1 to 7
(1 to 9 for global varieties), and an average likelihood value, L (K), was calculated across all
runs for each K. The mean log probability of the data for each K was calculated to determine
the most appropriate number of clusters, and the value of K for which this probability was
highest was selected. The AK was then calculated using the method proposed by Evanno
et al. [36]. AK is a quantity based on the rate of change in the log probability of the data
between successive K values.

As has been usual in previous studies carried out by the same research group, the
40 MP-SSR obtained were compared with their extensive database [37-41] in order to
incorporate new individuals and new mutations, if any. In addition, the existing literature
on Canary Island varieties was reviewed in depth [39-43], as well as the main database
worldwide, Vitis International Variety Catalog (VIVC) [44]). This exhaustive search for
information allowed us not only to cross-reference the MP-SSRs but also to verify the accu-
racy of the names registered as names of origin. Thus, the original information provided by
the winegrowers, the conclusive information of each accession, the percentage of similarity
with a certain sample from the TECNENOL database and the SSRs in which variability has
been detected, among other characteristics, are shown in Table S1. Additionally, informa-
tion on the unique MP-SSRs for this population and the values found for 7 reference SSRs
can be found in Table S2.
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3. Results

Only 40 individuals were collected from the prospection on the island of Fuerteventura,
which has no viticultural tradition, and these were analysed with TECNENOL’s own
20 SSRs.

3.1. SSR Polymorphism

The first objective was to find the accessions whose MP-SSRs were identical for
all SSRs. We found 25 MP-SSRs identical to other profiles in the population or to each
other. Thus, the population of unique profiles in Fuerteventura Island was 15 individuals
(Table S2).

Table S4 presents the values for the main statistics that allowed us to affirm whether the
chosen SSR kit was effective and efficient for characterising and identifying the Fuerteven-
tura Island grapevine population. The total number of alleles found for this population was
134 (Na). The mean was 6.7 alleles per SSR, with SSRs VVS3, UCH19 and VVS29 showing
the fewest alleles (2, 2 and 3, respectively) and SSRs VVMD28 and ZAG79 showing the
most alleles (10 each). The mean number of alleles passing to the next generation (Ne) was
4.1, with SSRs UCH19 and VVS29 showing the lowest values (1.14 and 1.23, respectively),
and SSRs VVMD36 and ZAG47 showing the highest values (6.62 and 6.82, respectively).
The mean value of observed heterozygosity (Ho = 0.807) was significantly higher than
the mean value of expected heterozygosity, also known as the genetic diversity index
(He = 0.689). The lower values corresponded to SSRs UCH19 and VVS29 (Ho = 0.13 and
0.2, respectively; He = 0.12 and 0.18, respectively) and the higher values corresponded, for
Ho, to SSRs VVS2, ZAG62, ZAG79 and VChrl19a (Ho = 1) and, for He, to SSRs ZAG47 and
VVMD36 (with a value of 0.85). Only two SSRs showed positive values for the F index.
These were SSR ZAG83, with a value very close to 0 (0.015), and VVMDé6, with a larger
value (0.11). Finally, it should be noted that the accumulative identity probability for the
population of 15 vines on the island of Fuerteventura was 7.5 x 10-2°, with SSR VVMD36
having the lowest value (3.9 x 10~2) and SSR UCH19 having the highest value (7.7 x 107 1.

3.2. Grapevine Variety Analysis

Table S1 shows that the 40 accessions analysed corresponded to nine identified varieties
and 1 corresponded to a new variety. All of them had a Spanish origin except for two:
the Greek variety Muscat from Alexandria and the English variety Muscat Hamburg.
Furthermore, within the group of Spanish varieties, it was found that Listan negro and
Torrontes volcanico varieties are local varieties of the Canary Archipelago.

The grapevine variety with the most representatives found in the prospection of
Fuerteventura Island was Listan prieto, with 18 accessions. In this group, three different MP-
SSRs were described: the MP-SSR coinciding with the most extended in the TECNENOL
database, which corresponded to four individuals; a mutated MP-SSR in the first allele of
the SSR VVMD28 (VVMD28-1), which included 11 components (with the representative
that entered with the name Listan prieto de Antigua (the new name for this mutation));
and four samples with two mutations (VVS3-2 and VVMD28-1) whose representative was
entered under the name Listan prieto de Vega (the new name for this mutation).

The local Canary Islands variety Listan negro group contained seven entries, and four
different MP-SSRs were identified in this grouping. In Fuerteventura Island, this variety is
known as Hoja moral (new synonymy). Of these four different MP-SSRs, four accessions
corresponded to the most widespread MP-SSR and were registered under the name of
the new synonymy of Hoja moral: one MP-SSR was registered under the name of Hoja
moral de El Rosario, which mutated in VVUCH12-2; one sample was registered under the
name of Hoja moral de Betancuria, which presented variation in VVZAG21-1; and, finally,
another sample was entered under the name of Hoja moral, which presented a mutation
in VVS3-2.

The MP-SSR of the Greek variety Muscat of Alexandria was also identified in
five accessions from Fuerteventura Island. All the components were found to be identical
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to the most widespread MP-SSR. Three of them were registered under the name Moscatel,
the synonymy registered in the VIVC for this variety, and the other two individuals were
entered as unknown.

The Spanish white grapevine variety, Airén, was represented by three accessions
registered with names such as unknown and erroneous names Moscatel and Listan prieto,
and presented a single MP-SSR identical to the most widespread. The Andalusian variety
Palomino fino was represented in this collection by two accessions mutated in VVS3-1 and
entries with the erroneous name Listan prieto. The MP-SSRs with only one representative
were the Andalusian-Extremefia (SW Spain) grapevine variety Beba, which entered under
the term Burra blanca, the Andalusian Mollar cano, which was registered as unknown, the
English Muscat Hamburg, which entered under the name Moscatel, the Canarian Torrontes
volcanico, entered as unknown and the new variety, registered under the name Majorera,
which corresponded to a new MP-SSR.

3.3. Fuerteventura Grapevine Population Genetic Structure

From the 15 unique profiles found in Fuerteventura Island (Table S2), another data
normalisation was performed in order to initiate a population structure study. Mutant
individuals for a given variety were eliminated from this collection. Thus, the popula-
tion under study had 10 members, corresponding to the 10 varieties described above
(Tables S1 and S2). All of them belonged to the most extended profiles, except for the
Palomino fino variety, whose two representatives had the same mutation (97.5% similarity),
so a mutated individual had to be taken as a representative.

The use of the Structure 2.3. programme to find the best distribution of this 10-member
collection in different populations was impossible due to the low number of individuals
that made up the collection. For this reason, a principal coordinate analysis (PCoA) rep-
resentation was performed directly to observe the position taken by these individuals
according to their genetic distances (Figure 3).

Coord. 2: 15,48%

a Principal Coordinates (PCoA): FUERTEVENTURA POP (10IND) Principal Coordinates (PCoA): FTV POP 10IND
TORRONTES VOLCANICO * Al b
*
BB
* BEBA o N
a P Airen
+ MAJORERA ¢+ MC  wollarcano * 0.4
4 MOLLAR CANO ¢« MH MAJORERA
e MA Listan negro Beba u 0.2 §
PF 0.0 <
. MUSCAT H‘AMBURG Muscat of Alexandria ﬂ
MUSCAT OF ALEXANDRIA + TV . -0.2 &
 AIREN s M Torrontes volcanico 048
Palomino fino (97.5%) g
< -0.6 3
Listan prieto
0.6
Muscat Hamburg 0.4
USTAN PRETO 0.2 g\“
# LSTANNEGRO o | OMINOFINO (97.5%) -0.6 . ‘»""Y’
Cooy, 004, -0.4 0\6'
015, 04 -0.6 ¢
Coord. 1:21,20% 1, 209 0.6

Figure 3. Fuerteventura Island population (unique and non-redundant molecular profiles).
(a) Two-dimensional representation using PCoA. (b) Three-dimensional representation using PCoA.
The names in navy blue correspond to local varieties of the Canary Islands. The name in light
blue corresponds to the new local variety. The names in black correspond to foreign varieties of

the archipelago.

Figure 3a shows how coordinate 1 with a 21.2% goodness of fit separates the Majorera
(Canary Islands), Muscat of Alexandria (Greek) and Muscat Hamburg (English) varieties
from the rest, with Palomino fino and Listan prieto being very close to the axis or above it,
respectively. Coordinate 2 (15.4% goodness of fit), on the other hand, places in the upper
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quadrants the Spanish varieties Mollar cano, Beba, Torrontes volcanico (from Lanzarote
Island) and the new variety Majorera (from Fuerteventura Island), while the two Muscat
varieties are above the axis. The new Majorera grapevine variety is practically located
alone in the upper right quadrant. Figure 3b shows a three-dimensional representation
using PCoA, with a distribution very similar to the previous one. Once again, the Majorera
variety stands out from the rest of the individuals from the Fuerteventura Island collection.
In this image, it can also be seen how the English grapevine variety Muscat Hamburg is
significantly different from both the Majorera variety and the rest.

3.4. Majorera Variety Relation with Respect to Canary Archipelago Grapevine Population

As a strategy to confirm the uniqueness of the Majorera variety MP-SSR, a study
in which this variety was related to the rest of the varieties of the Canary Islands was
carried out.

The Structure 2.3. programme was used to find the best ancestral population distri-
bution from 1 to 7. Figure S1 shows the results of this study, with K = 6 being the best
distribution, followed at a very short distance by K = 4. The graphs generated by the Struc-
ture 2.3. programme for these distributions are presented in Figure S2. It can be seen in
this figure, as for K = 6, that there is no clear distinction between the ancestral populations
POP1 and POP2. On the other hand, the definition of the four ancestral populations for
K =4is clear and sharp. The result observed for K = 6 in Figure S2 is confirmed numerically
in Table S5. This table shows in detail the membership of each of the 32 individuals of
the Canary Archipelago population to one of the six ancestral populations defined in
Structure 2.3. The results show that POP1 and POP2 are not well defined, their individuals
all being admixed (g < 85%), but, in addition, POP3 also has all its individuals admixed.
This fact makes it impossible to continue the study using the six-population distribution.
For this reason, the K = 4 distribution was used, as it had given a result very slightly
different from the previous one (Figure S1), and, in addition, Figure S2 shows the graph of
this distribution with its four well-defined ancestral populations. The numerical results
supporting Figure S2 are presented in Figure S3 and graphically represented in Figure 4.
For K = 4, the 32 Canarian varieties are grouped into four populations, each with pure
individuals (g > 85%) and admixed (g < 85%). In POP1, 34% of individuals (11 varieties),
4 pure individuals (36%) and 7 admixed (64%), are assigned. It is a very diverse population.
The first pure member of POP1 is the red Bienmesabe tinto variety (rest of the Canary
Islands (IC)), followed by the Majorera variety (Fuerteventura Island (FTV)) and the Lan-
zarote Island (LNZ) varieties Blanca de la Granja del Cabildo and Breval negro. The seven
crossbred varieties are from all the islands. POP2, which has 16% of the total population
(five varieties), with three pure individuals (60%) and two admixed individuals (40%), is a
pure population from El Hierro island (HI). With one more individual than POP2 (19%), the
third population (POP3) is presented with five pure individuals (83%) and one admixed
(17%). This population is made up of individuals from HI and individuals from LNZ. POP4
is another large population with 10 members (31%), of which 3 will be pure (30%) and
the remaining 7 admixed (70%). This population will also be characterised by being very
diverse but with a large presence of pure IC individuals.

Normalising the data, i.e., leaving out the admixed varieties (17 varieties), the two-
and three-dimensional PCoA graphical representations of the 15 pure individuals were
carried out, as well as a phylogenetic tree representation (Figure 5).

Figure 5a shows the two-dimensional distribution of the four ancestral populations
that have generated the Canary Islands population, with a 93% goodness of fit (assignment
test). Coordinate 1 (46.98%) separates POP4 from the rest, while coordinate 2 (41.7%) places
POP4 and POP2 in the upper quadrants. Overall, POP2, POP3 and POP4 are distributed
far apart and equidistant while POP1 is positioned close to POP3. The Fst parameter
confirms this arrangement numerically (Figure 5b). Figure 5¢ presents the two-dimensional
representation of PCoA, but now by individuals. It can be seen how the location of the
populations broken down by individuals has redistributed the four populations, causing
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POP2 to move to the right quadrants. It can be seen that the Majorera variety is positioned
next to the red Bienmesabe tinto variety. These two varieties, together with the Breval negro
variety, are located alone in the upper left quadrant. In fact, in this representation, each
population occupies a different quadrant. Figure 5d shows the three-dimensional plot of
the 15 Canarian individuals using PCoA. In this representation, with one more dimension,
the Majorera variety behaviour is again significantly different from the rest of the collection.
Another variety that is also very distant from the rest is Bienmesabe tinto. Both belong to
POP1 together with Breval negro and the variety Blanca de la Granja del Cabildo. Finally,
the global Canary Islands population is shown in Figure 5e, represented by a phylogenetic
tree. It shows the phylogenetic relationship between the four populations, with three main
branches from which POP1, POP2 and, from the third branch, POP3 and POP4 derive.
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Variety from the rest of the Canary Islands (IC)

Figure 4. Population of Canary Islands varieties (unique and non-redundant molecular profiles).
Diagram Structure 3.2. 4K distribution for pure and admixed individuals.

3.5. Majorera Variety Relation with Respect to World Population

In this section, the Majorera variety was compared with 308 vinifera varieties from
22 countries around the world (TECNENOL database [37—41]). To perform this, two strategies
were carried out: one purely genetic, and a second in which a geographical parameter was
introduced.

As far as the first strategy is concerned, the genetic structure was studied using
Structure 2.3. The population now consists of 309 individuals to be distributed according
to the best value of K (from 1 to 9). In this case, the best distribution was for K = 2
(Figure S4) followed by K = 7. The vinifera world population was divided into two
ancestral populations, POP1 and POP2, with 182 (59%) and 127 (41%) members, respectively
(Figure 6a and Figure S5). Specifically, in Figure S5, the g values for each variety for a
given population are presented. Thus, POP1 has 88% pure individuals (161 individuals
out of a total population of 309) and 12% admixed (21/309). This is a population with an
abundance of representatives from Italy (51 pure individuals and 4 admixed out of a total
of 72 Italians), France (39 pure and 5 admixed out of 49), Spain (24 pure and 4 admixed
out of 106), Portugal (12 pure and 4 admixed out of 22) and Greece (11 pure out of 14),
among others. On the other hand, POP2, with 98 pure individuals (77%) and 29 admixed
(23%), hosts individuals from Spain (67 pure and 11 admixed out of 106 individuals), Italy
(10 pure and 7 admixed out of 72), France (4 pure and 1 admixed out of 49), Portugal (2 pure
and 4 admixed out of 22) and Greece (3 pure out of 14), among others. The IC population
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(with 32 varieties) is entirely positioned in POP2, with 30 pure and 2 admixed individuals
(Albillo criollo and Malvasia alistanada fina) (Figure S5). From these results, we eliminated
50 varieties with a q value lower than 85%.
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Figure 5. Population of Canary Islands grapevine varieties (15 pure varieties). (a) Two-dimensional
representation of the 4 Canarian populations by population. (b) Values of the Fst statistic
for each population. (c) Two-dimensional representation of the 4 populations by individuals.
(d) Three-dimensional representation of the 4 populations by individuals. (e) Phylogenetic tree of the
4 populations by individuals. The names in navy blue correspond to Canary Islands varieties,
the name in light blue corresponds to the Fuerteventura Island variety, the names in acid green
correspond to Lanzarote Island varieties and the names in dark green correspond to El Hierro
island varieties.

Figure 6b shows the circular dendrogram of this K = 2 distribution for the 259 pure
varieties after the application of an assignment test that gave a goodness of fit equal to
100%. Interestingly, four varieties assigned to POP1 were incorporated into POP2 (Chasselas
blanc (FRA), Tenerone (ITA), Parellada (ESP) and Rojal tinta (ESP)), and the POP2 variety
Valent blanc (ESP) was incorporated into POP1. Otherwise, the distribution is as expected
according to the Structure 2.3. programme and the GenAlEx 6.5 assignment test. The
varieties Bienmesabe tinto and Majorera are located in the second major branch from the
origin (Figure 6b,c) and in different clusters. The IC grapevine varieties are distributed over
almost all branches and arms of POP2.

The 259 individuals distribution by PCoA representation is shown in Figure 7. To
highlight the role of the IC population and new Majorera variety, a new population (POP3)
corresponding to IC was constructed and extracted from POP2. Applying the assignment
test, it gave a goodness of fit of 93% (data not shown). Figure 7(a.2,a.3) show the distribution
of these three populations by population. It can be seen how coordinate 1 (76.65%) separates
the populations of Spanish origin (POP2 and POP3 (IC)) from POP1, which corresponds
to the clustering of most of the varieties from the rest of the world. In turn, coordinate 2
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(23.35%) isolates POP1 and POP3 (IC) in the upper quadrants. The statistical parameter (Fst)
supporting this positioning is shown in Figure 7(a.3). The two-dimensional distribution
by individuals (Figure 7(a.1)) shows how coordinate 1 (5.68%) again separates POP2 and
POP3 (IC) from POP1, but now coordinate 2 (3.68%) leaving the individuals of all the
populations distributed in the upper and lower quadrants indistinctly. Bienmesabe tinto
and Majorera variety locations overlap with the populations of POP2 and POP3 (IC). The
three-dimensional representation (Figure 7b) shows broadly the distribution described for
Figure 7(a.1) except that the varieties Bienmesabe tinto and Majorera are separated from
the rest of the varieties of both POP2 and POP3 (IC).

NAME KEY

Variety from Canary Islands

VARIETY FROM FUERTEVENTURA (FTV)
tinto (DPH)

COLOUR KEY GRAPHIC
POP 1pure

POP2pure

Figure 6. The world population (259 individuals) distributed into 2 populations. (a) Graphical
representation of K =2 according to Structure 2.3. (with pure and admixed individuals); (b) neighbour-
joining circular dendrogram of the 259 world population pure individuals, highlighting the location of
Bienmesabe tinto (pink and bold), Majorera (capital and bold) and IC varieties (bold). (c) Phylogenetic
tree corresponding to the population of 259 pure individuals, highlighting the Bienmesabe tinto and
Majorera varieties.

As for the distribution using a geographical component, in this case, the 309 varieties
were grouped geographically, 307 belonging to Vitis vinifera ssp. vinifera, the Bienmesabe
tinto variety and the Majorera variety. Five populations were formed: EASTMED-CAU
(Algeria, Cyprus, Georgia, Israel, Lebanon, Tunisia and Turkey), BP (Bosnia and Herzegov-
ina, Bulgaria, Croatia, Greece, Serbia, Slovenia and Montenegro), ITA (Italy), FRA-CEU
(Austria, France, Germany, Hungary and Switzerland) and IP (Spain and Portugal). The
Canary Islands population was extracted from the latter (IC).

Using the GenAlEx 6.5 programme, an assignment test was carried out in order to
find out which individuals were poorly placed in each group (admixed), and to be able to
eliminate them (data normalisation). The 309 individuals” goodness of distribution was
61% (data not shown). The final population of well-placed individuals with a goodness of
fit of 91% (data not shown) and spread over six geographic areas dropped to 188 varieties.
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Figure 7. PCoA representation of Canary Islands population and the wold varieties normalised for
K =2. (a.1) Two-dimensional representation of the 3 populations by individuals, (a.2) two-dimensional
representation of the 3 populations by population, (a.3) Fst statistic values for each population.
(b) Three-dimensional representation of the 3 populations by individuals. POP3 corresponds to IC.

Figure S6 presents the characteristics of each geographical population. Thus, EASTMED-
CAU, with 4% of the population (12 individuals), presented four pure individuals (33%),
with a Turkish variety and the rest of the unknown ones that were previously assigned
to this grouping, as well as eight admixed (67%) corresponding to the rest of this cluster
nationalities. BP, with 9% of the population (28 varieties), showed 50% of pure individuals,
with Greek and Croatian varieties dominating, and 50% of admixed varieties coming mostly
from Greece. The Italian cluster (ITA), with 24% of the world population (73 samples), was
also almost equally distributed, with 51% of pure varieties (37 individuals) and 49% of
admixed (36 individuals). The French-European cluster, with 60 varieties, represented 24%
of the world population, with 72% pure (43 varieties) and 28% mixed (17 individuals), with
French varieties dominating in both cases. The most numerous grouping corresponded to
IP, with 34% of the components of the world population (104 individuals), divided between
63% of pure individuals (66 varieties) and 37% of admixed (38 samples). In this case, it
should be noted that, with Spanish varieties dominating in both cases (pure and mixed), a
proportionally greater crossbreeding was observed in Portuguese varieties. And, lastly, IC,
corresponded to 10% of the total, with 24 pure varieties (75%) and 8 mixed varieties (25%).

Figure 8 shows the circular dendrogram and the phylogenetic tree of this population
of pure varieties. Both representations show the 188 varieties distributed in three main
branches. The first one corresponds to the EASTMED-CAU, BP and ITA populations,
with two small independent IP arms. The second corresponds to the IP population itself,
with the Canary Islands population and, diluted in this population, Bienmesabe tinto and
Majorera varieties. Finally, in the third large branch, the FRA-CEU population is present,
and, in the same way as in the first large branch, there are two small independent branches
with IP varieties. Bienmesabe tinto and Majorera varieties are found in the same branch as
the IC varieties but in different clusters.
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ITA

Figure 8. World population (188 individuals) distributed in populations corresponding to six geo-
graphical areas. (a) Circular neighbour-joining dendrogram of the 188 pure individuals of the world
population, highlighting the location of the Bienmesabe tinto and Majorera varieties; (b) phylogenetic
tree of the distribution of these 6 populations with all their individuals.

Figure 9 corresponds to the graphical representations using two-dimensional PCoA
with populations and with individuals (Figure 9a), and three-dimensional PCoA with indi-
viduals (Figure 9b). In the two-dimensional representation by populations (Figure 9(a.2)),
it can be seen how coordinate 1 (42.02%) separates the IP and IC populations from the
rest, with these being located in the right quadrants. The IC population is significantly
differentiated from the rest, occupying a solitary quadrant, in the same way as the ITA
and IP populations. Coordinate 2 (18.09%) separates the most singular populations in
the upper quadrants, these being the most distant, ITA and IC. The Fst statistic confirms
the arrangement of each population in the corresponding quadrants (Figure 9(a.3)). The
two-dimensional individual distribution looks somewhat similar to that of populations
(Figure 9(a.1)). Coordinate 1 (6.03%) clearly separates the Spanish populations (IP and
IC) from those of ITA and FRA-CE, while the populations of EASTMED-CAU and BP are
distributed along the central part of the two coordinate axes. Coordinate 2 (3.98%) has no
effect on these populations. Bienmesabe tinto and Majorera varieties are located overlap-
ping with POP2 and IC. Again, the three-dimensional representation shows a significant
differentiation of the Bienmesabe tinto and Majorera varieties with respect to the rest of the
varieties worldwide (Figure 9b).
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Figure 9. PCoA representation of the Canary Islands population and of the world varieties by
geographical criterion. (a.1) Two-dimensional representation of the 6 populations by individuals,
(a.2) two-dimensional representation of the 6 populations by population, (a.3) values of the Fst statistic
for each population. (b) Three-dimensional representation of the 6 populations by individuals.

4. Discussion

After showing the results obtained in the Fuerteventura Island prospection, in this
section, the singularity and possible origin of the new MP-SSR found is going to be justified,
among other aspects.

4.1. SSR Polymorphism

As usual in TECNENOL studies, the 20 SSRs used to genotype the samples in question
proved to be efficient and effective. In this sample population from Fuerteventura Island,
the SSRs with the best performance were the ZAG79 (Na: 10; Ho: 1; He: 0.833; F: —0.2;
PI: 4.8 x 1072), VVMD27 (Na: 9; Ho: 0.933; He: 0.836; F: —0.117; PI: 4.7 x 10~2), ZAG47
(Na: 9; Ho: 0.933; He: 0.849; F: —0.099; PI: 4.0 x 10_2) and VVMD36 (Na: 8; Ho: 0.933;
He: 0.853; F: —0.094; PI: 3.9 x 102). But, there were also SSRs that did not meet the
desired expectations, such as UCH19 (Na: 2; Ho: 0.133; He: 0.124; F: —0.071; PI: 7.7 x 107D,
VVS29 (Na: 3; Ho: 0.2; He: 0.184; F: —0.084; PI: 6.7 x 10~!) and VVS3 (Na: 2; Ho: 0.733;
He: 0.491; F: —0.493; PI: 3.8 x 10~!). However, all SSR joint actions did provide very
satisfactory results.

Before pointing out the statistical parameters that give confidence in the chosen SSRs,
it should be borne in mind that the values found for each population depend on three
conditioning factors: (a) the number of SSRs used, (b) the number of samples analysed and
(c) the proximity of the population samples to be analysed, which is why it is difficult to
compare with other authors [45-52]. It should be noted that the sample under study is a
population belonging to an almost desert island where viticulture has been lost over the
years, which is why only 40 samples have been collected. This number is similar to the
number of individuals analysed in the study on Andalusian grape varieties carried out by
Jiménez-Cantizano et al. [52] (49 samples), which also used 20 SSRs, so it is a good basis
for comparison. In this case, 15 MP-SSRs were found out of the 40 individuals prospected,
and 30 different genotypes were obtained in the Andalusian varieties study. From these
data, when contrasting the coincident statistical parameters to compare the goodness of
the SSRs used (Table S4), it is observed that all the parameter values of this research show
significantly lower results, with the exception of Ho. While the mean Ho value of the
present work was 0.803 (80.3% of heterozygotes), in the Andalusian varieties study, it
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was 0.763 (76.3% of heterozygotes); thus, the Fuerteventura Island population had fewer
homozygous individuals (almost 5% fewer). On the other hand, this study’s accumulative
IP reached the value of 7,5 x 10~20, 44.4% lower than the value obtained in the work on
Andalusian varieties (1.7 x 10~'%) for 20 SSRs in both cases. With respect to the other works
consulted [45-51], the values were always significantly lower (except for PI) and uneven,
mainly due to the low number of samples analysed and not due to a loss of efficiency and
efficacy of the SSRs used.

4.2. Grapevine Variety Analysis

From the 40 accessions registered for the Fuerteventura Island population, once the
first data normalisation was carried out, the Fuerteventura population was reduced to
15 individuals with a unique MP-SSR. These corresponded to 10 varieties, of which 9 were
known and registered in the databases (Airén, Beba, Listan negro, Listan prieto, Mollar
cano, Muscat Hamburg, Muscat of Alexandria, Palomino fino and Torrontes volcanico) and
1 was unknown (Majorera). The difference in five individuals was due to the existence of
intra-varietal variability, i.e., four new mutations and one mutation already described in the
Lanzarote Island study (whose name is Listan negro santanero) [40] had been described for
known varieties in this collection. Apart from this, it must be said that the Palomino fino
variety (in this work) was also represented by a mutant described in two previous studies
since the population of Fuerteventura Island did not have the most widespread profile for
this variety. This mutant genetic profile was found on the island of Lanzarote, where it
received the name Listan blanca chicharrera (published name) [40], which has also been
found in el Hierro island [41]. Another case of mutation described previously occurred in
the Andalusian variety Mollar cano. This variety was represented by a mutation found on
the Island of Lanzarote [40] known as Mollar bonilla.

Overall, in the Fuerteventura population characterisation and identification study,
13 samples were identified that were entered with the name unknown and 5 accessions
with erratic names were detected, which have been perfectly identified. With regard to
lexicography, it is suggested that the term Majorera be included in the VIVC database as
the main name of the new variety in this collection. It is also proposed to include the new
synonymy Hoja moral, with which the Listan negro variety is known throughout the island,
as well as the names of the mutations found for this variety and also for the Listan prieto
variety (Listan prieto de Antigua, Listan prieto de Vega, Hoja moral de El Rosario and Hoja
moral de Betancuria), since, as has been pointed out in previous research articles [40,41], the
VIVC database gives proper names to mutations of the Pinot varieties noir, Chasselas blanc
and Trousseau noir, among others. The term Moscatel (synonymy registered to designate
the Muscat of Alexandria variety and well used by the Fuertevetura island winegrowers) is
detected to name the red variety Muscat Hamburg and is proposed as a new synonymy
for this English red Muscat designed by Mr. Seward Snow [44]. A very unusual case
occurs with the name of the accession Beba. It entered under the name of Burra blanca,
a synonymy registered for the Airen variety and often used in the Canary archipelago to
designate the Beba variety (a case also found in the study of El Hierro island [41]). For this
reason, it is considered an erratic name and not a synonymy, since, if it were considered a
synonymy, we would be creating a case of homonymy:.

4.3. Fuerteventura Grapevine Population Genetic Structure

7

The aim of this section is basically to find out about the Fuerteventura varieties
collection behaviour, paying special attention to the new local variety.

Figure 3a shows how coordinate 1 separates the varieties originating from or with
more influence from the east of the Mediterranean Basin from the rest (of Spanish origin).
On the other hand, coordinate 2 places in the upper quadrants those varieties known to
have chlorotype A (characteristic of the Iberian Peninsula) [53]. It is also known that the
female progenitor of these same varieties is the variety that originated in North Africa
(according to Pierre Galet [54,55]), known by the names of Heben (main name) or Gibi
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(very widespread synonym). In addition, the Canary Islands variety Torrontes volcanico
and the Majorera variety, of which neither their chlorotype nor their progenitors are known,
are also found at this location. The exception is the variety Airen, which is located in the
lower left quadrant, very close to the axis. Airen, which also has chlorotype A, has the
Heben variety as its female progenitor. Its location so close to the previous varieties would
justify the fact that it is considered to belong to the same group and, therefore, within the
modus operandi error of all the graphical representations of this study and similar works.
The location of each individual on a graph would be due to the confluence of 40 numerical
data corresponding to the two alleles of each of the 20 SSRs. Under these conditions, only
a 40-dimensional graphical representation would be error-free. It is for this reason that
the reduction from 40 to 2 or at best 3 dimensions leads to these deviations. In the lower
quadrants, and thus on the same axis or below the axis of coordinate 2, there are mostly
varieties with chlorotype D. These are Listan prieto, Palomino fino, Muscat Hamburg
and, with chlorotype B, Muscat of Alexandria. But, the latter variety is a cross between
the Greek varieties Heptaliko (chlorotype B) and Muscat a petits grains blancs, also with
chlorotype D, which means that the Muscat of Alexandria has Balkan Peninsula ancestry,
where this chlorotype is mostly from. Muscat Hamburg is a cross between the Greek variety
Muscat of Alexandria and the Italian variety Schiva grossa (chlorotype D), carried out by
the English hybridiser Seward Snow [44]. Finally, we can also see in the lower quadrants
the Canary Island variety Listan negro, of which the chlorotype is unknown but its cross is
known. This variety’s progenitors are the Spanish varieties Palomino fino (chlorotype D)
and Mollar cano (chlorotype A). As far as the new variety Majorera is concerned, as it is
found practically only in the upper right quadrant, it can be concluded that it has a very
characteristic MP-SSR and is influenced by the east of the Mediterranean Basin. Figure 3b
broadly reproduces the same distribution as Figure 3a for the sample collection under study.
Again, the Majorera variety is one of those moving away from the group, together with the
surprising position of Muscat Hamburg, which, in the two-dimensional graph, appeared
next to its parental, Muscat of Alexandria. Listan negro also suffers a shift between its
parentals: whereas, in Figure 3a, it was located close to the Palomino fino, now it is closer
to the Mollar cano. Evidently, the reliability of the varieties’ position in this study improves
with a dimension increase. In this particular case, the accumulative reliability percentage
in two dimensions is 36.68% (the sum of the percentages of coordinates 1 and 2 (Figure 3a))
but, for three dimensions, the goodness of representation increases to 51.76% (sum of the
three coordinates in Figure 3b).

Finally, it can be concluded that the new local variety from Fuerteventura has a
significantly different MP-SSR from the rest of the viniferas prospected on the island.
The differences found in the “signature” variety Muscat Hamburg may be due to the
Italian influence of its MP-SSR, thus differentiating it from the rest of the members of this
population with Spanish influence.

4.4. Majorera Variety Relation with Respect to Canary Archipelago Grapevine Population

In order to obtain a better understanding of the Majorera variety behaviour and to
check whether it continued to be significantly different, in this case from the varieties of
the archipelago itself, a population genetics study was carried out. To this end, the 32
Canary Islands varieties were divided into six populations. This proposal was rejected
because of the dysfunction of POP1 with respect to POP2 and because POP3, although well
defined as such, did not have pure individuals. The proposal to divide the Canary Islands
grapevine population into four ancestral populations was then taken. The membership
of each individual to a given population was based on the g value, which is defined as
the measure of the link of an individual with an ancestral population based on its genetic
similarity (percentage of its genome inferred that belongs to the group [56]) and is ordered
from the largest to the smallest value (Table S5). Seventeen admixed individuals were
detected and eliminated, and the Canary Island population consisted of 15 varieties, which
were divided into these four populations. POP1 held the varieties Bienmesabe tinto (Island
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of La Palma), Majorera (Island of Fuerteventura), Breval negro (Island of Lanzarote) and
Blanca de la Granja del Cabildo (Island of Lanzarote) (Figure 4 and Figure S3). Bienmesabe
tinto is a variety that was published in 2019 by TECNENOL [39] as a new variety of Vitis
vinifera ssp. vinifera, and, after checking its MP-SSR in the VIVC database, did not give any
match. Currently, consulting this database, it can be seen that it has been registered as the
result of a cross between species of the genus Vitis, i.e., as a direct hybrid producer (DPH),
having been previously described by other research groups as such [57,58]. In this sense, the
fact that this MP-SSR, which shows the Bienmesabe tinto variety, is positioned so far away
from the other grape varieties is of great value. Based on these data and given Majorera’s
proximity to this variety and how far it is located from the rest of vinifera, it is possible that it
is also a DPH. POP2 is presented as a cluster closely related to HI varieties and, in POP3, the
HI and LNZ varieties share prominence. On the other hand, in POP4, we find the progeny
of Malvasia Dubrovacka and Bermejuela, Malvasia volcanica and a new variety, also from
LNZ, which is known as Malvasia alistanada fina. Malvasia Dubrovacka has a chlorotype
A, which is very frequent in the Iberian Peninsula but rare in the Balkan Peninsula [49,53],
although several studies group its MP-SSR with Malvasia profiles from the Balkans [59].
Palomino fino progeny, Listan negro (Palomino fino x Mollar cano), Albillo criollo and
Albillo forastero (Palomino fino x Verdelho branco) are also located in this population.
This is important because of the chlorotype D of the Palomino fino variety, which is closely
related to the eastern Mediterranean basin [49,53]. Therefore, it can be concluded that this
cluster groups varieties (pure or admixed) with Eastern Mediterranean influence.

Figure 5 shows contradictory information regarding the relationship that these popu-
lations may have. While, in Figure 5a—e, it can be seen that POP1 and POP2 are markedly
differentiated in all images, in the case of POP3 and POP4, it depends on whether the graph
is represented by individuals or populations. In the case of population representations
(Figure 5a), POP3 and POP4 appear distant and, in the case of individual representations,
they are related. Clearly, the reliability of this representation has decreased with respect
to the representation by populations. Nevertheless, trends can be observed. It can also be
seen how POP1 presents all its individuals as dispersed, while the rest of the populations
maintain all their individuals as grouped together as a sample of the relationship between
them, clearly differentiating one population from the other.

With regard to the variety under study, Majorera, it can be concluded in this section
that it has a significantly different MP-SSR from the rest of the Canary Islands varieties,
with the exception of the Bienmesabe tinto variety. This uniqueness may be due to the
nature of its progenitors. There is a possibility that this variety is a DPH, i.e., an interspecific
cross. However, the fact that, in the three-dimensional representation (Figure 5d), it is very
distant from the Bienmesabe tinto variety may mean that its parents (interspecific or not)
are not very closely related to the Bienmesabe tinto variety parentals.

4.5. Majorera Variety Relation with Respect to World Population

The availability of a complete database for Vitis vinifera ssp. vinifera in the TECNENOL
research group allowed us to compare the MP-SSR of the Majorera variety with 308 other
varieties from 22 countries around the world and, in this way, attempt to confirm the
indications that point to this genetic profile as an interspecific cross.

The first strategy that was tested was purely genetic. Structure 2.3 prioritised the
distribution K = 2, forming two populations that are markedly differentiated: POP1 (with
mostly varieties from the rest of the world) and POP2 (with mostly Spanish individuals and
from which the Canarian population was extracted (POP3)) (Figure 6b,c and Figure 7a,b).
This behaviour is observed in all TECNENOL works; in the same way, the CI population
singularity with respect to the Spanish population and also with the world population
is also observed in all of them (Figure 7(a.2,a.3)) when working with total populations.
However, in the representations with all individuals in the form of a circular dendrogram
(Figure 6b), phylogenetic tree (Figure 6¢c) and two-dimensional PCoA (Figure 7(a.1)), it
is no longer possible to demonstrate the uniqueness of IC with respect to POP2. If the
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behaviour of the varieties Bienmesabe tinto and Majorera is observed in these graphical
representations, with the former being a DPH and the latter having the potential to be one,
there are no significant differences with respect to the rest of the varieties either. Bienmesabe
tinto and Majorera varieties” locations overlap with the populations of POP2 and POP3
(IC) without giving relevant information. Only in the three-dimensional representation
(Figure 7b) do these two varieties appear as significantly distant from the rest, especially the
Bienmesabe tinto variety. It should be noted that an additional dimension adds reliability
to the final result. In this case, the reliability went from 9.36% in the two-dimensional
representation to 12.88% in the three-dimensional graph, which represents an increase of
27.33%. Despite this, the final goodness of fit is still significantly low and similar to that
described by most authors for PCoA in two dimensions [59,60].

In addition, another strategy was tested. This included a geographic component.
Thus, this world population was grouped by geographical areas as proposed by other
authors [53,56], according to the origin of the variety registered in the VIVC.

In this particular case, the 309 varieties, 307 belonging to Vitis vinifera ssp. vinifera,
the Bienmesabe tinto variety as DPH and the Majorera variety that could have originated
from another interspecific cross, were grouped into six areas. The objective was to see
what influence the geographical component had in supporting the possibility that the only
MP-SSR on the island of Fuerteventura was not a pure vinifera.

When distributing the world population into six geographical areas, the global be-
haviour observed was similar to the previous one. The representation by population,
once again, shows the uniqueness not only of the IC varieties but also the uniqueness
of the PI varieties with respect to the rest of the varieties in the world (Figure 8a,b and
Figure 9a.2,a.3,b). In addition, the singularity between IC and PI can also be observed,
although they are closely related. In contrast, the individual representation in Figure 9(a.1)
shows no differentiation between IC and PI. Figure 8a,b show how some PI varieties are
located in branches belonging to the EAST-MED-CAU, BP and ITA areas, and in the one
belonging to the FRA-CE area. This transposition may well be due to the influence of the
MP-SSRs in question on these reference areas. Possibly, this influence is due not only to the
conquest of new territories by the Crown of Aragon, which in the Middle Ages reached as
far as the Balkan Peninsula [61], but also to the Camino de Santiago (FRA-CE) [62]. It is
obvious to think that, in these situations, there was a bidirectional transfer of varieties. Re-
garding the varieties Bienmesabe tinto and Majorera, again it will be the three-dimensional
PCoA representation (Figure 9b) that distinguishes these varieties significantly from the
rest of the world varieties.

It must also be noted that, for both strategies, (a) coordinate 1 of Figure 7(a.1) and
Figure 9(a.1) is the one that separates the specific populations for each case, while Coor-
dinate 2 does not have a notable role or does not have any paper; (b) the major Spanish
populations (peninsular and insular), as well as the Bienmesabe tinto and Majorera vari-
eties, overlap without distinction (Figure 7(a.1) and Figure 9(a.1)); (c) it is always the third
dimension collected in Figures 7b and 9b that is able to differentiate between Bienmesabe
tinto and Majorera varieties, and consequently show their uniqueness.

In conclusion, it can be hypothesised that there is a possibility that the Majorera variety
from Fuerteventura Island is a DPH. This will have to be confirmed in further studies.

5. Conclusions

After carrying out this study, it can be concluded that, once again, the SSR kit
used for this study worked correctly. Regarding the MP-SSR, this study has described:
(a) 10 different variety profiles, where 9 correspond to known varieties and 1 corresponds
to a new variety; (b) 4 new mutations of known varieties (Listan prieto from Antigua,
Listan prieto from Vega, Hoja moral from El Rosario and Hoja moral from Betancuria);
(c) identified mutations of known varieties that have been described in other works (Listan
negro santanero, Mollar bonilla, Listan blanca chicharrera); and (d) 13 MP-SSR of acces-
sions registered as unknown that have been identified. At a lexicographic level, five erratic
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names have been detected. Furthermore, this work proposes the inclusion in the global
database (VIVC) of seven new names: one main name of a variety (Majorera); one new
name synonymous with the Canarian variety Listan negro (Hoja moral); four names of
mutations (Listan prieto from Antigua, Listan prieto from Vega, Hoja moral from El Rosario
and Hoja moral from Betancuria); and the new name synonymous with the Moscatel variety
Hamburg (Muscat). The uniqueness of the population of Canary Islands varieties as a
potential centre for creating biodiversity for cultivated vines is also confirmed. Finally, the
possibility is raised that the new variety from the island of Fuerteventura derives from an
intraspecific crossing.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/horticulturae9121301/s1, Table S1: Information (original and conclusive)
on 40 accessions from Fuerteventura Island. Table S2: Results of 7 international SSRs of 15 genetic
profiles from Fuerteventura that correspond to 10 different varieties. The yellow box indicates a
mutated allele. Table S3: Annealing temperature (Tz) of SSR. Table S4: Characterisation of the twenty
microsatellite markers used in this study. Figure S1: The four steps of the graphical method of Evanno
et al., (2005), allowing for the estimation of the true number of ancestral K groups for a population
with 32 individuals from the Canary Islands collection (IC, including Fuerteventura Island). Figure S2:
Plots of the best distributions of the 32 individuals of the Canary Islands (including Fuerteventura)
from Structure 2.3. programme for 4K and 6K. Table S5: Genetic structure of the Canary Islands
population. Distribution K = 6 (individuals belonging to each group or population). Breakdown of
the ratio of pure and admixed individuals according to the g value (pure (g > 85%) and admixed
(9 < 85%)). Figure S3: Genetic structure of the Canary Islands population (32 varieties). Distribution
K = 4 (individuals belonging to each group or population). Breakdown of the ratio of pure and
admixed individuals according to the g value (pure (7 > 85%) and admixed (g < 85%)). Status of
each population. Figure S4: The four steps of the graphical method of Evanno et al., (2005), allowing
for the estimation of the true number of ancestral K groups for a population of 309 varieties from
the TECNENOL database. Figure S5: Genetic structure of the world population (309 individuals).
Distribution K = 2 (individuals belonging to each group or population). Breakdown of the ratio of
pure and admixed individuals according to the g value (pure (7 > 85%) and admixed (g < 85%)).
Status of each population. Figure S6: Genetic structure of the world population (188 individuals).
Distribution in 6 geographical areas. Breakdown of the well-assigned (pure) and wrong-assigned
(admixed) individuals. Nations that compose each of the groups: EASTMED-CAU (Algeria, Cyprus,
Georgia, Israel, Lebanon, Tunisia and Turkey), BP (Bosnia and Herzegovina, Bulgaria, Croatia, Greece,
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Switzerland), IP (Spain and Portugal) and IC (Canary archipelago).
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Abstract: El Hierro island is postulated as the most biodiverse of the archipelago. To verify this
hypothesis, the 87 individuals collected throughout the island were genotyped with 20 SSRs. As a
result of this study, 28 varieties were described, 6 of which were new (Uval pifiero, Uvalero volcanico,
Pinar negro, Seis de Carlos, Tesoro blanco, Uval negro), and the first rose sport of the local Canary
Islands variety Bermejuela was also found. Fifteen errors were detected in total. Eleven varieties were
identified that were unknown to the vine growers and twenty individuals with variations (mutations)
were found, of which two had already been described in a previous prospection in Lanzarote Island
(intra-varietal variability). From this study, it is also proposed to incorporate 33 new names into
the world database, corresponding mostly to the individuals and variations described for the first
time, which represents a lexicographic enrichment. Finally, the singularity of the population of vines
adapted to El Hierro island is demonstrated, not only with respect to the population of Canary Islands
vines, but also with respect to the world population. The biodiversity and uniqueness of El Hierro
and the Canary Archipelago reaffirm the proposal that the Canary Islands should be considered a
world biodiversity centre.

Keywords: Vine (Vitis genre); SSR; characterisation; identification; volcanic; Canary Archipelago;
El Hierro Island

1. Introduction

Vitis vinifera L. is one of the oldest species in the Mediterranean basin, along with
olive, wheat, and fig [1]. The European vine is a sarmentose vine belonging to the kingdom
Plantae, division Anthophyta (Magnoliophyta), class Magnoliopsida (Eudicotyledons), subclass
Rosids, order Vitals, family Vitaceae, subfamily Viticoideae, genus Vitis, and species Vi-
tis vinifera L. according to the classical botanical classification [2]. Its genome is diploid with
19 chromosome pairs and an estimated size of 500 megabase pairs (Mbp) [1]. The species
Vitis vinifera L. is divided into two subspecies, Vitis vinifera ssp. sylvestris (the wild form) and
Vitis vinifera ssp. vinifera (the domesticated form). The wild vine is dioecious, with male and
female species, whereas most modern cultivars (corresponding to the domesticated vine)
are hermaphrodite plants. The vine is also highly heterozygous and requires vegetative
propagation to maintain the differentiating characteristics of each variety [2].

Vitis vinifera spp. vinifera biodiversity originated at the end of the last glaciation of
the Quaternary period (beginning of the Holocene) [3,4]. Wolkovich et al. [5] quantified
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intervarietal variability in this species from its origins to the present day in more than
6000 cultivars. Also, these authors report that 12 varieties (Cabernet Sauvignon, Chardon-
nay, Merlot, Pinot noir, Syrah, Sauvignon blanc, Riesling, Muscat a petits grains blanc,
Gewtirztraminer, Viognier, Pinot blanc, and Pinot gris) represent between 70-90% of the
world’s current vineyard area [5]. This fact is causing an important homogenisation of
commercial wines, which together with wine sector legislation (especially the Appellation
d’Origine Contrélée (AOC)), which limits the number of varieties to be cultivated) is caus-
ing an important vine genetic erosion [6]. Additional factors are responsible for vine genetic
erosion, such as phylloxera plague (which almost devastated the entire world vineyard
at the end of the 19th and beginning of the 20th century) and, nowadays, alongside the
homogenisation of commercial wines, climate change. Twenty-first century climate change
effects will lead to the disappearance or displacement of many current wine-growing
regions, along with a change in grape cultivar distribution. Additionally, consumers of
AOC bottled wines are beginning to grow tired of the well-known international varieties,
like Cabernet Sauvignon, Merlot, and Chardonnay. In this sense, those wine consumers
seek to experience new sensory perceptions (experiential marketing) [7]. Consequently,
emerging market trends emphasise the search for a typical character in wines, which di-
rectly contributes to the recovery of varietal biodiversity. Furthermore, the conservation
and study of grape varieties diversity will undoubtedly be one of the potential solutions to
mitigate the effects of climate change [5,8].

The Canary Islands are part (together with the Azores, Cape Verde, Madeira, and
the Ilhas Selvagens) of Macaronesia, a biogeographical zone formed by this group of
five archipelagos that stretches from southwest Europe to northwest Africa (Figure 1).
The Canary Islands archipelago, formed by eight main islands (Tenerife, Fuerteventura,
Gran Canaria, Lanzarote, La Palma, La Gomera, El Hierro y La Graciosa) and five minor
islands (Alegranza, Islote de Lobos, Montafa Clara, Roque del Oeste y Roque del Este),
are part of the Spanish national territory and is located off the north-western part of the
African continent [9].

Figure 1. Macaronesia map (left) [10] and Canary Islands archipelago (right) [11].

The first vine varieties cultivated on the Macaronesian islands were introduced by the
Spanish and Portuguese [12]. One of the most relevant historical events in the wine sector
is that phylloxera (which devastated European vineyards and caused a drastic reduction in
local varieties) never attacked the Canary Islands but did affect the Azores and Madeira
archipelagos. This has allowed the appearance of new phenotypes due to the accumulation
of genetic mutations over five centuries to enable the adaptation of new phenotypes. There-
fore, many of the varieties of Vitis vinifera L. in the Canary Islands are the result not only of
natural selection and mutations but also of natural crosses and anthropogenic selection [13].
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The present work focuses on the study of grapevine varieties on El Hierro island of
(Figure 2). This island is the Canary Archipelago’s westernmost and southernmost point
and is situated between parallels 27”38" and 2751’ north latitude. El Hierro is a volcanic
origin island, with an estimated geological age of 1.2 million years, being the youngest of
the Canary Islands [9].

Figure 2. El Hierro. Satellite view obtained from the NASA World Wind programme [14].

The climatic variation in each area of El Hierro island is conditioned by orography, but
it is the clouds and their moisture that play a determining role. The trade winds, together
with the Canary Current (a cold Gulf Stream branching that separates in the Azores), mean
that the island does not have as arid a climate as the Sahara, which is at the same latitude [9].

El Hierro has all the soil and climatic characteristics required for quality viticulture.
It is typical of the island to grow vines on terraces in order to make the greatest possible
use of soil in very small areas which are subject to heavy erosion. The 203 hectares of
vineyards in El Hierro are distributed as follows: 50% are in the municipality of Frontera,
occupying the north-facing slopes of the Valle del Golfo, and the rest are distributed
between the municipalities of Valverde (47.5 hectares) and El Pinar (51.5 hectares). A total
of 86% of the vineyard area is located between 200 and 400 metres above sea level [15].
As mentioned above, Vitis vinifera L. has evolved for more than 500 years in the Canary
Islands, resulting in unique varieties that allow the archipelago to be classified as one of
the world’s main centres of vine biodiversity [16]. In terms of biodiversity, El Hierro island
is the most biodiverse in the Canary Islands (so far), and the following local varieties have
been identified: Burra volcanica (White (W)) [16], Verijadiego (W) [16-18], Verdello de El
Hierro (W) [17,18], Huevo de gallo (W) [16,18], Mollar cano rosado (Rose (Rs)) [16], and
Verijadiego negro (Black (B) [16]).

The main objective of this study is to characterise and identify unknown autochthonous
grapevine varieties in order to preserve the biodiversity, both inter- and intra-varietal, and
to increase the range of wines that can be marketed in the future in this island. At the same
time, if necessary, any errors in the identification of varieties and lexicographical errors
that may appear will be corrected, and, finally, a study of the population structure will be
carried out to see the extent of the uniqueness of the population of El Hierro individuals.

2. Materials and Methods
2.1. Plant Material

Eighty-seven samples (grapevine shoots) of different Vitis vinifera L. individuals were
collected in different areas of El Hierro island by means of a mass selection strategy carried
out by the local winegrowers. It was estimated that the best time to collect the samples

57



Horticulturae 2023, 9, 1297

would be during winter pruning (specifically, they were collected in January). On El Hierro,
vineyards are planted with several varieties at the same time, following the Canary Islands
traditional planting system. Once collected, grapevine shoots were stored at —20 °C until
processing. Detailed information on the accessions analysed is shown in Table S1.

2.2. DNA Extraction and Purification

To extract the genetic material from the samples, the methodology proposed by Marsal
et al. [19,20] was followed, with an adaptation based on the procedure of Fort et al. [21].
This method has been optimised by performing two chloroform washes, as this is more
efficient in removing proteins. The quality of each extraction sample was evaluated with
the help of the Thermo Fisher® Scientific NanoDrop TM 1000 Spectrophotometer (Waltham,
MA, USA), which accurately measures the concentration and purity level of nucleic acids.

2.3. Simple Sequence Repeat (SSR) Markers

Grapevine samples were genotyped using 20 SSR markers, which were previously
selected for their discrimination and polymorphism capacity based on previous studies:
VVS2, VVS3, and VVS29 [22]; VVMDS5, VVMDé, and VVMD? [23]; VVMD27, VVMD28,
and VVMD36 [24]; ViZAG21, ViZAG47, ViZAG62, ViZAG64, VrZAG79, and VriZAG83 [25];
SCU06vv [26]; VVUCHL11, VvUCH12, and VvUCH19 [27]; VChr19a [28]. SSRs ViZAG47
and VVMD27 are not independent loci, meaning they amplify the same genome area.
The difference between them is in the primer design [29]. Of all the SSRs, there are nine
that the international scientific community [30,31] considers to be reference or international
genetic markers: VVS2, VVMD5, VVMD?7, VVMD25, VVMD27, VVMD28, VVMD32,
VrZAG62, and VrZAG79. This research was carried out with 7 international SSRs plus 13
non-international SSRs, which were chosen based on their characteristics (Table S2).

2.4. DNA Amplification and Polymerase Chain Reaction (PCR)

An Applied Biosystems 2720 Thermal Cycler (Foster City, CA, USA) was used to per-
form PCR. This procedure was performed with 4 ng of DNA and 1 uM of each primer with
a fluorescent dye attached to the forward primer (Fw) (6-FAM: VVS3, VVMD?7, VVMD28,
VVMD236, ViZAG47, ViZAG62, VrZAG83, VvUCH11, and VVUCH19; HEX: VVS2, VVS29,
VVMDe6, VVMD27, VrZAG21, VrZAG79, and VChr19a; NED: VVMD5, VrZAG64, scu06vv,
and VvUCH12) using the Applied Biosystems AmpliTaq DNA Polymerase kit (Foster City,
CA, USA). The thermocycling programme was as follows: 95 °C, 5 min; 40 cycles (95 °C,
45 s; Ta 30 s (Table S3); 72 °C, 1 min 30 s), and 72 °C, 7 min.

2.5. Amplified Fragments Length Measurement

For fragment measurement plates preparation, amplification products were mixed
with 20.5 uL of deionised formamide and 0.25 uL. of GeneScan ROXTM 500 internal
marker (Applied Biosystems, Foster City, CA, USA). Each plate content was denatured
with a thermocycling regime at 95 °C for 3 min. Fragments were separated by capillary
electrophoresis with an ABI PRISM 3730® genetic analyser (Applied Biosystems, Foster
City, CA, USA). Peak Scanner Software (Applied Biosystems, Sparta, NJ, USA) was used to
measure the amplified fragments.

2.6. Data Analysis

To assess the reliability of the 20 SSRs used, the GenA-1Ex 6.5 software [32,33] was em-
ployed. This software allows the study of six parameters: number of different alleles (Na),
number of effective alleles (Ne), observed heterozygosity (Ho), expected heterozygosity
(He), fixation index (F), and the probability of identity (PI). GenAlEx 6.5 has also allowed
us to rule out identities, i.e., genetically identical individuals, as well as to detect mutations.
Assignment tests based on allele frequency [34], also available in GenAlEx 6.5, were used
for the first time to confirm the accessions belonging to each subpopulation generated by
Structure 2.3. [35,36]. For each accession, a logarithmic probability value was calculated for
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each subpopulation using the allele frequencies of the respective subpopulations. An in-
dividual was assigned to the population with the highest logarithmic probability value.
In addition, this software was also used to calculate populations” genetic differentiation
using an analysis of molecular variance (AMOVA) with 999 dataset permutations for SSR
genotypes, with the Fst (coefficient of genetic differentiation between populations) assum-
ing the infinite allele model. Finally, two-dimensional principal coordinate analysis (PCoA)
was used in GenAlEx 6.5 to further examine genetic relationships between populations
based on the same SSR data, both for populations per se and for populations disaggregated
by individuals. PCoA was based on the standardised covariance of genetic distances
calculated for codominant markers.

Structure 2.3. software [35,36] has been used to assess population structure and identify
crossbred individuals. This model-based software uses a Bayesian clustering method in
which several ancestral populations (K) are assumed to be present, each characterised by
a set of allele frequencies at each locus. Sample individuals are assigned to populations
(clusters), or jointly to more populations if their genotypes indicate that they are admixed.
All loci are assumed to be independent, and each population K is assumed to follow Hardy—
Weinberg equilibrium. Posterior probabilities were estimated using the Markov chain
Monte Carlo (MCMC) method. MCMC chains were run with a 100,000 burn-in period
followed by 1,000,000 iterations using a model allowing for admixture and correlated allele
frequencies. Structure was run at least ten times by setting K from 1 to 7 (1 to 9 for global
varieties), and an average likelihood value, L (K), was calculated across all runs for each
K. The mean log probability of the data for each K was calculated to determine the most
appropriate number of clusters, and the value of K for which this probability was highest
was selected. The AK was then calculated using the method proposed by Evanno et al. [37].
AK is a quantity based on the rate of change in the log probability of the data between
successive K values.

Dendrograms and phylogenetic trees were constructed using the neighbour-joining
method [38], using MEGA version 7 [39]. For the three-dimensional PCoA representations,
the Matplotlib strategy was used using Python Data [40].

3. Results

The 87 grapevine shoots prospected were genotyped with the same 20 SSRs used
in previous studies [6,16,41,42]. The aim was to compare the molecular profiles of SSRs
(MP-SSRs) obtained with those that have been found and stored in a private research group
database (TECNENOL: Grupo de Investigacion en Tecnologia Enolégica).

3.1. SSR Polymorphism

Once the MP-SSRs of the whole population were obtained, identical profiles were
searched for and, after the first data normalisation, a total of 41 individuals were eliminated
(Tables S1 and S2). The remaining 46 unique MP-SSRs corresponded to 28 varieties of
Vitis vinifera ssp vinifera. Thus, each variety would include individuals with variations with
respect to the most widespread MP-SSR, but not the “sport” (colour or hairiness mutation
so specific that molecular markers do not detect it), as they have the same MP-SSR.

To verify the goodness and efficiency of the 20 SSRs used, 6 parameters indicative
of these traits were studied (Table S4). A total of 185 alleles (Na) were detected in this
population, with a mean of 9.3 alleles. The SSR with the lowest number of alleles was VVS3
with 3 alleles, and the highest number was VVMD27 with 15 alleles. The mean number of
effective alleles (Ne) was 5, ranging from 1.17 (VVS529) to 10.47 (VVMD?27). The means of
Ho and He were 0.796 and 0.737, respectively. The SSR VV529 reached minimum values in
both cases (Ho = 0.156 and He = 0.148). Likewise, the maximum value found for Ho was for
VVS2 (0.978), while the highest value for He was shown by VVMD27 (0.904). Six SSRs had
positive F values, although all of them were very close to 0 (VVMD6, VVMD27, VVMD28,
VrZAG83, VVUCHI11, and VvUCH19). Finally, the accumulative identity probability of
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the SSR set was 9.4 x 10723, defining a range between 7.3 x 10~! for SSR VVS29, and
1.7 x 10~ 2 for SSR VVMD?27.

3.2. Grapevine Variety Analysis

Grapevine variety analysis for their characterisation and identification was carried
out at two levels: at the MP-SSR level and at the lexicographical level. To this end, an
exhaustive bibliographic review (books, scientific articles, and databases) was carried out to
find information on Canary Islands varieties [6,16-18,41,42]. The Vitis International Variety
Catalogue (VIVC) database [43] was also used to verify the unknown individuals.

Tables S1 and S2 contain all relevant information on each genotyped individual. Table S1
contains both the original information provided by the winegrower and the conclusive
information found at after matching MP-SSRs and names in the TECNENOL [6,16,41,42] and
VIVC [43] databases. Information is also provided on the variations detected in each allele, the
presence of tri-alleles, or the similarity percentage to the closest genome in the TECNENOL
database. Table S2 also shows the seven SSRs values that coincide with the international
SSRs [43].

Focusing on the 87 individuals analysis (Table S1), it can be seen that the Bermejuela
variety was the one with the most entries. There were a total of 11, of which 7 corresponded
to Bermejuela (W), with 5 identities with respect to the most widespread MP-SSR, and
2 mutations (Bermajuelo del Echedo (VVS3-2 (mutation of this SSR in the second allele)) and
Bermajuelo del puerto (VVMD36-1 (mutation of this SSR in the first allele)). The remaining
four entries corresponded to the new “sport”, Bermejuela rosada (Rs), with only Bermajuelo
rosado del tesoro showing variation (VVS2-2). The cluster of the local Herrefia (term
referring to autochthonous from El Hierro island) variety, Verijadiego, was much more
uniform. Of its eight components, four individuals showed a MP-SSR identical to the
most widespread one, and the remaining four showed a MP-SSR with a mutation in
one allele (VVS3-2). Similarly, the Portuguese variety Alfrocheiro, which grouped six
accessions, showed little variability (four with a MP-SSR identical to the most widespread,
and the other two with a mutation in VVS3-2). The Listan negro and Vijariego blanco
varieties, each consisting of five accessions, showed high variability. The Listan negro
variety was very uniform, with only two MP-SSRs (four components identical to the
most widespread MP-SSR, and one individual with a variation in VvUCH11-2), while the
Andalusian variety Vijariego blanco was so variable that no component identical to the most
widespread MP-SSR was recorded. Thus, the accessions Vijariego blanco from El Hierro
and Burra blanca vary in VVMD36-1; the accession Eusebia presented two variations (VVS3-
2 and VVMD36-1); the accession known as Diego de El Hierro showed three variations
(VVMD28-1, VVMD36-1, and a case of tri-allelism in the SSR, SCUO6vv), and finally, the
accession known as Diego de Frontera also varied in three alleles (VVS3-2, VVMD36-1, and
VvUCH12-2). With four accessions each, there are the following variations: (a) Samarrinho
and Trousseau noir, without variations; (b) Mollar cano with three individuals with MP-SSR
identical to the most widespread and one with a variation in VVS3-2; (c) Albillo forastero
with one accession with a MP-SSR identical to the most widespread and three individuals
that presented the same mutation (VVS3-1); (d) the Listan prieto variety showed one
accession with a MP-SSR identical to the most widespread, two entries mutated on one
allele (VVMD28-1) and one entry mutated on two alleles (VV529-2 and VVMD28-1); (e) the
Portuguese variety Molar showed one accession with a MP-SSR identical to the most
widespread, two entries mutated on VVUCH12-1, and one entry mutated on VVS29-2. With
three accessions, the varieties Muscat of Alexandria, Verdello de El Hierro and Malvasia
fina have been obtained. The first two had all their components identical to the most
widespread MP-SSR, and the last one had a mutated component in VVMD28-2. There was
a group of five varieties with two components each: (a) the varieties Malvasia Dubrovacka
and Sumoll, with all their components identical to the most widespread MP-SSR; (b) the
varieties Palomino fino and Isabella, with a variation in one accession from the former in
VVS3-1, and the latter with a tri-allelic in this same SSR; finally, (c) the variety Airen, which
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has all its accessions mutated in the same alleles (VVS3-2 and VVMD28-1). Finally, there
is a group of eight varieties with only one representative and which do not present any
variation with respect to the most widespread MP-SSR: the Spaniard south-west variety,
Beba; the Lanzarote variety Uva de afio, the Portuguese variety Verdelho branco, and the
six new varieties described for the first time on the island of El Hierro (Uval pifiero, Uvalero
volcanico, Pinar negro, Seis de Carlos, Tesoro blanco, and Uval negro).

As noted in previous paragraphs, the 46 unique MP-SSRs (Table S2) found corre-
sponded to 28 varieties, of which 6 were unknown. Of the remaining 22 varieties, 4 were
Canary Islands varieties (Albillo forastero, Bermejuela, Listan negro and Uva de afo)
and, more concretely, 2 were varieties from the island of El Hierro already described by
other authors (Verdello de El Hierro and Verijadiego) [17,18]; the remaining 16 were not
from the Canary Islands archipelago. Regarding the latter, seven were Spanish (Airen
(represented by a mutation), Beba, Listan prieto, Mollar cano, Palomino fino, Sumoll, and
Vijariego blanco (represented by a mutation)), five were Portuguese (Alfrocheiro, Malvasia
fina, Molar, Samarrinho, and Verdelho branco), and there were also the Greek Muscat
of Alexandria, the French Trousseau noir, the Malvasia Dubrovacka of unknown origin
(but located in the Balkan Peninsula), and the American variety corresponding to a direct
producer hybrid (DPH), Isabella. A pink-coloured mutation (“sport”) was also described
for the first time for the Canary Islands variety Bermejuela, namely Bermejuela rosada.
Rodriguez-Torres [18] also documented in his work another “sport” for the Bermejuela
variety, namely Bermejuela tinta (black-violet), which was not found in this prospection.
Eleven accessions were identified as “unknown”, fifteen errors were detected, eighteen new
mutations of known varieties were presented, and two mutations previously described on
the island of Lanzarote were detected (Mollar bonilla corresponding to a mutation of the
variety Mollar cano (VVS3-2) and Listan blanca chicharrera corresponding to a mutation of
the variety Palomino fino (VVS3-1)) [42].

As far as variety names are concerned, 18 new names are proposed for the new muta-
tions detected: Airen del pinar, Forastera de la isla Redonda, Baboso negro de Frontera,
Bermajuelo del Echedo, Bermajuelo del puerto, Bermajuelo rosado del tesoro, Mierda de
gallina, Listan negro del tesoro, Listan prieto chijo, Listan prieto herrefio, Malvasia fina
gabetera, Molar tintilla, Molar herrefio, Verijadiego blanco de Frontrea, Vijariego blanco
de El Hierro, Eusebia, and Diego de El Hierro y Diego de Frontera. In addition, one syn-
onymous name registered for a given variety, used to name another variety, was detected.
This is the case of the term Baboso blanco, used in El Hierro to refer to the Portuguese
variety Samarrinho. Officially (VIVC), this term is a synonymy used to designate the white
mutation of the French variety Trousseau noir, which is known under the name Bastardo
blanco as the main name of this mutation (“sport” in this case). Five new synonymies
are presented: Bermajuelo as a synonymy of El Hierro for the Canary Islands variety
Bermejuela, Bermajuelo rosado de El Llano, Bermajuelo rosado, and Mulata rosada to name
the new mutation described in this island for the first time (Bermejuela rosada), and Negra
muelle as a new synonym of Listan negro. Finally, there is also a homonymous name in the
case of the term Uval blanco, which is used in this island to name (as a synonym) both the
Portuguese variety Malvasia fina and the local variety of this island, Verijadiego.

3.3. El Hierro Grapevine Population Genetic Structure

To carry out the genetic structure study of the accessions on El Hierro island, the
Structure 2.3. programme was used carrying out an additional normalisation of the data.
From the 46 unique MP-SSRs in Table S2, all individuals showing variations for the same
variety were eliminated. Thus, only the most widespread MP-SSR was left, and in case
there was none (Airen and Vijierego blanco), the individuals with the highest similarity
to the most widespread MP-SSR were computed. In this sense, the el Hierro population
consisted of 28 grapevine varieties. In order to know the best grapevine variety distribution
in different populations (K), it was proposed that they be grouped into up to seven ancestral
populations. Figure S1 shows the best distribution found after applying the correction of
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Evanno et al. [37]. It can be seen that the best distribution corresponded to K =3, i.e., it
is proposed to group the 28 varieties into 3 ancestral populations. Figure 3a shows the
28 varieties from El Hierro distributed in 3 groupings. Applying the GenAlEx 6.5 assign-
ment test for K = 3, it was seen that this distribution presented a goodness of assignment of
89%. In addition, it can be seen how each population groups their components into pure
and admixed according to the q value. q is a measure of an individual’s membership of
a population based on its genetic similarity (percentage of its inferred genome belonging
to the group [44]) and is ordered from highest to lowest (Table S5). This strategy allows
a further normalisation of the data by allowing the detection and elimination of varieties
with g-values < 85% (admixed), which would distort the final result of the study.

PURE (q 2 85%)

ADMIXED (q < 85%)

MOLLAR CANO
SUMOLL
UVAL NEGRO
PINAR NEGRO
AIREN DEL PINAR (97.5%)
LISTAN NEGRO
PALOMINO FINO
LISTAN PRI
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3
@
14
3
T

0s
ico
RO

S g g £

SEIS DE CAR
UVALERO VOLCANI
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UVAL PINERO

VERDELHO BRANCO

SAMARRINHO

VERDELLO DE EL HIERRO

MUSCAT OF ALEXANDRIA

UVA DE ARO

ISABELLA

TESORO BLANCO

BERMEJUELA

MALVASIA DUBROVACKA
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POP 3

Principal Name of Variety
Principal Name of Variety from Canarian

pal Name of Variety from El Hierro Island

Figure 3. El Hierro grapevine varieties population (unique molecular profiles). (a) Structure 3.2 dia-
gram: K = 3 distribution for pure and admixed individuals. (b) Phylogenetic tree of this distribution.

Thirteen varieties were grouped in POP1. Five were pure (q > 85%; two of them from
El Hierro) and the remaining were admixed. It can also be observed that 46% were Spanish
varieties (seven varieties) and 8% were Portuguese (one variety). Additionally, 15% of the
varieties were Canarian (two varieties) and 31% were exclusively from El Hierro island
(four varieties). POP2 is a Portuguese group formed from seven varieties, four pure (57%)
and three admixed (43%), of which two are Herrefias (one pure and one admixed). Finally,
POP3 is shown with eight representatives with different origins, five pure (63%) and three
admixed (37%). Figure 3b shows the phylogenetic tree for this population of 28 varieties.
It clearly shows the three populations described and equidistant on three main branches.
In each branch, the dichotomy between varieties considered pure and admixed can also be
observed, with the exceptions of Uval pinero (pure variety of POP2) and Bermejuela (pure
variety of POP3) which are grouped with the admixed varieties of their population.

The optimal representation of grapevine variety distribution from El Hierro by means
of principal coordinates analysis (PCoA) required the elimination of the 14 admixed in-
dividuals from the population recommended by the Structure 2.3. program. Thus, the
population of El Hierro was reduced to 14 pure representatives: (a) POP1 included the
Spanish Mollar cano, Sumoll and a mutation of Airen, and Uval negro and Pinar negro
from El Hierro; (b) POP2 included the French Trousseau noir, the Portuguese Molar and
Alfrocheiro, and the Herrefia Uval pifiero; (c) POP3 featured the Greek variety Muscat of
Alexandria, the Canary Islands varieties Uva de afio and Bermejuela, the American DPH
Isabella, the Malvasia Dubrovacka (Malvasia aromatica), and the variety Tesoro blanco
from El Hierro. Figure 4 shows the two-dimensional (Figure 4a) and three-dimensional
(Figure 4b) PCoA representations of this population.

62



Horticulturae 2023, 9, 1297

a.l

Principal Coordinates (PCoA): 3K HI-POP (14ind)

A
TESORO-BLANCO

ISABE‘LLA = ALFROCHIERO

= MOLAR

Coord. 2: 15%

= TROUSS-NOIR

= UVAL-PINERO

b Principal Coordinates (PCoA): 3K HI-POP (14ind)
a2 Principal Coordinates (PCoA): 3K HI-POP (14ind)
o rors e POP1
A MUSCAT-ALEXANDRIA %
E a POP2
AUVA-ANO 3 m POP3
ro o 0.8
s
TESORO-BLANCO
i 0.6
4 BERMEJUELA A ®
PINAR-NG HARECL 04 &
+ AREN-PINAR @ MUSCAT-ALEXANDRIA 02 §
~m
N SUMOLL, + popt MOJLs& Cao ALFROC”E":‘;LAR 00 @
MOLLAR-CANO ]
UVAL-NEGRO u pOP2 A A TROUSS-NOIR -0.2 8
A POP3 ° —O '4
° UVAL-NEGRO
SUMOLL - <
UVALPINERD
+ PINAR-N °
ATREN-PINAR UVA-ARO 0 (6).8
a3 [} 0.4
Nei Genetic Distance 3K SSR PO Pairwise Population Fst Values o 6 BERMEJUELA 0 2 o
ors — I =0.4 00 &
[ oooo| [ ] g
[ o109 o000 | G 0.4 04 &
POP3 rd.2. 0.6 U4 ¢
6.3, 0.8
Coord. 1:16.35% Fst Values below diagonal. 5%

Figure 4. PCoA representations of the grapevine varieties population from El Hierro island nor-
malised for K = 3. The names in navy blue correspond to Canarian varieties, the names in light
blue correspond to varieties from el Hierro, and the names in black correspond to varieties from
outside the archipelago. (a.1) Two-dimensional representation of the three populations by individuals,
(a.2) two-dimensional representation of the three populations from el Hierro by population, and
(a.3) values of the Fst statistic for each population. (b) Three-dimensional representation of the three
populations by individuals.

Figure 4a.1 shows the population of pure varieties from El Hierro. It can be seen
how coordinate 1 (with a goodness of fit of 16.35%) separates the Spanish varieties from
the non-Spanish varieties, while coordinate 2 (with a goodness of fit of 15%) divides the
varieties with an Eastern Mediterranean influence from those with a more Central European
or Hispanic influence. In this way, POP1 is practically located in the lower right quadrant.
Similarly, POP2 is located in the lower left quadrant, and POP3 occupies the central area of
the upper quadrants. Other aspects to highlight are the position of the variety Tesoro blanco,
which is very separate from the rest of the varieties on the island of El Hierro. The position
of the DPH Isabella is also notable and very distant from the rest of the POP3 members.
This arrangement of populations is also reproduced in Figure 4a.2, (representation of the
populations with all their individuals grouped together). In addition, Figure 4a.3 shows the
result of the analysis of molecular variance (AMOVA). Thus, the most distant populations
are POP1 with respect to POP2, followed by POP2 with respect to POP3, and the closest
are POP1 with respect to POP3. Finally, it should be noted that with one more dimension,
DPH Isabella is distant from the rest, and the large dispersion of POP3 and the marked
position of the varieties from El Hierro, which are widely scattered among them, are evident
(Figure 4b).

3.4. El Hierro Grapevine Population Genetic Structure Respect to the World Population

The aim of this section is to see the extent of the uniqueness of the population of
varieties on the island of El Hierro as a whole. To this end, in addition to the six new
varieties described in this work (Uval pifiero, Uvalero volcanico, Pinar negro, Seis de Carlos,
Tesoro blanco, Uval negro), another five varieties described in previous works by different
researchers will be added to the population of El Hierro. These are the varieties Burra
volcanica [16], Huevo de gallo [16,18], Verdello de El Hierro [17,18], Verijadiego [16-18]
and Verijadiego negro [16]. Therefore, from now on, the Herrefia population will be formed
by 11 varieties, which will be compared with a world population from the TECNENOL
database, formed by 297 varieties (unique MP-SSRs of Vitis vinifera ssp vinifera) from
22 countries and analysed with the same 20 SSRs [6,16,41,42].
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The procedure followed has been the same as in the previous section but involves
trying to distribute a population of 308 unique MP-SSRs in up to 9 ancestral populations
using Structure 2.3. Figure S2 shows the best distribution for the population under study
which, in this case, corresponds to the value of K = 2. Figures 53 and 54 show the 308 vari-
eties distributed in the 2 ancestral populations as a function of q. In this case, 181 MP-SSR
(59%) were grouped in POP1, with a predominance of Italian (54 individuals out of a total
population of 72 Italian (54/72)), French (44/49), and, to a lesser extent, Spanish (28/105),
Portuguese (16/22), and Greek (11/14) varieties. This grouping had 161 pure components
(89%), of which 51 were Italian, 39 were French, 24 were Spanish, 12 were Portuguese,
and 11 were Greek, as well as 20 mestizos (11%), of which 3 were Italian, 5 were French,
4 were Spanish, and 4 were Portuguese. The remaining nationalities were represented
mainly by Balkan, Eastern Mediterranean, and Central European countries. The remaining
127 components (41%) were placed in POP2, with a predominance of Spanish (77/105),
Italian (18/72), Portuguese (6/22), and Greek (3/14) individuals. Of all the components
of this group, 97 varieties were pure (76%), with 66 Spanish, 10 Italian, 2 Portuguese, and
3 Greek individuals, as well as 30 admixed varieties (24%) with 9 Spanish, 8 Italian, and
4 Portuguese varieties. In POP2, all the Canary Islands varieties were grouped together
and, therefore, so too were the grapevine varieties from EI Hierro, so that 11 varieties from
Lanzarote, 11 varieties from El Hierro, and 7 from the rest of the Canary Islands were
pure; the remaining two, the Albillo criollo variety from the island of La Palma and the
Malvasia alistanada fina from Lanzarote, were found to be located next to the admixed
individuals. It should be noted that, while most of the El Hierro varieties are very close
together in the circular dendrogram (Figure S4b), there are two, the Uval pifiero variety
and the Tesoro blanco variety, which are far away from the main group. The Uval pifiero
variety is found in the first of the three main branches originating this circular dendrogram,
while the Tesoro blanco variety is located in the first of the two branches originating POP1.

The identification of the 50 admixed individuals allowed us to perform the final data
standardisation, and these were eliminated from the study. Thus, the population was left
with 258 varieties. Applying the consequent assignment test, the goodness of fit of each
variety in the two proposed populations (K = 2) was 100%. Figure 5a shows the Structure 2.3.
diagram with pure and admixed individuals, and Figure 5b shows the circular dendrogram
of the pure individuals. If the circular dendrograms are compared, with (Figure S4b) or
without (Figure 5b), the overall result is practically the same. However, at a grapevine
variety location level, small changes can be perceived due to the relocation of the pure
individuals once the admixed individuals have been eliminated.

The two-dimensional and three-dimensional PCoA representation is presented in
Figure 6. It should be noted that in order to analyse the uniqueness of the El Hierro and
Canary Islands grapevine populations, these were extracted from POP2, preserving all
their pure components (17 varieties for the Canary Islands (IC) and 11 varieties for the
island of El Hierro (HI)).

In Figure 6(a.1,a.2) the clear separation between POP1 and POP2 with IC and HI is
shown. In fact, it is coordinate 1 (with a goodness of fit of 5.69% for individuals, and 64.82%
for populations), which practically separates them. The effect of coordinate 2 is not visible
in Figure 6a.1 (with a goodness of fit of 3.70%), but it is visible in the population plot with
a goodness of fit of 19.91% (Figure 6a.2), leaving the El Hierro population alone in the
lower left quadrant. Figure 6a.3 confirms that the HI population is the most distant from
the rest, followed by the IC population. The slight overlap of POP2, IC (located in the
innermost zone) and HI (located in the outermost zone) shown in Figure 6a.1 is not reflected
in Figure 6a.2, where these three populations occupying the left quadrants are perfectly
separated (see also Figure 6a.3). Another fact to take into account is the distant position,
not only with respect to HI but also to IC and POP2, of the variety Tesoro blanco (unknown
number 6 [18]), which is practically located in POP1. Figure 6b shows the three-dimensional
representation of PCoA for the population under study. This image also shows a separation
between POP1 (practically located in the lower and innermost part) and POP2 (practically
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located in the upper front part). On the other hand, for the populations IC and HI, which
are in the front part of the graphical representation, IC is in the lower part and HI in the
upper and more external part. The HI variety Tesoro blanco is hidden by individuals of
POP1 and POP2 (lower centre-right). However, Figure 7 (corresponding to another angle
of the same three-dimensional representation above) shows the distant positions of both
the Tesoro blanco and the Uval pifiero varieties.

000 POP1

NAME KEY

Principal Name of Variety
PRINCIPAL NAME OF VARIETY FROM EL HIERRO

COLOUR KEY GRAPHIC
POP1pure
POP2pure

Figure 5. World population (258 individuals) distributed in two populations. (a) Graphical repre-
sentation of K = 2 according to Structure 2.3. (with pure and admixed individuals). (b) Circular
neighbour-joining dendrogram of the world population 258 pure individuals, highlighting the loca-
tion from El Hierro (in capital letters and bold).
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Figure 6. PCoA representation of the grapevine variety population from El Hierro, Canary Islands,
and the world normalised to K = 2. (a.1) Two-dimensional representation of the four populations by
individuals, (a.2) two-dimensional representation of the four populations by population, and (a.3) values
of the Fst statistic for each population. (b) Three-dimensional representation of the four populations by
individuals (in this representation, POP3 corresponds to IC, and POP4 corresponds to HI).
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Figure 7. Three-dimensional representation of the four populations by individuals (in this represen-
tation, POP3 corresponds to IC and POP4 corresponds to HI). Visualisation under a different angle
from the one presented in Figure 6b. The two El Hierro grapevine varieties with positions further
away from the rest are highlighted.

In order to confirm the uniqueness observed for the population of varieties on El Hierro
island, a study was carried out in which a geographical strategy was introduced as the
main criterion. The aim was to group the varieties to create populations according to the
country of origin registered in VIVC [43]. It was found that there were countries with a
very low number of components, so the strategy of creating populations was extended
to geographical areas [6,16,41,42,44,45]. Specifically, seven populations were created: the
EASTMED-CAU population (Algeria, Cyprus, Georgia, Israel, Lebanon, Tunisia, and
Turkey), the BP population (Bosnia and Herzegovina, Bulgaria, Croatia, Greece, Serbia,
Slovenia, and Montenegro), the ITA population (Italy), the FRA-CEU population (Austria,
France, Germany, Hungary, and Switzerland), the IP population (Spain and Portugal), and
the IC and HI populations. Figure S6a shows the neighbour-joining circular dendrogram
of the 308 individuals of the world population grouped in populations corresponding to
the 7 defined geographical areas. Once the 7 populations containing the 308 varieties were
grouped, an assignment test was performed. A 60% goodness of fit was found. In Figure
S6a,b, it can be seen how three main branches are formed. The first one is where the IC and
HI varieties are placed, together with a few IP varieties. In the second one, almost all the IP
varieties are placed, and the third branch holds the rest of the world populations. It can
also be observed how the first branch is subdivided and, in the third subdivision, gives rise
to a differentiation into two sub-branches, one containing exclusively IC varieties, and the
other containing all the HI varieties, some IC admixed, and some peninsular varieties (pure
(all unknown assigned to IP) and admixed (Mollar cano and Molinera)). In Figure S6a,
it can also be seen how in El Hierro population, there are two admixed varieties (Tesoro
blanco and Seis de Carlos) and the admixed varieties in the IC population are Vijariego
blanco de la granja, Diego chinija, Sabro, Burra chinija, and Breval negro. Another aspect
to take into account is the location of the three admixed varieties of IC in the third large
branch together with other PI admixed types. These are Albillo forastero, Albillo del monte
Lentiscal, and Bienmesabe tinto. Finally, another fact to note is regarding the variety from
La Palma Island, Albillo criollo (pure), that is displaced to the FRA-CE population, and is
located with a group of admixed grapes from this same cluster. The composition of each of
these seven groups can also be seen in detail in Figure S5.

The low goodness of fit of the assignment test forced the misplaced varieties (which
were mostly the result of admixture) to be discarded so that the world population was
reduced to 184 varieties. A further assignment test was carried out to check the goodness
of fit of the new distribution. With these new conditions, the goodness of fit reached 92%.
Figure 8a,b shows a much sharper and more precise distribution than the previous one,
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where the first of the three large branches corresponded to the EASTMED-CAU and BP
populations, the second branch contained the ITA and FRA-CE populations, and the last
branch contained the IP, IC, and HI populations.

ITA

FRA-CE

EASTMED-CAU

Figure 8. World population (184 individuals) distributed in populations corresponding to seven
geographical areas. (a) Circular neighbour-joining dendrogram of the 184 pure individuals of the
world population, highlighting the location of the varieties from El Hierro. (b) Phylogenetic tree of
the distribution of these seven populations with all their individuals.

The PCoA representation of these populations is shown in Figure 9. Figure 9a.1
shows how IC and HI both overlap with IP, but there is differentiation between the first
two. Moreover, it is coordinate 1 (with a goodness of fit of 6.19%) that separates these
populations of Spanish origin from the ITA and FRA-CE populations. In this image, the
EASTMED-CAU and BP populations are blurred in the centre, occupying all the quadrants.
The discrimination made by coordinate 2 (with a goodness of fit of 4.07%) in this figure
is not clear. The population representation itself (Figure 9a.2), is much more decisive.
In this way, coordinate 1 again differentiates (with a goodness of fit of 46.36%) the Spanish
populations from the rest, and coordinate 2 (with a goodness of fit of 17.6%) separates the
EASTMED-CAU, IP, and HI populations from the rest. Thus, only IC is located in the upper
right quadrant, IP and HI are in the lower right quadrant are IP and HI, and in the upper
left quadrant, very close to coordinate 2, are ITA and FRA-CE, and BP is a little further away.
Finally, EASTMED-CAU is in the lower left quadrant and very far from the axis. These
positions are confirmed by the values of the Fst statistic shown in Figure 9a.3. In Figure 9b,
there is a slight differentiation between the IC and HI populations with respect to IP, as
the third dimension raises most of the IC and HI individuals above the position of most of
the IP varieties. The behaviour of the rest of the populations is similar to that shown in the
two-dimensional plot.
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Figure 9. World grapevine varieties population PCoA representation (184 individuals) according to
the geographical criterion. (a.1) Two-dimensional representation of the seven populations per indi-
viduals; (a.2) two-dimensional representation of the seven populations per population; (a.3) values of
the Fst statistic for each population. (b) Three-dimensional representation of the seven populations
per individuals.

4, Discussion
4.1. SSR Polymorphism

The analysis of grapevine varieties from El Hierro island produced interesting results;
however, it is first necessary to assess the goodness of the 20 SSRs that have been used.
These microsatellites have been used in all of TECNENOL's work [6,16,41,42] and, in
this way, this research group has been creating its own database, which allows for the
exhaustive and precise comparison of new MP-SSRs. So far, this SSR kit has proven to
be efficient and effective. Table S4 shows a summary of the results of the main statistical
parameters obtained for this study. It should be taken into account that the comparison
with other studies may be very approximate, as the number of SSRs used, the number
of samples analysed, and the closeness of the population samples to be analysed may
substantially vary the final results of the studies. [46,47]. The total Na obtained from
El Hierro population was 185 alleles. These results are slightly lower than those obtained
in the study on the island of Lanzarote [42], because more than twice as many samples
(223 vs. 87) were analysed in Lanzarote for the same SSRs. In the case of the Balearic
and Canary Archipelagos prospection, approximately the same number of samples with
the same SSRs were analysed [6,16], but significantly higher values were also found with
respect to HI. Obviously, this was because it was a group of islands with different and
more numerous local varieties than a single island. The several studies carried out on the
mainland [48-50], always give higher results due to the greater diversity of their samples.
On the other hand, the mean Na value was not significantly different from studies on
varieties from Turkey [48] and Croatia [49], but lower than studies on the Balearic and
Canary Islands [6,16]. The mean genetic diversity index, or He, was 0.737, within the range
of most of the studies consulted and slightly higher than the one found in Lanzarote, as
its population was more uniform [42]. Fourteen SSRs were found with an F of less than
0.01, meaning that they have a small excess of heterozygosity, reaffirming the consistency
of the homozygous individuals. The accumulative PI was also within the expected range
(9.4 x 10723) for such a study, indicating that this SSR kit was able to guarantee that two
individuals with the same MP-SSR at all loci were the same individual (except for the
“sport” loci).

The best SSR for this population were VVS2 (Na: 13; Ne: 6.23; He: 0.840; F: —0.165;
PL: 4.5 x 1072), VVMDS5 (Na: 12; Ne: 8.42; He: 0.881; F: —0.034; PL: 2,6 x 102?) and y el
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VVZAG79 (Na: 12; Ne: 6.17; He: 0.838; F: —0.087; PI: 4.3 x 10_2). The least informative
were VVS3 (Na: 3; Ne: 2.00; He: 0.500; F: —0.154; PI: 3.6 x 10~1), VVS29 (Na: 5; Ne: 1.17;
He: 0.148; F: —0.054; PI: 7.3 x 10~ !), and VVMD6 (Na: 5; Ne:3.59; He: 0.721; F: 0.076; PI:
1.2 x 107 1). At this point, it can be concluded that this SSR kit continues to be suitable for
characterising and identifying samples from El Hierro island.

4.2. Grapevine Varieties Analysis

Regarding grapevine population analysis, sample uniformity has to be emphasised.
In the first data standardisation, 47% of the individuals were discarded because they were
identical to other samples of the population. The 46 individuals from El Hierro with
unique MP-SSRs were in turn reduced to 28 varieties (28 individuals). This fact indicated
that 43% of the population of unique MP-SSRs (20 individuals, as there are 2 mutated
individuals that are taken as representatives of the variety, as this collection does not
have the generic MP-SSR) were mutations and, therefore, variability within a vine variety
(intra-varietal variability) was detected. When working with 20 SSRs, 40 alleles are being
compared. If a variation in a MP-SSR is detected in one allele, it is considered a mutated
individual with a similarity of 97.5% with respect to the most widespread MP-SSR; when
the variations reach two alleles, it is considered a mutated individual with a similarity
of 95%; when the variation is three alleles, the individual has a similarity of 92.5%, and
the similarity will be 90% when the MP-SSR varies in four alleles or 87.5% when the
mutation reaches five alleles. From six variations onwards, it is already considered a
new variety. This arbitrary delimitation is based on the works of Ibafiez et al. [51] (SSR
(2 alelos/26) 92%)), Vélez [52] (SSR (2 alelos/18) 89%)) y Cabezas et al. [53] (SNP, 90%).
In Tables S1 and S2, all this intra-varietal variability is detailed, which not only reaches
the typical numerical variation with respect to one of the two alleles of an SSR, but in this
population, two cases of tri-allelism have also been described. These are the accession
entered under the name Mierda de gallina (whose prime name (PN) in the VIVC is Isabella)
and the sample entry under the name Diego de El Hierro (PN: Vijariego blanco). Since
the beginning of the century, several authors have described the appearance of a third (or
even a fourth) allele in a given SSR, indicating cases of hybridisation or chimerism [54,55].
For the 20 cases of individuals showing variations in their MP-SSR, 2 match a molecular
profile already described in the Lanzarote prospection [42]. For this reason, they already
have a name proposed to be included in VIVC in the corresponding publication; however,
for the remaining 18 individuals, 18 particular names are proposed to name them and to be
included in the world database. This proposal is made because VIVC provides the names
of Pinot meunier for a mutation of Pinot noir, Chasselas cioutat for a mutation of Chasselas
blanc, and Bastardo blanco for a colour mutation (sport) of Trousseau noir. In addition,
11 accessions have been identified and entered with the name “unknown”. Fifteen errors
have been detected (very possibly due to the vine grower’s lack of knowledge), six new
varieties have been characterised and identified for the first time (Uval pifiero, Uvalero
volcanico, Pinar negro, Seis de Carlos, Tesoro blanco, and Uval negro), and a new colour
mutation for the Bermejuela variety (Bermejuela rosada) that already possessed a sport,
Bermejuela tinta, has been identified [18]. It is also proposed to incorporate five new
synonymous names (Bermajuelo, Bermajuelo rosada, Mulata rosada, Bermajuelo mulato de
El Llano y Negramuelle), plus the term Baboso blanco as a new synonym of the Portuguese
grapevine variety Samarrinho. Finally, the detection of a homonym for the Uval blanco
grapevine variety, which would be one of the new synonyms used on El Hierro to name
the varieties Verijadiego and Malvasia fina, is proposed to incorporate for both varieties.

4.3. El Hierro Grapevine Population Genetic Structure

Representatives of 28 varieties have been found on El Hierro island, of which 8 cor-
respond to local grapevine varieties (Tabla 52). Of these eight varieties, six have MP-SSR
described for the first time, while the remaining two have been described before [17,18].
El Hierro grapevine varieties have been distributed among three clusters (Figures 4 and 5
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and Table S5), with four pure and four admixed placed as follows: four in POP1 (two
pure vs. two admixed), two in POP2 (one to one), and two in POP3 (one to one). In POP1,
mainly Spanish and Canary Islands grapevine varieties were grouped together, with the
exception of the Portuguese admixed, Malvasia fina, a cross between the Heben variety
(very widespread in the northern half of the Iberian Peninsula) and the Portuguese Al-
frocheiro (located in POP2). POP2 (green colour) is a Portuguese group, with the exception
of the French Trousseau noir (very widespread in Portugal and known as Bastardo negro).
All the known components of POP2 have their pedigrees described, and in all of them
the variety of Central European origin (unknown) Savaning blanc appears as one of its
progenitors. It would also form part of the second generation of progenitors of the ad-
mixed varieties and one from POP1, namely Albillo forastero (Palomino fino x Verdelho
branco) and Malvasia fina (Heben x Alfrocheiro), respectively, with a large green area
in its genome, as can be seen in Figure 3. Finally, POP3 groups together other varieties,
such as Muscat of Alexandria or Malvasia Dubrovacka, which means that the group will
have a strong influence from the Eastern Mediterranean area. In addition, an American
DPH is observed (Isabella variety) a cross between a Vitis labrusca and the Meslier petit
vinifera (Heunisch weiss x Savaning blanc). The Savaning blanc variety, so common in
Portuguese varieties, seems to have entered the Iberian Peninsula via the “Camino de
Santiago”. [56], leaving a remarkable progeny in addition to the Central European trace
in the peninsular genetic profiles. In this study, the presence of this variety represents the
genesis of a grouping (POP2).

Figure 4 shows how the Isabella variety moves away from the POP3 group and
from the vinifera in general, due to the influence of Vitis labrusca, but remains close to
POP2, due to the presence of the Savaning blanc variety in the second generation of
parents. In short, this sample of varieties from El Hierro represents the history of the
introduction of the domesticated vine on this island from the Spanish colonisation to the
successive incorporations of Portuguese settlers from the archipelagos of the Azores and
Madeira [17,57]. Thus, the most genuinely Spanish-influenced varieties are Uval negro and
Pinar negro, the admixed Seis de Carlos and Uvalero volcanico, as they show a marked
influence from the Eastern Mediterranean and Central Europe (via Portugal), respectively.
El Hierro grapevine varieties present in POP2 and, therefore, with a strong Portuguese
(Central European) influence are the Uval pifiero (pure) and the admixed Verdello de El
Hierro with a strong Eastern Mediterranean influence. The pure POP3, Tesoro blanco,
and the admixed Verijadiego (with a strong peninsular and marked Central European
influence) show in their MP-SSR traces of the influence of the Eastern Mediterranean on
the peninsular varieties, which later, as can be seen, was transferred to the Canary Islands
and the island of El Hierro.

4.4. El Hierro Grapevine Population Genetic Structure with Respect to the World Population

The objective of this section is to show the uniqueness of El Hierro population, com-
pared to the world population. As has already been mentioned in other articles the intro-
duction of vines in the Canary Islands dates back to the 15th century, so the uninterrupted
evolution of the vine in this new island ecosystem is older than 500 years old [57]. Thus,
the goal is to check whether adaptation to the island’s soil and climatic conditions and
both natural and anthropogenic selection have left an identifying mark on these varieties in
their MP-SSRs. The first strategy adopted was to group the varieties by genetic proximity.
The 11 varieties from El Hierro (new: Uval pifiero, Uvalero volcanico, Pinar negro, Seis de
Carlos, Tesoro blanco, Uval negro; already published: Burra volcanica, Huevo de gallo,
Verdello de El Hierro, Verijadiego and Verijadiego negro) were compared with the remain-
ing 297 individuals from the TECNENOL database from 22 countries. After Structure
2.3. allowed us to detect and eliminate the admixed varieties (q < 85%) of the 2 ancestral
groups formed, the 258 pure individuals of the world population were represented by a
neighbour-joining circular dendrogram (Figure 6b). It can be seen how all the population
from el Hierro was located in the fourth arm of POP2, and it can also be seen how the
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varieties Tesoro blanco and Uval pifiero were located at a distance from the rest of the group.
In this figure, the IC, HI, and POP2 populations were in the same grouping and highlighted
in green, which was logical since the IC and HI populations had been extracted from POP2
(a grouping made up mainly of Spanish varieties). In the individual representation by
PCoA (Figure 6a.1 and Figure 7b) a slight differentiation between CI and HI is shown, while
when the representation is visualised by populations (Figure 6a.2) a clear differentiation
between POP2, CI, and HI is seen, with the latter occupying a quadrant by itself. This result
is validated in Figure 6a.3, where results are presented for the Fst statistic, which takes
into account the identity of alleles in the infinite allele model (IAM) when populations
are compared pairwise (AMOVA). This is a method used to estimate the differentiation
between populations from molecular data. Therefore, it can be concluded that the HI
population has its own uniqueness and that there is, above all, a special distinction between
the Tesoro blanco variety and the rest of the grapevine varieties from El Hierro.

Another aspect to consider is the low percentage of the goodness of fit of the graphical
representations by individuals using PCoA [4,58]. This is because by using 20 SSRs and
having 2 alleles each, we are using 40 numerical data to represent an individual on a graph.
It would then have to be possible to represent a graph with 40 dimensions, and this is not
possible. The reduction to two dimensions, or at best to three, is what reduces the reliability
of the coordinates of the graph. It then becomes necessary to talk about trends.

In order to support the thesis on the uniqueness of El Hierro grapevine varieties,
another strategy was developed. The next step was to look at the behaviour of the popula-
tion studied under a geographical component. The 308 varieties were, thus, grouped into
7 groups corresponding to 7 different geographical areas, according to the country of origin
in the VIVC database. The corresponding assignment test was carried out, and a good-
ness of fit of 60% was achieved. Figures S5 and S6 show the distribution of the resulting
populations and which varieties were well assigned and which were not (admixed). Once
the varieties misassigned by admixture were removed, the world population was reduced
to 184 individuals with a goodness of assignment of 92%. It should be noted that under
these conditions the variety Tesoro blanco was not well assigned and was consequently
removed, which reinforces the idea that it is a markedly admixed variety, while the variety
Uval pifiero was retained within the group of varieties from El Hierro. Figure 8, both in the
circular diagram and in the phylogenetic tree, confirms the uniqueness of both the Island
of El Hierro and the Canary Archipelago, occupying a branch by themselves that divides,
defining the two populations. This behaviour is also observed in PCoA representations,
whether performed by individuals (Figure 9a.1) or by populations (Figure 9a.2), either in
two (Figure 9a.1) or three dimensions (Figure 9b). In all cases, the trend of the El Hierro
grapevine population is to differentiate itself not only from the Canarian archipelago pop-
ulation, but also from the other populations. Once again, Fst (Figure 9a.3) confirmed the
uniqueness of the population of varieties from El Hierro, showing the highest values of
the matrix compared to the rest of the populations. The notable exception will be that it is
closer to the IP population than to the IC population, which indicates its greater influence
from the Iberian Peninsula compared to the Canary Islands.

5. Conclusions

After carrying out the prospection, obtention, and analysis of data, the main conclu-
sions obtained are as follows. On the one hand, the SSR kit that TECNENOL has been
using proved to be suitable to continue with studies of this nature, and also allowed the
presentation of six new varieties: Uval pifiero, Uvalero volcanico, Pinar negro, Seis de
Carlos, Tesoro blanco, Uval negro, and a new rose “sport” of Bermejuela (W). Two other
interesting aspects are the fact that all the entries of individuals with the name Pedro
Ximenez corresponded to the variety Albillo forastero and that all the accessions registered
with the name Baboso blanco turned out to be the minority Portuguese variety Samarrinho.
Fifteen errors were detected in total. Eleven varieties were identified that were unknown
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to the vine growers, and twenty individuals with variations (mutations) were found, of
which two had already been described in a previous prospection in Lanzarote Island.

It is proposed to incorporate the 7 new names of the new identified varieties and the
“sport” into the VIVC database, in addition to the 18 names of the detected mutations (Airen
del pinar, Forastera de la isla Redonda, Baboso negro de Frontera, Bermajuelo del Echedo,
Bermajuelo del puerto, Bermajuelo rosado del tesoro, Mierda de gallina, Listan negro del
tesoro, Listan prieto chijo, Listan prieto herrefio, Malvasia fina gabetera, Molar tintilla,
Molar herrefio, Verijadiego blanco de Frontrea, Vijariego blanco de El Hierro, Eusebia, and
Diego de El Hierro y Diego de Frontera), 5 new synonyms (Bermajuelo, Bermajuelo rosado
de El Llano, Bermajuelo rosado, and Mulata rosada y Negra muelle), the new synonym
for Samarrinho (Baboso blanco), and, additionally, the term Uval blanco for the grapevine
variety Malvasia fina y Verijadiego, which has turned out to be the only case of homonymy.

The El Hierro grapevine population has a marked influence from the islands in its MP-
SSR, and basically has three major sources of influence: the Iberian Peninsula through the
Spanish varieties, Central Europe through the Portuguese varieties (Savaning blanc) and
the east part of the Mediterranean Sea (Muscat of Alexandria and Malvasia Dubrovacka).
Finally, it is necessary to highlight the case of the Tesoro blanco variety. This variety
is significantly different from the rest of the El Hierro population, presenting a marked
influence from the Eastern Mediterranean. For all of the above, El Hierro appears to have
a unique population, not only worldwide, but even among the rest of the varieties of the
Canary Islands archipelago. These results once again support the proposal that the Canary
Islands and the El Hierro island are one of the few centres of biodiversity on our planet.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae9121297/s1, Table S1: Original and conclusive
information on 87 accessions from El Hierro. Similarity to the nearest genome (TECNENOL database);
Table S2: List of the 46 unique profiles belonging to the population of the island of El Hierro.
Values of the 7 international SSRs; Table S3: SSR groups by annealing Temperature (Ta); Table S4:
Characterization of the twenty microsatellite markers used in this study; Figure S1: The 4 steps of the
graphical method of Evanno et al. (2005) allow the estimation of the true number of ancestral K groups
for a population of 28 varieties from the El Hierro collection; Table S5: Genetic structure of the El
Hierro population. Distribution K = 3 (individuals belonging to each group or population); Figure S2:
The 4 steps of the graphical method of Evanno et al. (2005), allow the estimation of the true number
of ancestral K groups for a population of 308 varieties from the TECNENOL database; Figure S3:
Genetic structure of the world population. Distribution K = 2 (Individuals belonging to each group
or population). Detail of the proportion of pure and admixed individuals as a function of of g value.
Nationalities that make up each group. El Hierro grapevine varieties are highlighted in red; Figure
S4: World population (308 individuals) distributed in 2 populations. (a) Graphical representation
of K = 2 according to the Structure 2.3. program. (b) Neighbour-joining circular dendrogram of
the 308 individuals of the world population, highlighting the pure and admixed individuals, as
well as the location of the El Hierro grapevine varieties (indicator arrows); Figure S5: Genetic
structure of the world population. Distribution in 7 geographical areas. Detail of the proportion
of well-assigned (pure) and misassigned (admixed) individuals. Nationalities comprising each of
the groups: EASTMED-CAU (Algeria, Cyprus, Georgia, Israel, Lebanon, Tunisia, and Turkey), BP
(Bosnia and Herzegovina, Bulgaria, Croatia, Greece, Serbia, Slovenia, and Montenegro), ITA (Italy),
FRA-CEU (Austria, France, Germany, Hungary, and Switzerland), IP (Spain and Portugal), IC (Canary
Archipelago), and HI (El Hierro Island); Figure S6: World population (308 individuals) distributed in
populations corresponding to 7 geographic areas. (a) Circular Neighbour-joining dendrogram of the
308 individuals of the world population, differentiating the well-placed individuals (pure) from the
admixed (poorly placed), and highlighting the location of El Hierro grapevine varieties (indicator
arrow); (b) phylogenetic tree of the distribution of these 7 populations with all their individuals.
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Abstract: Vitis vinifera L. has been present in Ibiza and Formentera, two islands of the Balearic
Islands (Spain), since the 7th century BC. In the past few years, there have been several studies
and investigations on the Balearic Islands. These have focused mainly on Mallorca and Menorca
with a small representation of Ibiza and none that take into account Formentera. This research
aims to contribute to the knowledge of Vitis cultivars cultivated on those islands and to investigate
whether there are local cultivars still being grown. To do this, using an ethnobotanical approach,
15 persons were interviewed to gather information about local grapevines, and 36 accessions from
12 plots were characterized using ampelographic descriptors and identified using SSR markers.
Relationships of the accessions studied with other cultivars were also assessed. The results show
21 different genotypes profiles, where six were new genotypes: ‘Collé de gall’, ‘Grec’, ‘Macanet’,
‘VIEIV015-Maganet’, ‘Morzaca’, and “Vermelleta’. Ten new synonyms and three homonyms have
been proposed. Additionally, we suggest three new relationships for the ‘Hebén’ cultivar, one new
relationship for the ‘Llora’ cultivar and one new relationship for the ‘Beba’ cultivar. These results
show the first reported information for Ibiza and Formentera on Vitis.

Keywords: ethnobotany; grapevine; local cultivar; somatic variant; SSR markers; parentage

1. Introduction

Ibiza (also known by its Catalan name, Eivissa) and Formentera are the two smallest
inhabited islands of the Balearic Islands (Spain), which are together known as the Pityusic
Islands. These islands have a strong tradition of growing grapevines and winemaking. It is
thought that Vitis vinifera L. (Vitaceae) was brought to Ibiza and Formentera by the Punics
in the 7th century BC, who even created structures purposely to cultivate grapevines [1].
During the Middle Ages, other authors, such as Al-Zuhri or Al-Himyari, pointed out the
production of sultanas in Ibiza and that the trade with wine continued [2].

In 1851, grape production in the Balearic Islands was affected by powdery mildew
(Uncinula necator), which substantially reduced production [3]. Then, in 1862, when phyl-
loxera (Daktulosphaira vitifoliae) expanded in France, Ibiza and Formentera’s production
increased to supply the French market [4]. The presence of this disease was detected in
Mallorca in 1891 and later in Menorca in 1892 [5]. Although, at that time, phylloxera had
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not been detected in Ibiza and Formentera, present day evidence indicates symptoms in
various areas of the islands [6].

Today, grapevines continue to be some of the most important plants when considered
in socio-economic terms. Spain is the global leader in terms of the area dedicated to this
crop cultivation, with 964 kha [7] in the Balearic Islands [8], whose surface is 2336 ha. From
this total, Ibiza Island cultivates 58.6 ha and Formentera cultivates 14.3 ha [4]. Despite
their relatively small surface, each of these islands has its own wine appellation. Cultivars
allowed in these appellations are mainly well-known cultivars and include only a small
number of minority cultivars, such as ‘Monestrell’ or “‘Malvasia’ [9,10]. This could be
one of the main reasons that in Ibiza, ‘Monestrell’ and ‘Garrut’ together represent 76.45%
of the registered vineyard surface, while in Formentera, 57.5% of the surface comprises
‘Monestrell’, ‘Garrut’, and ‘Garnatxa tinta’ [11].

Grapevines are not only restricted to vineyards for the winemaking industry; they
are also a common Mediterranean crop that is present in every farmhouse in the Pityusic
Islands as well as other parts of the Balearic Islands [12,13].

Organic agriculture is promoting a revival of the recovery and identification of local
germplasm to fight against diseases and climate change in grapevine cultivation [14,15].
In the last 20 years, there has been an interest in the Balearic Islands to study, protect and
reintroduce to the market local minor grapevine cultivars in order to differentiate wines
produced in this region [16-21]. Most of the investigations undertaken have been in the
islands of Mallorca and Menorca, usually on vineyards belonging to wineries. In those
works, samples are studied from a molecular point of view in order to assess the enological
properties [22-25]. Two other studies have analyzed the local cultivars growing in the
Balearic Islands in order to establish their origin and phylogeny [26,27].

Although SSR markers (simple sequence repeats or microsatellites) have been used
largely to identify the diversity present in vineyards and to discard any homonyms and
synonyms [26-29], in the works concerning the Balearic Islands, Ibiza and Formentera
are scarcely represented. Additionally, none of the studies that consider Ibiza samples
conducted ampelographic descriptions or ethnobotanical interviews. The only exception
is Grup d’Accid Local per al Desenvolupament Rural i Pesquer d’Eivissa i Formentera,
who prospected and conducted an ampelographic study between 2012 and 2014 in these
territories [13]. That study constitutes the starting point for this research.

Although numerous characterizations, through several molecular markers, have been
carried out [30-32], ampelography and other morphological methods [33,34] still remain the
first steps when identifying cultivars, and these are useful when distinguishing somaclonal
variants or mislabels [35,36].

Despite the fact that classic ampelographic identification is usually difficult, be-
cause ampelographic traits can be influenced by cultivar age [37], viruses [38], crop
management [39] or even environmental characteristics [35,40], an ampelographic descrip-
tion is needed to inscribe any cultivar in the register of commercial cultivars or the variety
catalogue [41,42].

Ethnobotanical interviews have rarely been used in grapevine studies to register
information related to the samples considered. Through information given by farmers
during the investigation of local cultivars, it is often found that these cultivars have not
been registered [43]. These interviews are able to gather important information describing
the cultivars, how to grow them and the different particularities that have been transmitted
over the generations.

Although there have been some studies in recent years [13,28] that have studied grape
samples from the Pityusic Islands, no research work that specifically focuses on grapevine
landraces in Ibiza or in Formentera and that takes into account microsatellite identification,
ampelographic study and ethnobotanical interviews altogether has been carried out.

Given the above-described current state of the art of Vitis research in both of the con-
sidered islands, the main goals of this study were to (1) identify vine diversity growing in
the Pityusic Islands using microsatellite markers, ampelography, ethnobotanical interviews
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and bibliography, (2) characterize the cultivars and landraces found in these islands from
genetic and ampelographic points of view, and (3) analyze relationships of the accessions
studied with other cultivars and their possible origin.

2. Materials and Methods
2.1. Plant Material and Origin

Between 2012 and 2014, a project was conducted to prospect local grapevine germplasm
in the Pityusic Islands on behalf of Grup d”Acci¢ Local d’Eivissa i Formentera [13]. In this
work, five farmers had been interviewed, and six plots were prospected. Between 2017 and
2023, adopting an ethnobotanical approach, another 10 persons were interviewed, and
another four plots were prospected and added to the study. The plots included in this study
involve individuals that allowed us to conduct ampelography and genetic analysis on the
cultivars sown, and they also shared valuable knowledge about their vineyard. In total,
12 plots were included in this study, 10 in Ibiza and 2 in the Formentera Islands. The Ibiza
samples were mostly located in the Sant Josep de sa Talaia municipality (Figure 1). Most
of the plots were orchards in which Vitis was one of the products, and as the cultivated
extension was less than 1000 m?, those did not have to be compulsorily registered to an
official body [44].
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Figure 1. Plot localization and main grape uses in each plot studied in Ibiza and Formentera Islands.

Vineyards were all over 10,000 m?, and grapes were sold to elaborate the Appellation
of Control Origen wines of the islands; in these cases, local cultivars constituted less than
10% of all the grapevines. The plots” characteristics are detailed in Table S1 and summarized
in Table 1.
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Table 1. Plots and number of plants studied in each plot.

No. of
Plot Municipalities, Rootstock . Plant L.
Number Island P]ant's Used Soil Type Management Plant Age Irrigation  Plot Type
Studied

P1 Sant. J 0sep de sa 15 None Silt soil Double cordon  >40 years No Plot
Talaia, Ibiza

P2 Sant. J OseP de sa 8 None Silt soil Double cordon ~ >40 years No Plot
Talaia, Ibiza

P3 Sant. J OSeP de sa 9 American Silt soil Double cordon  >40 years No Plot
Talaia, Ibiza rootstock
Santa Eularia des American . .

P4 Riu, Ibiza 17 rootstock Clay soil Goblet >40 years No Vineyard

P5 Sant' J 03P desa 4 None Silt soil Goblet <10 years Yes Plot
Talaia, Ibiza

P6 Sant. J OSEP de sa 4 None Silt soil Goblet >40 years No Plot
Talaia, Ibiza

p7 Sant. J OSEP dessa 8 None Silt soil Goblet > 40 years No Plot
Talaia, Ibiza

P8 Sant. J Osep de sa 6 None Silt soil Goblet >40 years No Plot
Talaia, Ibiza

P9 Sant. J OSeP de sa 2 None Silt soil Goblet >40 years No Vineyard
Talaia, Ibiza

P10 Sant. ] OSeP desa 6 None Silt soil Goblet >40 years No Plot
Talaia, Ibiza

P11 Formentera, 26 None Silt soil Double cordon ~ >40 years No Vineyard
Formentera

P12 Formentera, 4 None Silt soil Goblet >40 years No Vineyard
Formentera

The accessions selected for this study were those that farmers had identified as local
landraces during the prospections, or they had doubts about their origin. The accession
named ‘Monestrell” was present in all plots, so it was used as a control cultivar to determine
the phenology on the other accessions, although samples were not collected on all plots, as
it was identified by farmers as the same accession.

The sampling comprised a total of 109 plants grouped into 36 accessions. Those
accessions were cultivated in 12 plots, 10 in Ibiza and 2 in Formentera, with different
numbers of individuals investigated in each of the Vitis vinifera accessions, 27 of which
were from Ibiza and 9 of which were from Formentera. Codes VIEIV001 to VIEIV028
corresponded to accessions from Ibiza Island, while code VIEIV004 was removed from this
study because it had a doubtful origin and name. Accessions coded VIFOR029 to VIFOR037
were collected from Formentera Island.

The taxon code, local name, number of plants studied, and voucher specimens’ number,
place and date of collection are shown in Table S2. Voucher specimens for each accession
are deposited in the herbarium BC (Botanical Institute of Barcelona).

2.2. Semi-Structured Interviews

A total of 15 semi-structured interviews were performed during the 20122014 and
2017-2018 periods. Interviews were conducted with farmers, most of whom were men [45].
Additionally, interviews were held with other farmers following the snowball methodology [46]
to gather different information about traditional vines cultivated on the island. In those in-
terviews, the main subjects discussed were cultivars planted or known, plant age, rootstock
used, crop management and winemaking processes.

This information is used, together with ampelographic characterization and SSR
markers, to identify and clarify synonyms, homonyms and misnaming in the samples
here studied.

2.3. Ampelographic Characterization

The morphological characterization has been carried out during two consecutive years,
2017 and 2018, by a single ampelographer, using 35 descriptors from the International
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Organization of Vine and Wine (OIV) [42]. For every descriptor, the minimum number of
observations established in the OIV protocol [42] has been made. Where this could not be
achieved, this has been stated (Table S3). Data, including the registered number for each
accession, are available in Table S4.

Metric descriptors such as bunch and grape weight, width and length have been first
measured and then converted to category following the descriptors” indications.

The mode of all qualitative descriptors for both years of study has been calculated. If
the mode fell between two categories, the most observed one, based on ampelographer
experience on field and with those cultivars, has been selected.

2.4. DNA Extraction and Microsatellite Analysis

DNA extractions were carried out from herbarium material using the Qiagen DNeasy
96 Plant Kit (Hilden, Germany) with minor modifications. Twenty-six nuclear microsatel-
lites were simultaneously amplified in two multiplex PCR. The SSR markers included in this
study are VVIP60, VVIB01, VVIQ52, VVIH54, VVIN73, VVIP31 [47], VRZAGS83, VRZAG79,
VRZAG62, VRZAG112 [48], VVMD?7, VVMD25, VVMD24 [49,50], VMC1B11 [51] and
VVS2 [52]); set B: VRZAG29, VRZAG67 [48], VVMD28, VVMD32, VVMD27, VVMD?21,
VVMDS5 [49,50], VVIV37, VVIV67, VVIN16 and VMC4E3-1 [51]. These 26 microsatellites [53]
were chosen because they presented clear profiles that were easy to score, carrying a higher
number of alleles, and they are evenly distributed along grapevine chromosomes.

Multiplex PCRs were performed in a final volume of 20 pL containing 1x Multiplex
PCR Master Mix (Qiagen, Hilden, Germany) and 5 ng of DNA template. The thermocycler
conditions, primers concentration, and primers fluorochrome labeling were those used
by Zarouri [54] for Mx01 and Mx02. PCR products were analyzed in an ABI 3130 Genetic
Analyzer, and the fragments were sized with GeneMapper 5.0 using GeneScan™-600 LIZ™
Size Standard as the internal marker [54].

2.5. Data Analysis

Standard measures of genetic variation including number of alleles per locus (Na),
number of effective alleles per locus (Ne), Shannon information index (I), the observed (Ho)
and expected (He) heterozygosity, and the probability of identity (PI) were calculated using
GenAlIEx 6.5 software [55]. The polymorphism information content (PIC) was calculated
employing Cervus 3.0 software [56]. To determine the genetic uniqueness of each accession,
the Excel add-in Microsatellite Toolkit 2001 [57] was used.

The microsatellite genotypes obtained were compared with SSR profiles stored in the
Instituto Madrilefio de Investigacion y Desarrollo Rural, Agrario y Alimentario (IMIDRA,
hereafter) database [58] with around 8000 unique SSR profiles. These genotypes include
2061 unique profiles that correspond to accessions maintained in the Vitis Germplasm
Bank “Finca El Encin” (IMIDRA, Alcala de Henares, Spain). The rest of the genotypes, not
present in this collection, came from 209 cultivars included or pending inclusion in the
Grapevine Spanish Catalogue [59], 1541 genotypes from information exchange with other
European germplasm banks, and 4182 from other IMIDRA investigation works and/or
scientific papers. All have been compared after being standardized following a similar
method described in [30].

Parentage analysis was performed based on 26 SSR profiles, using Cervus 3.0 soft-
ware [56]. The analysis was performed with 4208 accessions of the IMIDRA database [58].

Genetic structure was analyzed using a panel diversity comprising 140 cultivars from
five different countries, including the studied samples (Table S7). The selection of these
cultivars considered the historical connection of Ibiza and Formentera with other countries.
Twenty-six non-linked microsatellite mentioned before were used in both analyses. Only
unique SSR profiles were used; cultivars with somatic mutations are not represented.

Firstly, the genetic structure was conducted by a Bayesian analysis using the software
Structure 2.3.4 [60]. A model, with a putative number between one and ten populations
and correlated allele frequencies [61], was assumed. A Monte Carlo Markov Chain run-
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length period of 100,000, with 100,000 burn-in steps, and 10 iterations for each number of
putative populations were used. The Evanno criterion was used to decide the population
number [62]. The membership coefficient threshold defined for individual assignment to a
given cluster was Q = 0.80.

Secondly, GeneAlex 6.5 software [55,63] was used to conduct principal coordinate
analysis (PCoA), based on standardized covariance of the genetic distances previously
calculated for codominant markers in this software.

All statistical analyses were performed with Microsoft Excel [64] and SPSS [65].

3. Results
3.1. Material Prospection, Ampelographic and Molecular Characterization

From this sample group, 285 alleles have been detected for the 26 SSRs studied. The
most polymorphic markers for this group of cultivars have been loci VMC4F3-1 and
VVMD28, which showed 11 alleles each, whereas VVIQ52, VVIN73, and ZAG29 markers
only had three different alleles. The highest informative marker, using the allele effective
value for measurement, is the VVMDS5 locus with a value of 7.1 that presents 14 different
genotypic combinations in this sample group. The 21 different genotypes found in this
study can be differentiated using exclusively the genotypes obtained in VMC4FE3-1 and
VVMDS loci. A mean value of unbiased expected heterozygosity (He) of 72% and a
Shannon’s Information Index (I) of 1.5 has been obtained (Table S5).

3.2. Identifications, Synonyms, and Homonyms

One sample from each of the 36 accessions was selected for the microsatellite marker
study based on the interviews conducted and considering that all plants in the same
accession group had come from the same original plant.

These analyzed samples resulted in 21 different genetic profiles between both islands
(Table S6). From the 27 accessions studied in Ibiza Island, there were 21 genotype profiles
detected that correspond to 22 cultivars. In Formentera Island, from nine prospected
accessions, eight belong to different genotype profiles. Redundant genotypes were due
to the existence of somatic mutations such as ‘Beba’ cultivar (local name ‘Palop’) that had
white and pink berry skin color for accessions VIEIV001, VIEIV007 (local name ‘Palop
blanc’) and VIEIV026 (local name ‘Palop vermell’), and on the other hand to misnaming
errors and homonyms. Results obtained from comparing genetic profiles with the ones in
IMIDRA’s database are included in Table 2.

Table 2. Synonyms, homonyms, and misnaming,.

Genotype Code Accession Code Island Local Name Prime Name * Observation I‘G?r]nce Proposed
GEN_0074 VIEIV001 Ibiza Palop blanc Beba New synonym Palop blanc
GEN_0105 VIEIV002 Ibiza Primerenc Valenci tinto New synonym Primerenc
GEN_0204 VIEIV003 Ibiza Moscatell qucatel/de Described synonym -
Alejandria
MEXT_0504 VIEIV005 Ibiza Monestrell Llora New synonym Monestrell
GEN_0208 VIEIV006 Ibiza Mamella de vaca Ahmeur bou Ahmeur New synonym/ Mamella de vaca
new homonym
GEN_0074 VIEIV007 Ibiza Palop blanc Beba New synonym Palop blanc
MEXT_3954 VIEIV008 Ibiza Morzaca - New found Morzaca
genotype
MEXT_3940 VIEIV009 Ibiza Grec - Homonym/New ¢,
found genotype
MEXT_3955 VIEIV010 Ibiza Maganet - New found Maganet
genotype
GEN_0022 VIEIVO11 Ibiza Sultanita Sultanina New synonym Sultanina
Misnaming; Vitis
GEN_0881 VIEIV012 Ibiza Fresa Agawam interspecific -
crossing
GEN_0003 VIEIV013 Ibiza Sant Jaume Santa Magdalena New synonym Sant Jaume
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Table 2. Cont.

Genotype Code Accession Code Island Local Name Prime Name * Observation xla:_i Proposed
GEN_0575 VIEIV014 Ibiza Ferrana Danugue New synonym Ferrana
MEXT_3957 VIEIV015 Ibiza Maganet - New found VIEIVOIS-
genotype Magcanet
GEN_1259 VIEIV016 Ibiza Giré Callet negrella Misnaming -
GEN_0104 VIEIV017 Ibiza Fogoneu Fogoneu -
MEXT_3958 VIEIV018 Ibiza Vermelleta - New found Vermelleta
genotype
MEXT_3940 VIEIV019 Ibiza Grec - Homonym/New Grec
found genotype
GEN_0105 VIEIV020 Ibiza Palop negre Valenci tinto New synonym Palop negre
GEN_0003 VIEIV021 Ibiza Santa Margalida Santa Magdalena New synonym Santa Margalida
MEXT_0504 VIEIV022 Ibiza Xr‘l’;?treu de Llora New synonym Monestrell
MEXT_0504 VIEIV023 Ibiza Monestrell d’Alger  Llora New synonym Monestrell
MEXT_3955 VIEIV024 Ibiza Blanqueta - Misnaming/New Macanet
found genotype
MEXT_3959 VIEIV025 Ibiza Coll6 de gall - New found Coll6 de gall
genotype
GEN_0074 VIEIV026 Ibiza Palop vermell Beba roja Somatic mutation -
GEN_0575 VIEIV027 Ibiza Ferrana Danugue New synonym Ferrana
. New found
MEXT_3955 VIEIV028 Ibiza Macanet - Macanet
genotype
MEXT_3955 VIFORO001 Formentera  Moscatel - Misnaming Macanet
GEN_0391 VIFOR002 Formentera  Batista Manses de Tibbus Misnaming -
GEN_0018 VIFORO003 Formentera  Garnatxa blanca Garnacha tinta Somatic mutation -
GEN_0062 VIFOR004 Formentera  Fogoneu Tinto velasco Misnaming -
MEXT_0504 VIFOR005 Formentera  Monestrell Llora New synonym Monestrell
GEN_0575 VIFOR006 Formentera  Palop negre Danugue Misnaming -
MEXT_3940 VIFOR007 Formentera  Palop blanc - Misnaming/New ...
found genotype
MEXT_3955 VIFORO008 Formentera  Mancet - Misnaming Maganet
GEN_0111 VIFOR009 Formentera  Grec Quigat Misnaming -

Bold: new genotypes found in this study. * Name registered in VIVC catalogue.

Those 21 identified cultivars are mostly cultivars used traditionally in the Spanish
winemaking industry; only five cultivars came from other countries ("Ahmeur bou Ah-
meur’, ‘Agawam’, ‘Danugue’, ‘Moscatel de Alejandria’, and ‘Sultanina’), which either have
double use or are exclusively used as table grapes.

The most interesting result about the genetic profiles is that six genotypes, corre-
sponding to 12 accessions, could not be identified either using the extensive IMIDRA’s
database [59] or the Vitis International Variety Catalogue (VIVC) [66]. Those accessions
correspond to ‘Collo de gall” (mext_3959), ‘Grec’ (mext_3940), ‘Macanet” (mext_3955),
“VIEIV015_Macganet’ (mext_3957), ‘Morzaca’” (mext_3954) and ‘Vermelleta’ (mext_3958)
(Table 2).

On the other hand, all ‘Monestrell” accessions studied in this work (VIEIV005, VIEIV022,
VIEIV013, VIFOR005) have been identified as ‘Llora’” (mext_0504). These accessions have
the same genetic profile as an accession prospected in 2012 in Menorca Island by Institut de
Recerca i Formacio Agraria i Pesquera (IRFAP) of a minority cultivar named “Llora’ [67],
which has not been published in VIVC but is currently in the process of being included in
the Spanish vine cultivar catalogue [68].

In total, 2 somatic mutants, 18 cultivars and an interspecific cross were verified.

Unidentified genotype cultivars were named with the name given by the farmer
during the interviews. If more than one name had been given for different accessions
resulting in the same genotype, the most common cited name was chosen [46]. Those
names were ‘Maganet’, ‘Grec’, ‘Morzaca’, ‘Colld de gall” and ‘Vermelleta’. Within those new
genotypes, there are three detected homonyms. One is for accession VIEIV015 that was
named ‘Maganet’ by the farmer, but the genotype is not the same as the other accessions
identified as ‘Maganet’. The other homonym would be the ‘Grec’ cultivar name, as it is
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a registered synonym for the ‘Alcanon’ cultivar registered in VIVC [66] (Table 2). On the
other hand, the ‘Grec” cultivar found in the Formentera sample has been identified as
‘Quigat’, which would be considered to be a misnaming for ‘Grec” until more research has
been made (see Table 2).

Ten accession names have been identified as new synonyms. The four ‘Monestrell’
accessions, three from Ibiza and one from Formentera Island, have all been identified as the
same genotypes for the cultivar ‘Llora’. ‘Sant Jaume” and ‘Santa Margalida’ are synonyms
for the ‘Santa Magdalena’ cultivar. ‘Primerenc’ is a synonym for ‘Valenci tinto’, ‘Palop
negre’ is a synonym for “Valenci tinto’, ‘Palop blanc’ is a synonym for ‘Beba’ and ‘Sultanita’
is a synonym for ‘Sultanina’ (Table 2).

Also, two other synonyms have been detected during this study. One is found for
accessions VIEIV014 and VIEIV027, which is named ‘Ferrana’ for ‘Danugue’. This would
be considered a homonym, as ‘Ferrana’ is registered in VIVC [66] as a synonym for ‘Planta
fina’, and in this case study, two farmers have cited this cultivar with the same name [45].
The last homonym is the accession VIEIV006, identified as ‘Ahmeur bou Ahmeur” and
locally named ‘Mamella de vaca’, which is a name that is registered for another genotype
profile in VIVC [66].

Two somatic mutations were detected: one for the ‘Beba’ cultivar of accessions
VIEIV001 and VIEIV007 which are named ‘Palop blanc” and accession VIEIV026 named
‘Palop vermell’. When contrasted with the morphological characterization (Table S3), it is
revealed that VIEIV026 has a red grape color, which could be due to a somatic mutation in
the cultivar as Garcia-Murioz [26] detected in her study, too. The other possible somatic
mutation that has been detected in previous works is for the ‘Garnacha tinta’ cultivar, as
the local accession is named ‘Garnatxa blanca’ [69].

There are eight misnaming cases considered in this study for the following cultivars:
‘Batista’ for ‘Manses de Tibbus’, ‘Fogoneu’ instead of ‘Tinto Velasco’, ‘Gir¢’ for ‘Callet
negrella’, ‘Grec’ for ‘Quigat’, ‘Blanqueta’, ‘Moscatell’ and ‘Mancet’ for ‘Maganet’, as ‘Mancet’
was cited by the farmers as a red grape cultivar, and this one has white grapes [46], and
‘Palop blanc’ for ‘Grec’ (Table 2).

3.3. Putative Parentage Relationships

The search for compatible trios (parents and offspring) and duos (parent-offspring)
was performed based on 26 SSRs loci. From the analysis of the parentage, we established
4 compatible trios (Table 3) and 71 duos (Table 4). The trio analysis results confirm what
Garcia-Muiioz [26] had already established for ‘Fogoneu’ and ‘Callet negrella’, syn. ‘Manses
de cabdell’” (Table 3).

Table 3. Compatible trios in Ibiza and Formentera samples.

Offspring ID First Pair LOD Second Pair LOD Trio Loci Trio LOD Published
pring Candidate ID Score Candidate ID Score Mismatching Score
Fogoneu Mj‘;f;zlfe 226 x 1015 Excursac 240 x 1015 0 4.89 x 1015 [26]
Callet negrella Beba 2.00 x 10%° Giré sardo 2.10 x 10%° 0 4.44 x 101 [26]
Maganet Hebén 2.05 x 10%° Cigenera 2.33 x 10%° 0 5.34 x 10%° Not published
Coll6 de gall Hebén 2.21 x 10%° Breval negro 219 x 10%° 0 5.10 x 10%° Not published

From the primary analysis conducted, we have a main group with ‘Hebén’ being
the parent of six cultivars. From this, five relationships had already been reported in
Cipriani [70], Garcia-Muifioz [26] and D’Onofrio [71]. Three new first-grade relationships
have been found ("‘Maganet’, ‘Morzaca’” and ‘Coll6 de gall’) and one new second grade
relationship with ‘Beba’, a descendent of ‘Hebén’ and an unknown cultivar, with another
undetermined cultivar obtaining the newfound genotype named ‘Grec’. The other five
new first-grade relationship have been detected within cultivars: ‘Manses de Tibbus’
with ‘Manseés de cabdell’; ‘Callet negrella’ with “Valenci tinto’; ‘Grec” with ‘Valenci tinto’;
‘VIEIV015-Maganet” with ‘Llora’, although it could not be determined which would be the
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parent and which would be the offspring in this last one; and ‘Danugue’ with “Albaranzeuli
blanco’ (Table 4).

Table 4. Possible parent—offspring relationships for the accessions studied.

Progeny Parent ID Consistent Loci Pair LOD Score Published
Santa Magdalena Planta Fina de Pedralba 26/26 8.42 x 1014 [71]
Beba Hebén 26/26 5.44 x 10 [70]
Valenci tinto Beba 26/26 1.17 x 10%° [71]
Valenci tinto Callet negrella 26/26 9.93 x 1014 Not published
Quigat Hebén 26/26 5.60 x 1014 [71]
?f/f;;:;fild;eAle]andrla Moscatel de grano menudo

. (Moscatel Morisco/ 26/26 2.13 x 1015 [70]
Malaga/Moscatel de Sarga muskotaly)
Settibal /Moscatel Graudo) 8 y
Manses de Tibbus Manses de cabdell 26/26 1.51 x 101° Not published
Callet negrella Valenci tinto/Grumiere 26/26 9.93 x 101 Not published
Grec * Beba 26/26 6.02 x 101 Not published
Grec * Valencdi tinto/Grumiere 26/26 6.01 x 101 Not published
Morzaca * Hebén 26/26 7.73 x 1014 Not published
Macanet * Hebén 26/26 1.06 x 10'° Not published
VIEIV015-Maganet * Llora 26/26 1.68 x 101° Not published
Coll6 de gall * Hebén 26/26 9.51 x 101 Not published
Danugue Albaranzeuli bianco 22/22 5.42 x 101 Not published

Bold: new parentage relations found in the study. * New genotypes found.

3.4. Genetic Structure

To analyze the genetic structure, 140 unique genotypes were considered, including
the 20 obtained from the Pityusic Islands prospection and a Vitis cultivar diversity panel.
The “Agawam’ genetic profile (interspecific cross) has not been considered because it could
distort results. Also, two different approaches were used, Structure and PCoA, to infer the
population structure and geographical assignment of the accessions studied in this work.

From structural analysis, three main grouping levels were identified: K =2, K =3 and
K =5 (Figure S1). The membership coefficient threshold defined for individual assignment
to a given cluster was Q = 0.80.

K =2showed a group with Spanish-origin cultivars with 52.38% of the studied samples
grouped showing a possible relationship with Spanish cultivars and another group that
included 30% of the cultivars analyzed whose origin was diverse (Maghreb, Italy, France,
Greece, etc.). Cultivars assigned to group 2 represented 30% of the cultivars analyzed from
Ibiza and Formentera. There were three cultivars that could not be assigned to a certain
group as probabilities were under 0.8 (Table S8), which were then considered to be admixed
genotypes. Those were ‘Santa Magdalena’, ‘Quigat” and ‘VIEIV015-Macanet” (Figure S2).

Three groups were observed in K = 3, group 1, which had French-related cultivars,
(indicated by red-colored bars); group 2 with Maghrebi, Italian and Greek origin (indicated
by green-colored bars); and group 3, which had Spanish-related cultivars (indicated by
blue-colored bars) (Figure 2).

In this case, as in the previous K = 2, more than half of the samples (55%) from Ibiza
and Formentera were grouped with the cultivars that had Spanish origin (Table S9). Spanish
cultivars in this analysis have been organized into two groups: cultivated in Balearic Islands,
according to Garcia-Murioz [26], and the rest were from the other important or ancient
Spanish cultivars.
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Figure 2. Representation of the 20 genotypes found in Ibiza and Formentera Island using Structure
software 2.3.4. version for K = 3. In bold are the samples studied, samples with * are new found

genotypes [60].

Samples that were grouped into the Spanish-origin group included the following:
‘Garnacha tinta” (q = 0.842), ‘Fogoneu’ (q = 0.857), “Vermelleta’ (q = 0.911), "‘Maganet’
(q =0.917), "Manses de Tibbus’ (q = 0.923), ‘Grec’ (q = 0.938), ‘Valenci tinto” (q= 0.942), ‘Beba’
(q =0.950), “Coll6 de gall” (q = 0.960), ‘Morzaca’ (q = 0.975) and ‘Callet negrella” (q = 0.977).
This aggregation, except the ‘Danugue’ cultivar, was the same as that obtained in K = 2.

Overall, 20% of the samples have relations with cultivars that have Maghrebi, Italian
and Greek origin. These are “Ahmeur bou Ahmeur’ (q = 0.952), ‘Sultanina’ (q = 0.906),
‘Tinto Velasco’ (q = 0.963) and ‘Moscatel de Alejandria’ (q = 0.970).

Meanwhile, 25% of the cultivars studied that could not be assigned to a certain group.

In K =5 aggrupation, five groups can be observed, and 55% of the cultivars studied
are located in group 3, where Spanish origin cultivars are located. These cultivars are
‘Callet negrella’ (q = 0.968), ‘Morzaca’ (q = 0.939), "Vermelleta’ (q = 0.903), ‘Beba’ (q = 0.893),
“Valencdi tinto’ (q = 0.869), ‘Grec’ (q = 0.866), ‘Fogoneu’ (q = 0.850), “Coll6 de gall’ (q = 0.837),
‘Manses de Tibbus’ (q = 0.837), ‘Macanet’ (q = 0.8200) and ‘Garnacha tinta” (q = 0.814). In
group 2, which has cultivars with Maghrebi origin, 10% of the cultivars are found; those
are “Ahmeur bou Ahmeur’ (q = 0.870) and “Tinto velasco’ (q = 0.813). In group 5, there
is only the ‘Sultanina’ cultivar (q = 0.810). The admixed origin accounted for 25% of the
studied cultivars (Figure 3) (Table S10).

Genetic analysis by principal coordinates (PCoA, Figure 4) was carried out, and the re-
sults obtained are consistent with the results obtained with Structure software 2.3.4 version.
In this analysis, prospected cultivars are located in three of the five main origin groups.
Group 1 was formed by Spanish origin cultivars, where ‘Hebén’ is represented at the far
end of the group, which means that it is the least mixed cultivar in this group. This matches
with the Structure results, where the cultivar has the largest value for Q within its group.
In this group, the following cultivars are included: ‘Danugue’, ‘Maganet’, ‘Grec’, ‘Coll6 de
gall’, “Valenci tinto’, ‘Santa Magdalena’, ‘Garnacha tinta’, ‘Quigat’, “Vermelleta’, ‘Fogoneu’,
‘Manses de Tibbus” and ‘Callet negrella’. Group 2 is mostly grouping cultivars originated in
Maghreb, and “Ahmeur bou Ahmeur’, “Tinto velasco’, ‘Sultanina” and “VIEIV015-Macanet’
appear to be related. The last group, group 3, has cultivars with French origin, and it is
where cultivar ‘Llora’ is: between French, Italian and Greek groups in this analysis.
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Figure 4. Representation of individuals of the genetic analyses by principal coordinates based on
standardized covariance of the genetic distance calculated for 26 codominant markers with GeneAlex
software 6.5, using 140 cultivars that include cultivars from five countries as well as the studied
samples [55].
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Considering only traditional Spanish and Balearic cultivars (Figure 5), some differenti-
ation can be observed between Balearic cultivars, “Hebén’ relatives, and cultivars related to
those with Oriental or European origin.
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Figure 5. Representation of individuals of the genetic analyses by principal coordinates based on
standardized covariance of the genetic distance calculated for 26 codominant markers with GeneAlex
software 6.5, considering 78 traditional Spanish and Balearic Islands cultivars, prospection samples
included [55].

4. Discussion
4.1. Possible Origin of the Studied Samples

Structure and PCoA results show that most accessions studied here were grouped
according to their geographical regions of origin. The highest value of AK (Evanno
Criterion [62]) was obtained for K = 2 (Figure S1), dividing accessions in a group made
up by Spanish cultivars, against another group constituted by cultivars from the rest of
Mediterranean origins (Greek, French, Italian and Maghrebi). This clustering is inconsistent
with other authors whose results reflect Negrul [72] eco-geographic classification [73,74],
since pontica and occidentalis proles are grouped together, which could indicate a bias in
the analysis because of a higher number of Spanish cultivars, many of which are related
to “‘Hebén’. Regarding K = 3, those previous results are corroborated, since proles pontica
and occidentalis are differentiated, being the third group the Spanish cultivars. Regarding
K =5, the groups correspond to pontica (Q5), occidentalis (Q3), and orientalis subproles
capsica or Muscat (Q4), according to Emanuelli (2010), who grouped Spanish cultivars with
Sultanina descendants in proles orientalis subproles antiasiatica, using SNPs to differentiate
between both groups. A new independent group is obtained in this work shaped by
Maghrebi cultivars (Q2) and located in PCoA between pontica and the Spanish cultivars
group, which in this study, together with Spanish group, constitutes the group proles
orientalis subproles antiasiatica.
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According to the results obtained in this work with Structure software 2.3.4 version
and PCoA, most of the new or traditional cultivars found in the prospection are related
to the Spanish cultivars group, except for ‘VIEIV015-Macanet” and ‘Llora’, which show a
higher component of Greek origin. ‘Llora” would be mixed with prole occidentalis while
‘VIEIV(015-Maganet’ would be mixed with prole orientalis-antiasiatica. This could correspond
with the Phoenician commercial routes around the Mediterranean Sea, where they would
have interchanged grapevines between different islands (Cerda [75] in Piqueras [76]).

Analyzing only Spanish and Balearic cultivars by PCoA, it is observed that new
genotypes ‘Coll6 de gall’, ‘Grec’, ‘Maganet’ and “‘Morzaca’ have a strong relationship with
traditional Spanish cultivars, as they are all related to the ‘Hebén’ cultivar, as it is also shown
by parentage analysis for some of them. The prospection cultivars ‘Fogoneu’, ‘Danugue’,
‘Manseés de Tibbus” and ‘Callet negrella” could show a stronger relationship with traditional
Balearic cultivars as ‘Callet’, ‘Gafarr¢’, ‘Fogoneu mallorqui” or ‘Giré negre’.

4.2. Cultivar Analysis and Their Possible Origin

Recent works on prospection of grapevine cultivars in the Balearic Islands cite some
of the cultivars prospected in this study (Table 5).

Table 5. Prospected cultivars in Ibiza and Formentera with same genotypes as others cited in
recent works.

Cultivar Cited in

Beba [19-21,26,27,67,77]
Callet negrella [19,21,26]

Fresa [19]

Fogoneu [19-21,26,27,77,78]
Quigat [19-21,26,27,77]
Llora [28,67,77]
Moscatel de Alejandria [19,27,77]

Manses de Tibbus [19,21,27]

Santa Magdalena [21,26-28,77]
Sultanina [19,27]

Tinto velasco [27,77]

Valenci tinto [19,21,27,77]

4.2.1. Traditional Balearic Cultivars

Nowadays, the ‘Monestrell” cultivar is authorized in wine appellation that exists
in both Ibiza and Formentera, and two other traditional cultivars are authorized in For-
mentera’s wine appellation, which are ‘Fogoneu” and ‘Premsal’ [9,10]. There is another wine
appellation that can be used by all the winemakers in the Balearic Islands, Vi de les Illes
Balears, that has three Balearic cultivars authorized: ‘Moll’, ‘Callet” and ‘Manto negro” [79].

Some of the cultivars, like ‘Beba’, cited as ‘Calops’, ‘Fogoneu’, ‘Quigat’ quoted as
‘Cagat’, probably because of its pronunciation in the Catalan spoken in the Balearic Islands
has been spelt in two different ways, ‘Llora’, ‘Macanet’, ‘Monestrell” or ‘Moscatell” have
been reported since the end of the 19th century [80,81] in the Balearic Islands, which
suggests that these cultivars are traditionally cultivated in this geographic area, although
citations about the presence of specific cultivars in Ibiza and Formentera Islands are scarce
(Table S11). ‘Callet negrella’, ‘Fogoneu’, and ‘Quigat” are minority cultivars from the
Balearic Islands, as Garcia-Mufoz [26] and Marsal [27] confirm with their work.

‘Beba’, a well-known eating cultivar distributed in different parts of Spain [82], has
been reported in Ibiza by Pérez-Cabrero [83] as ‘Palop’, which is a synonym registered in
VIVC for this cultivar. Ludwig Salvator [81] describes for Ibiza and Formentera a white
grape cultivar that could also be found producing red-colored grapes, although he does not
cite the name of these grapes: it could be ‘Beba roja’, a somatic mutation with red grapes
that Garcia-Mufioz [26] detected, which we have also found when interviewing farmers
cited as ‘Palop vermell” and confirmed with the SSR markers results (Table S6). Locally,
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farmers use ‘Palop blanc’ to refer to the cultivar that has white grapes, as blanc means
white in Catalan. In the work of Garcia-Mufioz [26], the names used are ‘Calop blanc” and
‘Calop roig’ or ‘Calop vermell’, as both vermell and roig mean red in Catalan. The ‘Palop
blanc” name for ‘Beba’ is not registered in VIVC and would be proposed as a synonym for
this cultivar.

When comparing ampelographic characterizations [58,84] with ours, it can be observed
that leaves from somatic mutations are quite similar, although ‘Palop blanc” accessions have
shorter teeth in the leaves than ‘Palop vermell” (Table S3). Differences in genome size have
also been found [6] that are probably caused by somatic mutations when the management
and environmental conditions of the crops are the same.

‘Beba’ is an offspring of ‘Hebén’ (syn. ‘Gibi’), a female Spanish cultivar that is a
parent of many cultivars in Spain [85] and also many Balearic cultivars [26]. Our results are
coincident with the ones obtained in those previous works.

An offspring of ‘Beba” and ‘Gir¢ sardo’, as Garcia-Muifioz [26] first published, and
we confirm with our results (Table 3), is ‘Callet negrella’, which has been recorded in this
study as ‘Gird’. This cultivar has been reported for the Balearic Islands in Mestre [86].
It is not registered in the VIVC database [66], but it has been registered in the Spanish
variety catalogue [59], and it appears in the Balearic Islands local cultivars catalogue [84].
In this case, the name given by the farmer would be considered a case of misnaming for
this cultivar.

Another traditional Balearic cultivar is ‘Fogoneu’ [26]. Although there are no antique
bibliographical references for its presence in Ibiza and Formentera, it has been cited by
farmers as a local cultivar and is used in winemaking to improve wine color [45], and it
is also authorized in Formentera’s wine appellation [10]. During parentage analysis, our
results confirm that ‘Fogoneu’ is an offspring of ‘Excursac” and ‘Manses de cabdell” (syn.
‘Giro nero’), as Garcia-Mufioz [26] had published.

‘Manses de Tibbus’ is also considered to be traditionally grown in the Balearic Islands,
as it has been reported by Garcia de los Salmones [87] and Garcia-Mufioz [26]. Although
it has not been specifically cited for Ibiza and Formentera, it has been discovered in one
of the studied plots. This cultivar that had not been located in any previous prospection
on Balearic Islands Vitis cultivars and until now was only conserved in IMIDRA’s [88] and
IRFAP’s collections [27].

"Llora’ is considered a local minor cultivar cited in Menorca in the end of the 19th
century [80,89]. There are also citations [87] for the ‘Lloras’ cultivar in Menorca and ‘Lloreta’
in Mallorca that could refer to this cultivar due to the name similarities. In recent times, a
sample of this cultivar was detected in Menorca in 2012 [67] but was not located before any
other prospection in the Balearic Islands. It also appears in Bota’s report [28] (Table 5).

While the ‘Llora’ cultivar was not specifically mentioned for Ibiza and Formentera,
‘Monestrell” was cited [87], which is the name provided by the farmers during the inter-
views for ‘Llora’ accessions [45]. ‘Monestrell” is also the main black grapevine grown in
the Pityusic Islands [11]. It is among the authorized cultivars in Formentera and Ibiza
wine appellations [9,10] and was the most cited cultivar for winemaking during the in-
terviews [45]. Garcia de los Salmones [87] also cites “Mostrell” for Ibiza Island, which
phonetically resembles ‘Monestrell’; this could either be a misspelling or two cultivars.

The use of ‘Monestrell” as a synonym of ‘Llora’” could be supposed to be widely spread
on the Pityusic island as the four ‘Monestrell” accessions studied in this work, three samples
located in Ibiza and one in Formentera, have all been identified as the ‘Llora’ cultivar.

Comparing the results on ampelographic descriptors from IMIDRA’s database for
‘Monestrell” cultivars and ours for ‘Llora’ cultivars, ampelographic traits are similar, so this
might explain the use of ‘Monestrell” as a synonym.

The four Monestrell accessions studied have shown different results in the ampel-
ographic descriptors (Table S3). Descriptor OIV065 for leaf blade size is bigger for both
‘Monestrell’ named accessions, while it is smaller for ‘"Monestrell d’Alger” and ‘Monestrell
de xingld” (Figure 6). From the genome size studies, ‘Monestrell d’Alger” had a higher 2C

89



Horticulturae 2023, 9, 1307

DNA content than the other accessions within the same group [6]. There are even differ-
ences in the naming of the accession, where two of them are cited as ‘Monestrell d’Alger’,
because a farmer’s relative brought the original plant from Algier [90] and ‘Monestrell de
xingld” because the plant produces double bunches.

Sob s
LaAAl

Figure 6. ‘Monestrell” cultivars studied in Ibiza and Formentera: (a,b) ‘Monestrell” leaf and bunch
accession VIEIV005 (Ibiza); (c,d) ‘Monestrell” leaf and bunch accession VIFOR005 (Formentera);
(e,f) "‘Monestrell de xingld” leaf and bunch accession VIEIV022 (Ibiza); (g,h) ‘Monestrell d’Alger” leaf
and bunch accession VIEIV023 (Ibiza).

During the interviews and the prospection prior to the ampelographic characterization,
farmers cited ‘Monestrell fort’ and “Monestrell ros” accessions that could not be located.
One of the farmers interviewed had stated that the ‘Monestrell” cultivar found in Ibiza
Island was different from those that he had seen on the mainland [45]. No references could
be found in the bibliography consulted for these different names given by farmers.

From the origin point of view, on one hand, the PCoA results show that this cultivar
could have an Italian origin. Italian-origin cultivars in PCoA are also related to Greek
and French origin, as these cultivars are located in between them (Figure 4). On the other
hand, Structure results showed that this cultivar could be related to French or Greek origin
cultivars. From K = 5, ‘Llora’, although that is an admixed cultivar, it has a stronger
component of Greek origin, and the K = 3 result shows that the origin is nearest to the
French cultivars, which corroborates the results obtained in PCoA.

A bibliographic reference could confirm this French origin as the ‘Llora’ cultivar is
also cited as ‘Marselleres’ for Menorca Island [80]. “Marselleres’ could refer to Marseille in
France. Piqueras [76] found a citation from the Phoenicians culture about a wine that was
named Lora, but no other information was provided.

Taking into account the above results and considering that the Phoenician spread vines
and viniculture across the Mediterranean territories, such as Marseille in France (Brun [91]
in Terral [92]), Ibiza [1] or Maghreb (Rivera [93], Buxo [94] cited in Terral [92]), it could be
possible that ‘Llora’ is a Greek-origin cultivar and is also related to French-origin cultivars
because it might be an ancestor of one of them. Further studies should be conducted to
confirm this hypothesis and to explore the presence of this cultivar in other places such as
Marseille or Algiers.
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On the other hand, while reviewing the literature, the names ‘Monastrell” and ‘Mon-
estrell” have been used to refer to the same cultivar; this could lead to misinterpretation as
two different cultivars. Because of this, we suggest that from now on, the name ‘Monestrell’
should be written as in this paper, and not Monastrell, to be able to trace future works and
have a spelling homogeneity criterion. The origin of name is the Latin word monesteriellu,
diminutive of monasterium, abbey (monestir in Catalan), as it is thought to be a cultivar sown
mostly in abbeys [95].

After the aforementioned findings, ‘Monestrell’ would be proposed to be included in
the VIVC catalogue as a synonym of ‘Llora’. Further studies should be made to verify if
the other ‘Monestrell’ names detected as ‘Monestrell d”Alger” or ‘Monestrell de xinglé” are
found in other plots and also identified as the ‘Llora’ cultivar to be able to propose those as
synonyms. Also, other plots in the Pityusic Islands should be prospected as there are other
citations for ‘Monestrell” such as ‘Monestrell ros” or ‘Monestrell fort’ [45] that had not been
located yet.

‘Quigat’, a traditional Balearic cultivar [26], has been misnamed in this study for the
newly found genotype ‘Grec’. However, more samples should be studied in the islands to
find any more use cases of this to better determine if it is a misnaming or a new synonym.

4.2.2. Spanish Cultivars

A traditional Spanish cultivar, such as ‘Garnacha tinta’, has been detected as a somatic
mutation known as ‘Garnatxa blanca’, which was also cited with this name by the farmer.
This somatic mutation is published in VIVC [66]. In Garcia de los Salmones [87], there is
only a reference for the ‘Garnatxa negra’ cultivar in Ibiza but not the white cultivar that has
been found in this study.

Another Spanish traditional cultivar found in this study is ‘“Ahmeur bou Ahmeur’,
although it has been named locally as ‘Mamella de vaca’, which means cow’s udder in
Catalan. This name would considered a synonym for “Ahmeur bou Ahmeur’, as this
cultivar has a registered synonym in VIVC, “Teta de vaca’, which is the Spanish translation
of ‘Mamella de vaca’. There is no reference of this cultivar in the Balearic Islands in the
works consulted; only Marsal [27] had a sample with the same name, but this was identified
as “Afus ali’, and they proposed ‘Mamella de vaca’ as a new synonym for that cultivar.

‘Santa Magdalena’” and “Valenci tinto’ cultivars were also identified in this study. The
‘Santa Magdalena’ cultivar has been found locally named by farmers as ‘Sant Jaume” and
‘Santa Margalida’ (Table 4). Fava [96] cited ‘Sant Jaume” and ‘Santa Magdalena’ as different
cultivars in the Ibiza islands, but he did not conduct SSR makers identification. ‘Santa
Magdalena” has been cited as a synonym for ‘Jaumillo” [77], which is a diminutive for
the name Jaume. No references have been found for ‘Santa Margalida’ apart from the
connection between the farmers reporting that this cultivar is an early ripening one [45],
and Saint Margaret’s day which is in early July in the Spanish catholic calendar, so this
could explain the relation with the name. Comparing the ampelographic traits of ‘Santa
Magdalena” cultivars found (Table S3; [58,84]), the leaves from the Balearic Grapevine
Catalogue and ours are very similar, while the ones in IMIDRA's descriptors are slightly
different. As a result, for the ‘Santa Magdalena’ cultivar, ‘Sant Jaume” and ‘Santa Margalida’
would be proposed as new synonyms to be included in VIVC.

The “Valenci tinto” cultivar has been identified in two samples in this study: one was
cited as ‘Palop negre’, which has also been cited for ‘Valenci tinto” in Mallorca [77], and
another one was cited as ‘Primerenc’. Both names would be proposed to be registered in
VIVC as new synonyms for the “Valenci tinto” cultivar in the Balearic Islands, although
further studies are needed to validate these propositions.

4.2.3. French Cultivars

‘Danugue’ is also a French cultivar that had not been identified until now in any of the
recent works (Table 5). It has been identified in three samples, two of which were named
‘Ferrana’ by two different farmers and one of which was cited as ‘Palop negre’. Garcia
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de los Salmones [87] cites a ‘Ferrana negra’ cultivar for Ibiza. Nowadays, ‘Ferrana’ has
been used as a synonym for ‘Planta fina’” and as a homonym for the Moroccan cultivar
‘Bourboulenc’ [66]. In this case, we propose that ‘Ferrana’” would also be registered in the
VIVC database as a synonym for ‘Danugue’, and we consider ‘Palop negre’ a misnaming
for the ‘Ferrana’ cultivar.

In the VIVC database, ‘Danugue” has French origin and is related to ‘Breval negro’ [71,96].
From this study, we have found that ‘Danugue’ is also related to “Albarazeuli bianco’, which
is an Italian cultivar offspring of ‘Hebén’. D’Onofrio [71] has cited other local cultivars in
the island of Sardinia, which were also related to ‘Hebén’, showing that there was a cultivar
movement from Spain to Italy. Also, the Structure and the PCoA results show that this
cultivar seems to have a Spanish origin, so these results with the above mention might
suggest that these cultivar was spread through the Mediterranean in the past.

4.2.4. New Identified Genotypes

Six new genotypes have been discovered, which do not appear in any of the databases
consulted [58,66]. The proposed names, ‘Coll6 de gall’, ‘Grec’, and ‘Maganet’, the latter
with its homonyms “VIEIV05-Mancanet’, ‘Morzaca and ‘Vermelleta’, are the ones local
farmers reported, as these have not been found for these genotypes.

‘Coll6 de gall’ is one of the newfound genotypes. There are no citations of this cultivar
for Ibiza Island before Fava’s [95] work on Vitis names in the Catalan language. In Bota [28],
there is a sample cited as a newfound genotype named ‘Coll6 de gall’, but no ampelographic
description or microsatellite results have been published yet. This cultivar name means
rooster’s testicle, translated from Catalan (being gall, rooster, and colld, testicle). He also
cites other synonyms for this cultivar, such as ‘Boto de gall’, “Coll6 de gat’ or ‘Boto de gat
(where gat, means cat in Catalan). He suggests that boto is used as a synonym of colld in
order not have to use colld with its sexual connotation.

Fava’s [95] descriptions for the ‘Coll6 de gall’ cultivar does not match with our ampel-
ographic characterization (Table S3). In his work, this cultivar is described to have large
bunches and to be very productive, while the studied plants in this work are not very
productive, and bunches tend to be small to medium. In any case, it must be considered
that the plants studied are very old [37], not grafted on American rootstock, and are not
watered, and all this could alter the ampelographic descriptions [35].

From the parentage analysis, this cultivar might be an offspring of Spanish cultivar
‘Hebén’, which makes sense with the results obtained in Structure analyses, where this
cultivar is grouped with Spanish-origin cultivars in all groupings obtained.

The new identified genotype locally named ‘Grec” has been one of the most reported
cultivar names during the interviews [45]. It is cited in Garcia de los Salmones [87] in
Ibiza Island as ‘Grech’ (an old Catalan spelling for Grec, meaning Greek), although with
red grapes, and with white grapes in Menorca. This last reference might refer to our
cultivar as it has white grapes (Table S3). The name Grec was also used to refer to a type
of wine [76,95]. Fava [95] and the farmers [45] cite also ‘Grec” as a synonym of ‘Malvasia’.
‘Malvasia’ is one of the authorized cultivars in winemaking appellation regulations in Ibiza
and Formentera [9,10]. Taking this synonym of ‘Malvasia’ for ‘Grec’, these cultivars are
being used to produce wines within the appellation in Ibiza Island. In Bota [28], there
is a ‘Grec” accession from Ibiza, but this report does not specify any other information.
Also, there is a recent ampelographic description of a ‘Grec” cultivar [84] from Ibiza that
has similar results to our ampelographic descriptions (Table S3). Consulting the VIVC
catalogue, the ‘Grec’ name appears as a synonym of ‘Alcanon’ and ‘Greco’, this last one
was considered by Fava [95] as a translation to Italian of the name ‘Grec’, and it is also
registered in the VIVC catalogue as “‘Malvasia’. So, in this case, ‘Grec” would be proposed
as a homonym for the new genotype.

From our Structure analysis results, ‘Grec’ might have Spanish origin, as in all group-
ings, it falls within the Spanish-origin cultivars. Parentage analysis suggests this, as ‘Grec’
is related to ‘Beba’, which is an offspring of ‘Hebén’ [26]: an ancient Spanish cultivar that
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has originated many other cultivars [85]. The results also suggest it could be a sibling of
“Valenci tinto’, as this is confirmed to be ‘Beba’ offspring by VIVC (Table 3).

‘Maganet’ cultivar is another of the new genotypes discovered in this study. It has been
cited for Menorca Island [80] and for Ibiza [83,87], although Garcia de los Salmones [87]
describes this cultivar as a black grape color cultivar, while ours has white grapes (Table S3).
In Fava [95], he registered ‘Manganeta’ as a synonym of ‘Maganet’ as being originally
from outside Ibiza island, but all farmers interviewed have cited ‘Maganet’ as a traditional
cultivar of Ibiza [45]. He proposes that the ancient cultivar ‘Masanel” from the south of Spain
could be related to ‘Macganet and also to “‘Manzanilla’ cultivars, as both have similarities to
the names mangana and manzana, meaning apple in Catalan and Spanish, respectively.

The above-mentioned information suggests a Spanish origin for this cultivar, which
the Structure results obtained seem to back up, as this cultivar falls in the Spanish origin
group either in K = 2 and K = 3. From the parentage results, this cultivar is the offspring
of ‘Hebén” and ‘Cigenera’, which are both Spanish-origin cultivars [66] (Table 3). Despite
this, the relationship with the ‘Manzanilla’ cultivar [95] has been checked, but there is a
mismatch of 10 loci from the 26 compared, so there is not a significant relation between
these two cultivars that might only be related etymologically.

For the "Maganet’ cultivar, a homonym has been detected, as accession ‘VIEIV015-
Magcanet” has resulted in a different genotype from the "Maganet’ cultivar that had not
been detected in either IMIDRA’s database [58] or VIVC [66]. From the parentage analysis
(Table 4), there is a significant relationship between "VIEIV015-Macanet’ and "Llora‘, but it
is not possible to determine which is the parent and which is offspring without chloroplast
DNA, which has not been analyzed in this study.

One of the accessions that was identified as ‘Maganet’ was locally named ‘Blanqueta’.
The name ‘Blanqueta’ has been cited as a synonym of ‘Merseguera’, which is a cultivar
that has been cultivated in the Valencian community since 1800 [95]. More samples must
be studied to be able to determine if this is a synonym of the ‘Maganet’ cultivar, although
farmers reported them as different cultivars. One of them also stated that the ‘Blanqueta’
cultivar was very hard to graft, which he did not state for the ‘Maganet’ cultivar [45].
Bota [28] names a ‘Macanet’ sample as a non-registered cultivar in her report but does not
provide any other information.

Another unregistered genotype found in this study is the ‘Morzaca’ cultivar. This
cultivar has only been found cited by a farmer in Ibiza Island in Fava’s work [95]. Etymo-
logically, this name could be derived from the word morzar, meaning to have breakfast in
Catalan, and ca, which means dog in Catalan, suggesting that this cultivar was not good to
eat, as it was dog’s food [95]. In the interviews conducted in this study;, this cultivar was
cited for winemaking, and a farmer also explained that it was not a very aromatic grape [45],
which could make sense with Fava’s [95] etymology of the name. From Structure analysis,
it is grouped with the Spanish-origin cultivars, and from parentage analysis, it appears
that it could be an offspring of ‘Hebén’, which aligns with the Structure results. ‘Morzaca’
would be proposed as a prime name to be included in VIVC for this genotype and as a
local cultivar from Ibiza and Formentera.

‘Vermelleta’ is the last cultivar in this study that has been found to have a unique
genotype profile that has not been detected before. The name of this cultivar might be
related to the color of the grapes as it has red, small grapes (Table S3) and ‘Vermelleta’
is a feminine diminutive of red in Catalan. Ludwig Salvator [80] cites the ‘D’en Vermell’
cultivar in Menorca Island and Bota [28] cites a cultivar named ‘Vermellet’. Both are related
to the name red in Catalan, although ‘D’en Vermell’ refers to be property of a man named
Vermell, and the name cited in Bota seems to refer to the color of the grape as a masculine
diminutive. In the case of Bota’s study [28], no other information has been published yet,
so it cannot be known if they are the same cultivars.

In the case of ‘Morzaca’ and ‘Vermelleta’, there is also no earlier reference before
2000s [95] which might confirm that those are old minor cultivars.
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5. Conclusions

This study to assess and identify Vitis cultivars in the Pityusic islands has been con-
ducted from a different point of view than most similar works conducted in Europe, as it
uses ethnobotanical interviews to select samples in plots with the idea to recover cultivars
that are not officially documented and also to gather information that could help to identify
the cultivars and their origin.

With this approach, it has been possible to have an image of the current state of
cultivars maintained in plots and vineyards in parts of Ibiza and Formentera islands,
discovering six new genotypes that had not been published before, one that was only
maintained in a conservation collection, and ten new synonyms, which have been detected
and proposed to be included in the VIVC catalogue. Most of these cultivars belong to local
traditions, especially the ‘Monestrell” (syn. ‘Llora’) cultivar, which is present in the 100% of
the studied plots.

As the plots in this study were concentrated mostly in the Sant Josep de sa Talaia
municipality, in Ibiza, further studies should be made with the approach used in this study
to cover all Ibiza and Formentera Islands, as more minor cultivars could still be found.
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Abstract: The wild grapevine, Vitis vinifera subsp. sylvestris, grows naturally throughout the northern
hemisphere, including the Mediterranean region. Wild grapevines have also been observed spo-
radically across the southern Levant and are considered a non-native feral plant. Nevertheless, no
formal characterization has been conducted for wild grapevines in this region; thus, its taxonomical
assignment remains elusive. Previously, we have shown that the wild grapevine populations growing
in northern Israel are genetically separated from the feral domesticated forms. This work aimed to
comprehensively describe the morphological, anatomical, and ecological traits of wild grapevines
naturally thriving in two distinct habitats in Israel. The dioicous nature of the wild grapevine,
the flower and pollen morphology, and the characteristic Sylvestris fruit and seed morphology, in
addition to the occurrence of the natural germination of seeds in close vicinity of the mother plant,
have all led to the conclusion that these plants belong to Vitis vinifera subsp. sylvestris and should
be included in the Flora Palaestina. These findings, combined with the recently published genetic
evidence for these populations, significantly advance our understanding of the species” ecology and
the importance of its preservation.

Keywords: Israeli flora; morphological characterization; Sylvestris; Vitis; Vitis vinifera subsp. sylvestris;
wild grapevine species persistence

1. Introduction

The Vitaceae family mostly includes shrubs and woody lianas that climb using leaf-
opposed tendrils. Most grape cultivars belong to the Vitis genus, which consists of 83
subordinate taxa [1] that primarily prevail in the northern Hemisphere, including North
America and East Asia. The Eurasian species of common grapevine, Vitis vinifera subsp.
sylvestris (C.C. Gmelin) Hegi [2] (hereafter, Sylvestris), is the best-known species, as it is
the ancestor of most of the grapes cultivated today [3-5]. The cultivated form, V. vinifera
subsp. sativa (hereafter, Sativa), is one of the most notable perennial crops, cultivated across
7.3 million hectares worldwide [6]. The distinction between these two subspecies is mainly
based on the morphological differences in their reproductive organs, as, while the wild
grapevine is dioecious, Sativa is a hermaphrodite [5,7,8].

Wild grapevine (Sylvestris) grew abundantly in natural habitats in Europe until the
mid-nineteenth century, when the invasion of pests and pathogens from North Amer-
ica, including phylloxera and powdery and downy mildews, caused a decrease in their
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populations [8]. Later, accelerating urbanization processes and extensive anthropogenic
land use dramatically damaged the natural habitats of the wild grapevine (Sylvestris),
reducing its distribution range and endangering its persistence [9,10]. While the Sylvestris
populations shrank, the cultivated grapevine (Sativa) flourished throughout Europe and
the eastern Mediterranean region, where, by the end of the 19th century, according to Post’s
seminal work, it was “cultivated everywhere in numerous varieties, but nowhere strictly
spontaneous” [11].

The southern Levant was considered a region beyond the distribution range of the wild
grapevine; thus, early studies of Israeli vegetation during the 20th century considered all
grapevine plants as Sativa, i.e., feral populations. Indeed, feral grapevines may emerge due
to vineyard abandonment or neglect, wherein the previously cultivated grapevines begin
to proliferate without human intervention. Over time, the seeds originating from these
plants may germinate and be mistakenly observed as wild grapevines, adopting similar
climbing growth habits. Because of the mixture of both feral and real wild subspecies in the
same habitat, and the false assumption that Sylvestris does not grow in such a way down
south, the sylvestris species was not considered to be native to the land. The first indication
of wild grapevine in the southern Levant region was in 1994, discovered in surveys in
the Upper Galilee region, along the banks of the Jordan River [12,13]. Unfortunately, the
available records of these surveys lack the necessary description and exact location of
the observed plants. For these reasons, until 2004, the species was not included in wild
flora records in this region [14]. Over the years, more evidence of indigenous southern
Levantine Sylvestris has accumulated. Fossil pips, pollen, and wood of wild grapevines
were discovered in archaeological sites from the Lower Paleolithic Gesher Benot Ya’aqov
(780,000 BP) through the Upper Paleolithic Ohalo II (23,000 BP) [15-19]. These sites are
located around the area of the Hula Lake, the Sea of Galilee, and the Jordan River, in high
geographical proximity to the populations observed in the 1994 survey.

Recently, a dedicated comprehensive survey of grapevines in Israel uncovered new
populations of hermaphrodite and dioecious plants [20]. Their genetic analysis, with SSR
markers and morphological characterization, identified a marked separation between the
hermaphrodite accessions and the dioecious groups, with the latter displaying unequivocal
wild grapevine characteristics (leaf, bunch, and berry shape, and growth habits). Moreover,
the dioecious wild grapevine (Sylvestris) accessions show a genetic split between two dis-
tinct subgroups, in accordance with ecogeographic divergence. The dioecious populations,
occurring primarily along the main streams in the Upper Galilee region and around the Sea
of Galilee, marked the southern edge of the distribution range of the wild grapevine [21].

An in-depth analysis of whole-genome sequencing data from these accessions has
further supported the previous observations that wild grapevine grew naturally in the
southern Levant for millennia [22]. In fact, these wild grapevine accessions were identi-
fied as the progenitors of the domesticated indigenous varieties from the Levant, which
genetically contributed to some of the European varieties [22,23]. These conclusions were
further supported in a recent comprehensive genomic study of more than 3500 accessions,
which provided unequivocal evidence for the contribution of southern Levantine Sylvestris
populations to domesticated grapevine species around the world [24]. The Sylvestris pop-
ulations from Israel (E1) were identified as the genetic source of the table-grape group
(CG1) [24]. This group later genetically contributed to the most well-known wine grape
varieties used in modern times worldwide.

Despite the number of studies and amount of evidence for thriving wild grapevine
populations in Israel, there remains a considerable knowledge gap with regards to the
evolution, geographic distribution, ecology, and domestication of this species. This work
provides a systematic and comprehensive morpho-anatomical characterization of the wild
grapevine population that spread between the two different sites in Israel, including a
thorough characterization of the male and female flowers, the fruit and seed morphology,
the distribution dynamics of the male and female individuals in each group, and natural
regeneration by spontaneous germination. The findings clearly affirm that the inspected
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wild grapevine populations were accurately assigned to the protologue and type specimens
of Vitis vinifera subsp. sylvestris.

2. Materials and Methods

Plant material and research area: The sampling was carried out during the spring
(May 2022), when the plants were in full blossom, which enabled the identification of
developing pistils and stamens in the dioecious (unisexual plants) or monoecious plants.
The samples were collected in northern Israel, where stable populations of wild grapevines,
denoted here as Sylvestris, had been previously observed [21]. Thirty-two wild grapevine
accessions were collected from the Beit Tsaida site, located next to the Sea of Galilee
(32°53/09.2" N 35°38'34.6" E), and fourteen accessions were collected from the Banias River
site in the Upper Galilee region (33°12/12.3" N 35°38/27.6" E), from an area of about 8000 m?
in each location (Figure 1). The geographical positions of the wild grapevine accessions
were georeferenced using the free application Google Maps (Google, Inc., Mountain View,
CA, USA). Branches with young and mature leaves, as well as inflorescences, were collected
from each accession. A subsample of each accession was dried and prepared for Herbaria
deposition, and the remaining parts were fixed and stored in FAA solution (formaldehyde:
acetic acid: 70% ethanol, 1:1:20) for histomorphological inspection (samples were stored
at Ariel University). The exsiccata of all accessions were stored at Tel Aviv University
(voucher specimen numbers from TELA4443 to TELA4450).

Figure 1. Study sampling sites. (a) Satellite map of the northern part of Israel. The black squares
indicate the location of the two study areas. (b) An aerial photo of the Banias area and (c) an aerial
photo of the Beit Tsaida area. Blue and red dots represent male and female wild grapevine accessions,
respectively. The map was created with Google Maps App. (Mapa GISrael).

Analysis of growth variation between male and female individuals: The growth
variation between male and female populations was examined by assessing the variation in
internode length and diameter, using a digital caliper and a normal scale. This investigation
encompassed three male and three female accessions, measuring three branches from
each plant and ten internodes from each branch. The plants were collected from Ariel
University’s Grapevine Germplasm collection, where plants are maintained under uniform
growing conditions (common garden) to ensure uniform irrigation, soil, climate, and
irrigation conditions [25].

2.1. Morphological Characterization

Leaf: The leaf morphology of the dry herbarium specimens was examined. The length
of the petiole and the length and width of the leaves in their greatest extension were
measured. The ratio between leaf length and width and the length ratios of the blade to the
petiole were then calculated. The shade differences between the abaxial and adaxial sides of
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the leaf lamina were recorded in an effort to determine whether the leaves were concolorous
or discolorous. Leaf form was described according to the glossary in Kafkafi [26].

Seed and berry: To obtain healthy berries and seeds of optimal size for characterization,
plants that were cultivated under ideal conditions at the Ariel University’s Grapevine
Germplasm collection, located at Ariel University, were studied. Approximately 60 seeds
and 100 berries from each site were used for morphological characterization. Berry diameter
and seed length and width were measured using a Sparkfun electronics digital caliper
(0-15 mm), and the mean and standard deviation are presented herein (Table 1). In addition,
the morphological descriptors of the International Organization of Vine and Wine (OIV) [27]
were used to describe the morphological traits of the seeds and berries.

Table 1. Comparison of the main morphological features of wild grapevines collected at Beit Tsaida
and Banias, Israel.

Beit Tsaida Banias
Abaxial/adaxial leaf color contrast Concolor Discolor
Blade/petiole length ratio 1.724+092* 1.09+£03*
Blade shape Not constant Trilobate
Blade size ratio 0.8 +0.11"™s 0.76 + 0.093 ¢
Color of berry skin (OIV 225) Blue black (6) # Blue black (6) #
Berry shape (OIV 223) Globose (2) # Globose (2) #
Berry diameter (mm) 10.04 4+ 0.90 * 11.34 £ 097 *
Seed shape Ellipsoid Ellipsoid
Seed length (OIV 242) Very short (1) # Very short (1) #
Seed length (mm) 5.38 + 0.45* 510+ 042*
Seed width (mm) 3.66 +0.29 s 3.68 +£0.23 "
Observed ?/d'ratio 0.88 1

Measured values are mean + SD; # numbers indicate OIV description parameters [27]; * indicates significant
differences between the two locations (p-value < 0.01); ns: non-significant.

Flower: Male and female flowers were placed on a glass microscope slide, with or
without black paper wrap, and illuminated with a white LED light. Images were captured
with a Nikon SMZ25 stereomicroscope (Nikon Ltd., Tokyo, Japan) equipped with a camera
(Nikon DS-Ri2). Sixty digital photomicrographs (resolution: 4908 x 3264 pixels) were
taken at different focal planes, at ~50 um intervals, and compiled into a single image
using ND2-NIS elements software version 5.02.02, with an extended depth of focus (EDF)
patch (Nikon Instruments, Tokyo, Japan). The images were then transformed into a single
high-quality focused image using dedicated software.

Pollen: Dried anthers with pollen grains were coated with gold using a sputter
machine (Quorum Q-150T ES). The prepared samples were then imaged with a Field
Emission Scanning Electron Microscope (FE-SEM) (Tescan Ultra-High-Resolution MAIA 3),
with a beam voltage of 1.0 kV and an SE detector.

Tissue histology: Tissue samples of male and female flowers were fixed in FAA, as
described above, embedded in paraplast, sectioned to a 12-pm thickness with a rotary
microtome (SLEE medical GmbH, Nieder-Olm, Germany) and stained with safranin-alcian
blue [28]. The slides were photographed under an Olympus SZX7 stereomicroscope (Tokyo,
Japan) equipped with a camera (Pixelink USB 3.0 version PL-D795CU, Ottawa, ON, Canada)
using the PixeLINK Capture program.

2.2. Statistical Analysis

A statistical analysis was carried out on each dataset to compute the mean, standard
deviation, and minimum and maximum values. The normality of distribution was eval-
uated for each variable. In cases where a normal distribution was ascertained, a t-test
was executed. Cases of non-normal distribution were studied by applying a Wilcoxon
2-sample test. A significant difference, defined by a p-value < 0.05, served as the basis for
inferring equal variances. To explore the morphological attributes of the leaf and petiole
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measurements, a principal component analysis (PCA) was performed on the correlation
matrix. All statistical analyses were performed using JMP® Pro 16.0.0 software [29].

3. Results and Discussion

Sylvestris growth habits in wild habitats: This study focused on the two sites where
stable and large grapevine populations had been previously reported [21]: the northern site
at the Banias River and the southern site at Beit Tsaida (Figure 1). Both of the sites are located
on alluvial soils within protected natural reserves (Banias and Majrase). The sampling
was performed randomly along the water streams where grapevines grow. Though the
sampling areas were of equal size (circa 8000 m?), more individuals were found at the
Banias site than at the Beit Tsaida site. In total, forty-six accessions were collected, with
thirty-two wild grapevine accessions originating from Beit Tsaida and fourteen accessions
from the Banias River. The variation in the population size of the wild grapevine accessions
between the Beit Tsaida and Banias River areas can likely be attributed to factors such
as differing riverbank sizes, micro-climatic conditions, wildfire frequencies and intensity,
nutrient availability, ecological characteristics, fluctuation in the water level of the Sea
of Galilee, and varying levels of site disturbance due to anthropogenic activities [21].
Notably, the Banias River area exhibited a reduction in species diversity due to pronounced
anthropogenic activities [30].

All Vitis plants at both of the sampling sites were dioicous, supporting their identifica-
tion as true Sylvestris. The ratio between the male and female plants was close to 1, with a
slight dominance of male accessions (Table 1). This finding strengthens the assumption that
the examined populations are wild, with no bias toward the fructiferous female form [31].

The growth habits varied between the male and female grapevines at both locations.
The male grapevines were taller and tended to climb to the tops of trees, while the female
grapevines were generally shorter and tended to prostrate in a tangle of low vegetation
(Figure 2a,b). The male grapevines were characterized by multiple and densely packed
flower clusters, usually located near the top of the vine (Figure 2b), while the females
produced fewer and smaller flower clusters (Figure 2c), which were located lower along
the stem. The male climbing habits can be attributed to the wind-pollination strategy [9],
and the low stature of the females may be required to structurally support the heavy
bunches of fruits. The sexual dimorphism observed in the plant height and inflorescence
position seem to be adaptive to the dioecy and pollination by wind and insects, i.e., to a
cross-pollination reproductive system. The taller growth of the male population aligned
with their significantly longer internode length and wider stem diameter, as compared to
the female accessions grown in a common garden (Figure 3).

In the current survey, the grapevines grew in deep uncultivated soils very close to
flowing sweet water streams, as was previously reported [21]. The male and female plants
were spread randomly. At both of the sites, the wild grapevines grew in proximity to fig
trees (Ficus carica), plane trees (Platanus orientalis), and holy raspberries (Rubus sanguineus), a
plant community typical to water-rich habitats along the Mediterranean basin. Interestingly,
the observed Sylvestris female plants tended to grow between the spiny holy raspberry
plants, which, apparently, provide protection during flowering against herbivores that
are abundant in these regions, including wild boar (Sus scrofa) [32] and mountain gazelle
(Gazella gazella) [33], which commonly feed on grapevine shoots and leaves in cultivated
vineyards. Spiny vegetation has been suggested to have played a vital role in protecting
wild vines from both wild and domestic animals [34,35]. Overall, the observed populations
at both sites had a distinctive appearance, with a significant polymorphism in the leaves,
and clusters of small, greenish-yellow flowers, which developed into black grape berries.
Their growth habits and woody stems make them hardy plants, providing cover, and
serving as a habitat for various animals sharing the same natural environment [36,37].
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Figure 2. Growth habits of Sylvestris plants in northern Israel. (a) Male grapevine climbing on a
tree in Beit Tsaida. (b) Female grapevine by the side of the road in Banias. (c) Male inflorescence and
(d) female inflorescence from Beit Tsaida.
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Figure 3. Differences in internode length and diameter between male and female wild grapevines.
Box plot comparison of the internode length (cm) and diameter (mm) of three male and female wild
grapevine accessions from a common garden. The horizontal white lines in the graph represent
the median values. The boxes indicate the range between the 25th and 75th percentile of each
group’s distribution of values. Observation that falls outside of this range is denoted by a blue dot.
*** p value: <0.001.
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4. Morphology

Leaf morphology: The leaf shape and morphology were highly polymorphic, ranging
from reniform, with weak lobation, to cordate with pronounced lobation. No significant
correlation was observed between the blade (length—width) ratios (p-value > 0.05) and
the sampling location (Table 1), presumably due to the wide variation in leaf length. The
blade—petiole-length ratio of the wild grapevine population was higher in Beit Tsaida
(p-value < 0.001) than in Banias. The dorsal surface of the wild grapevine leaves from
Banias was hairy, in contrast to the grapevine leaves from Beit Tsaida [21]. This resulted
in a shade contrast, with the leaves in the Banias populations being discolored, while
the Beit Tsaida populations had concolor leaves. The PCA of the leaf and petiole data
revealed a very weak separation between the two populations, where the first two principal
components explained 89.2% of the variation in the analysis (Supplementary Figure S1).
The variation in the PCA was explained mainly by the leaf length (43%), followed by the
leaf—petiole length ratio (23%), which further support the above-mentioned statistical
analysis and corroborate the slight separation of the populations derived from a greater
number of samples and other OIV attributes in our prior study [21]. Taken together, it is
reasonable to conclude that the sampled populations do not represent discrete entities,
but rather constitute a single population that underwent adaptive changes in response to
diverse environmental conditions across the different geographic regions, thereby giving
rise to specific morphological characteristics.

Berry and seed morphology: The growing conditions have a dramatic effect on the
number and size of grape berries and seeds. To obtain healthy, optimal- sized berries and
seeds for inspection and characterization, cuttings were sampled from plants at both of
the sites and were grown under optimal conditions at the Ariel University’s Grapevine
Germplasm collection, at Ariel University [25]. When they were cultivated at the university,
the fruit bunches were well-grown and dense (Figure 4a), while the bunches were sporadic
when grown in the wild (Figure 4b). A broad range of polymorphism in the cluster
shapes was observed among the samples, yet most of them had sparse clusters of tiny,
typically black, berries, each typically with 2-3 seeds (Figure 4c). The berry diameter was
significantly different (p-value < 0.001) between the populations, with Banias Sylvestris
berries being larger than those of Beit Tsaida (Table 1). In both populations, the berry skin
was thin, and the pulp was juicy and sweet, with high acid levels, which were, however,
lower than those reported for European Sylvestris grapes [20]. The seed length differed
significantly between the sampling sites (t-test, p-value < 0.001), and was longer in Beit
Tsaida (mean = 5.38, sd = 0.45) (Table 1). These seed values correspond to the previously
recorded Sylvestris varieties [38,39].

Flower morphology: It is well established that flower development, and, more specifi-
cally, that of the reproductive organs, is the main feature that distinguishes the differences
between wild and domesticated grapevines [8]. The female flower includes an ovary and
reflexed rudimentary/atrophied stamens that angle downwards, while the male flower
displays upright stamens and a reduced pistil, without a style or stigma, and a rudi-
mentary/atrophied ovary at the base (Figure 5). These features are clearly distinctive to
Sylvestris plants, while the Sativa forms, also found occasionally growing feral, all have
a hermaphrodite phenotype [20]. Grapevine flowering in the studied areas occurred in
the month of May, giving rise to fruit in the female individuals in the summer (August).
In the present analysis, the flowers of the wild grapevines were small, greenish-yellow,
and arranged in panicles. The individual flowers had a diameter of around 5 mm and
contained five petals fused at the base. Vitis vinifera subsp. sylvestris is the wild ancestor of
the cultivated grapevine varieties of Vitis vinifera [24]. In the case of Sylvestris, the presence
of both male and female plants in wild populations requires crossbreeding for the formation
of fruit, while the domesticated types are hermaphroditic and can self-pollinate [40]. The
hermaphroditic nature of the Sativa types was an essential step of the domestication pro-
cess, leading to stable yields and full bunches, due to better pollination and the possibility
of planting only reproductive plants without the need for male pollinator plants [8].
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Figure 4. Morphological traits of wild grapevine berries and seeds collected from northern Israel.
Female grapevine bunches (a) from Ariel University’s Grapevine Germplasm collection, at Ariel
University, and (b) from the wild (Beit Tsaida). (c) A whole grape berry next to a sectioned berry
(Accession number 22, from Ariel University’s Grapevine Germplasm collection). (d) Ventral (right)
and dorsal (left) sides of the seeds (Accession number 189, from Ariel University’s Grapevine
Germplasm collection) on graph paper with 1-mm squares.

Figure 5. Female and male flowers of wild grapevines and their histological sections (a) Female
and (b) male wild grapevine specimens at flowering. Histological sections of closed and open (lower
right) (c) female and (d) male flowers. Parts of the flower: 1—Petal, 2—Anther, 3—Ovary, 4—Ovules,
5—Stigma, 6—Atrophied ovary remnant, and 7—Anther filament.
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The histological sections of the female grapevine flower showed a single ovary
(Figure 5c), a style, and a stigma, which comprised the pistil. The ovary was located
at the base of the flower and contained ovules that eventually developed into seeds, if
fertilized with pollen (Figure 5c). The structure of the male flower was distinctly different
from that of the female flower (Figure 5). The male grapevine flower, sampled at the same
location, consisted of an atrophied ovary and stamens that were arranged in a tight cluster
at the base of the flower. The stamens produced and released pollen grains that were
transferred by wind and/or insects to the female flowers, allowing for fertilization and
fruit production [41].

Pollen grain morphology: A SEM scan was utilized to image the pollen of the Sylvestris
accessions sampled at the experimental vineyard (Figure 6a,b). In the male flowers, the
pollen grains exhibited tricolpate morphology (with three furrows) and were ellipsoidal in
shape (Figure 6b). In the female flowers, the pollen grains were inaperturate and spheroidal
in shape (Figure 6a). Additionally, the pollen grains found on the anthers in the female
flowers appeared collapsed or exhausted, while being potent in the male flowers, further
supporting dioecy. The morphology of the grapevine pollen grains was consistent with
previous findings in studies comparing sterile and fertile pollen grains in Sylvestris [42,43].

MAIA3 TESCAN

Figure 6. Scanning electron microscope images of pollen grains produced by (a) female and
(b) male flowers of wild grapevine (Vitis vinifera subsp. sylvestris) inside the anther. The scale
bar is 50 um. Enlarged single pollen grains are presented on the top right of each image.

Natural seed germination: A thorough survey of the Sylvestris habitats in the wild
was conducted in search of the natural germination of seedlings. In the Banias area, five
seedlings were found, all beneath female plants (Figure 7a). This germination habit was
abundant, indicating its success under the ecological conditions of this specific natural
habitat. The young plantlets were carefully removed from the soil, including the remnants
of their outer integuments (Figure 7c,d). The grapevine seeds were clearly identifiable,
despite being slightly damaged and soiled. To the best of our knowledge, this is the first
time that the natural germination of Sylvestris in its natural habitat has been recorded.
The occurrence of natural Sylvestris germination in a natural habitat provides strong
evidence for the spontaneous nature of the population and its persistent strength as a stable
population—as an indigenous plant in Israel. Due to the growth habits of Sylvestris inside
of a dense bush of spiny raspberry plants, young seedlings were not identified in the Beit
Tsaida area.
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Figure 7. Vitis vinifera subsp. sylvestris germination in the field. (a) Naturally germinated
grapevine seedling found in the Banias area of north Israel under female grapevines (coin diameter
23 mm), and (b) the seedling following its extraction from the soil, including the remnant integument
(coin diameter 23 mm). (c,d) Wild grape seeds (c—ventral side, d—dorsal side), which were carefully
dug out and removed from the ground.

To summarize, previously identified grapevines growing in the wild in the northern
part of Israel were considered to be feral Sativa plants, and there was no confidence as to
the occurrence of Vitis vinifera subsp. sylvestris in Israel. This was likely due to the failure
to carry out a comprehensive survey, and the minimal description of this population by
the surveyors, who provided only brief notes on the species [12,13]. The present work has
systematically described the habitats, growth habits, morphology, and anatomy of widely
spread wild grapevine populations growing in two distinct habitats in north Israel. All
of the findings, including the dioecious nature of the wild grapevine plants, the sexual
dimorphism between the male and female plants, the characteristic traits of their flower
development, pollen, berry size and morphology, seed structure, and the spontaneous
regeneration of the population from seeds, together with our previous genomic findings,
showing a clear separation of these populations from feral Sativa accessions [20,22], all
lead to the conclusion that wild grapevine populations grow naturally in Israel. The
results indicate that wild grapevines occur in natural habitats located within the region of
their ancient area of appearance during the Pleistocene, as corroborated by archaeological
findings [24].

This botanical description clears up the previous uncertainty as to the definition
of these populations, and is of particular significance in light of the emerging notion
that these wild populations are representatives of the core population from which the
cultivated grapevine was first domesticated, circa 11,000 years ago [24]. These emerging
new data emphasize the significance of the conservation of the environmental conditions
and biodiversity of the Sea of Galilee, the prevention of drastic water level fluctuations,
and the preservation of the stream banks and forest habitats of the Upper Galilee region, as
the main habitats of this important population.
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5. Conclusions

The research presented here supports the persistence of the wild grape species in the
Israeli flora, extending the southern edge of its global distribution. As a result, Israel can be
confidently added to the map of the native distribution of wild Vitis vinifera, and this plant
can be included in the Flora Palaestina.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/horticulturae9090998/s1, Figure S1: PCA (principal component
analysis) biplot analysis performed on 46 Sylvestris accessions, using the leaves and petioles measured
data.
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Abstract: The origins of the main cultivar groups of Vitis vinifera, their relationships with wild
grapevine populations, and the use of other Vitaceae are relevant issues for the improvement and
conservation of Vitis diversity. Morphometric studies, domestication indices, multivariate analyses,
and Bayesian hypothesis testing have been used. Eight different seed types have been identified
in the 24 samples analyzed from materials from the Upper Euphrates sites of Tell Khamis and Tell
Qara Quzaq (Early Bronze Age to Hellenistic), ranging from highly domesticated to purely wild. We
have been able to establish the predominance among the domesticated of Proles orientalis Negrul
(three samples, Domestication Index = 1), the existence of and extinct Proles euphratica (six samples,
Domestication Index = 0.67-0.83) and numerous intermediates and hybrids (eight samples). We have
determined the continued presence throughout the period studied of wild grapevines related to Vitis
sylvestris C.C.Gmelin and V. caucasica Vavilov (5 samples, with Domestication Indices = 0.17-0.5). The
existence of Ampelopsis seeds was established for three samples. We determined that the oldest Vitaceae
seed linked to human presence, in the Acheulense (780 myr), also belongs to Ampelopsis. Finally,
“stenosperms” appear associated with Ampelopsis seeds (three samples), suggesting anomalies in seed
formation due to intergeneric cross-pollination. Moreover, if isolated, they suggest the presence of
“stenospermocarpic” Vitis vinifera raisins of the Sultanina type. Finally, we must reflect on the role
that Ampelopsis species may have played and their possible cultivation and domestication almost
4000 years ago.

Keywords: ampelography; archaeobotany; oenology; viticulture; plant genetic resources

1. Introduction
1.1. Grapevine Relevance and Diversity

The grapevine, olive, date palm, fig, and pomegranate constitute the core of domesti-
cated fruit species in Western Asia and the Mediterranean [1]. The fruits of the grapevine,
Vitis vinifera L. (Vitaceae), can be consumed directly as table grapes, dried as raisins, or
pressed into a must that can be fermented into wine, which contains 12-17% alcohol. The
consumption of alcoholic beverages, and not only grape wine, was an important element
of the nutrition, ritual and economy of early societies in Mesopotamia, Egypt, Syria, and
the Levant [2-4].

Domesticated grapevine belongs to the Genus Vitis (Vitaceae), which comprises two sub-
genera and over 60 species. Grapevine (Vitis vinifera L.) is widely cultivated, especially in
Mediterranean-type climates. More than 40.000 grapevine cultivar names exist worldwide,
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corresponding to a little more than 15.000 grapevine genotypes [5-7]. Grapevine is a glyco-
phyte, so with low salt tolerance (CINa up to 40 mM, EC close to 4 dS/m), concentrations
of 80 mM (EC close to 8 dS/m) produce significant damage [8].

Wild (Vitis sylvestris C.C.Gmelin) and cultivated (V. vinifera) grapevines mainly differ
in their reproductive biology. Wild grapevines are dioecious, with males producing great
quantities of pollen; on the other hand, most cultivated grapevines are self-pollinated
hermaphrodites, producing small pollen amounts [9]. Negrul [10,11] argued in 1946 that
hermaphrodite-cultivated grapes result from the selection of hermaphrodite branches
accidentally appearing in male V. sylvestris. According to Sosnovszky [12,13], the ancestors
of Vitis had bisexual flowers, and unisexual development is the result of reduction through
evolution. Some cultivars, such as Ohanes and Bicane, are functionally female and may
require assisted pollination.

Four main theories on the origin of cultivated grapevine have been published [14]
with their variants. They are summarized as follows:

1. Monophyletic and Monospecific: Local populations of cultivated grapevine descend
from local wild populations. Both are conspecific. This theory was proposed between
1882 and 1946 by De Candolle [15], Hegi [16], Planchon [17], Baranov et al. [18], and
Negrul [10] and has been clearly supported by Levadoux [19], who also refers to some
Pliocene Vitis fossils from Europe, known as V. parasylvestris Kirch., V. tokayensis St., or
V. ausoniae Gaud. et Str, as conspecific.

2. Monophyletic and Bispecific: Cultivated grapevine descend from an extinct ancestor
that is also presumably an ancestor of wild grapevine, being both two distinct separate
species. Occasional hybridization may have produced some cultivars or cultivar
groups [20]. Sosnovszky [12,13] stated that the Eurasian cultivated grapevine did
not directly derive from V. sylvestris, which is morphologically well distinct from
V. vinifera and extremely polymorphic, with its own history, geographical area, and
natural habitat. This author [12,13] suggests that V. sylvestris and V. vinifera developed
independently from a bisexual extinct ancestor who gave place to diverse types
of cultivated grapevines; it is quite possible that the cultivated grapevine consists
of an anthropogenic hybrid swarm involving crossing with V. sylvestris of several
extinct Vitis.

3. Polyphyletic and Multispecific: Regional populations of cultivated grapevine descend
from different wild ancestors extinct or not. Cultivated grapevine is divided into
species with their corresponding wild relatives. The primary species hybridized, pro-
ducing new cultivar groups. In 1925, Andrasovzsky [21] recognized five fundamental
species, organized geographically, and the offspring of bispecific crosses between
them, as well as pedigrees involving three species.

4. Hybrid Hypothesis: Cultivated grapevine descend through hybridization from wild
European and Asiatic grapevines. Terpo [22] attributes the origin of cultivated grapevines
to the domestication and crossing among populations of at least two species: Vitis
sylvestris Gmel. (dioecious) and Vitis nuristanica Vassilcz. (hermaphrodite).

In 1807, Clemente [23-26] proposed the first systematic approach to grapevine diver-
sity. Kolenati [27] first discussed in 1846 the origins of cultivated grapevines and proposed
a classification of grapevines, wild and cultivated, in Georgia. Different authors followed
Clemente’s point of view; however, it was not possible to acquire a better view of grapevine
diversity patterns until the beginning of the 20th century, when Russian agronomists carried
out an in-depth study on the wild and cultivated grapevines of Western and Central Asia,
especially in the Ampelographia USSR [18,28]. In this framework, the Russian agronomist
Negrul proposed the recognition of three groups of cultivars, or Proles, namely: Occidentalis,
Pontica, and Orientalis [10,19].

1.2. Grapevine in the near East Origins and Domestication

The Near East includes the eastern Mediterranean regions, the territories along the
Euphrates and Tigris rivers, and the nearby regions of Central Asia, with the boundary to
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the north in the southern Caucasus and to the south in the Arabian and Sahara deserts. Vitis
traces from the area are derived from pollen, wine residues, grapes (especially seeds), and
wood remains [1,9,29]. The archaeobotanical remains that provide the most information
are the seeds, which have been preserved by being charred, dried, or waterlogged. The
carbonization process, with many variables (exposure time, temperature, humidity, and
chemical composition), or conservation in an aquatic environment, can affect the morphol-
ogy of grape seeds and hinder their taxonomic identification, i.e., their ascription to wild or
domesticated populations [29-32].

The pollen record from cores in the present range of wild grape within this area shows
low but consistent Vitis counts, at least from the beginning of the Holocene, e.g., Ghab
Valley (Syria), Lake Van (Turkey), and Lake Urmia (Iran) [33].

The oldest wild grape (Vitis sylvestris) seeds (8400 B.C.) associated with human ac-
tivity, about 3 mm long, were excavated in Turkey at Nevali Cori, near the city of Urfa,
on the slope of a tributary valley of the Euphrates (Hilvan province, Turkey). Domes-
tication and cultivation of the grapevine seems to have occurred between the seventh
and fourth millennium B.C., and between the Black Sea and Iran, including the Caucasus
and the Upper Euphrates [9,34]. Slightly to the east of Lake Urmia, Lake Zeribar (Zagros
Mountains, Iran), Vitis pollen first occurred in the core just before c. 4300 cal BC. This
evidence was interpreted as grape cultivation spreading to the south-east, but there is no
indication of substantial plantings. At present, the earliest evidence for grape used in wine
production comes from the sixth millennium BC (Neolithic) site of Hajji Firuz Tepe (Lake
Urmia basin, Iran) in the form of a tartaric acid residue [33]. The first convincing evidence
of grapevine (Vitis vinifera) seeds, with indications of grape cultivation, was uncovered in
Turkey at Kurban Hoytik (5700-5200 B.P. non-calibrated radiocarbon date) [35].

Grapevine cultivation seems to have spread westward from western Asia. In Crete
and Greece, the beginning of grapevine cultivation may have started around the fifth mil-
lennium B.C. [36]; however, archaeobotany in Greece suggests that there was a transitional
period when grapevine seeds were neither domesticated nor wild [37]. This could have a
connection between the seeds and the wine pressings found at Dikili Tash, suggesting that
the use of grapes to produce wine may have begun independently of the domestication
process [38]. In Spain, Phoenician influence during the first millennium B.C. seems to
have played an important role in the development of viticulture and wine production,
although the grapevine was exploited by local populations in the Neolithic before contact
with Mediterranean cultures [29,39]. This would support the theory of an independent
domestication center in Western Europe [40].

The analysis of archaeological grapevine seed remains from West Asia and nearby
areas and their comparison with modern cultivars may provide interesting data to recon-
struct the history of grapevine domestication and cultivation [41]. In West Asia, numerous
archaeological grape seeds have been recovered, notably from Chalcolithic and Bronze Age
levels, and are attributed to cultivated grapevine [42,43].

The objectives of the present study are, therefore:

To study the morphology of archaeological and modern seeds from the Upper Euphrates.
To compare them in order to establish a classification that will allow us to distinguish
wild from domesticated seeds in the archaeological repertoire.

e  To determine, as far as possible, the major groups or Proles of Vitis vinifera present in
the archaeological repertoire and in the modern cultivars analyzed.

e To evaluate to what extent archaeobotanical data can contribute to the understanding
of the origin of cultivated grapevines.

2. Materials and Methods
2.1. Archaeological Sites Sampled

In the present paper, we study grapevine seed samples from two sites that our group
has excavated, both located in Syria near the Euphrates, Tell Qara Qtizaq [44,45] and Tell
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Khamis [46-50] (Figure 1), and compare them with a wide range of published archaeological
seeds from the area and with local modern cultivars.

Figure 1. Geographical situation of the sites analyzed in the Syrian Upper Euphrates. A: Tell Khamis
(Ar Ragqah governorate). B Tell Quara Quzaq (Ar Raqqah governorate). Other relevant sites: C, Tell
Ahmar (Ar Raqqah governorate), and D, Tell Amarna (Aleppo governorate). Note: the Euphrates
waters fill here the Lake Assad since the construction of Tabqa dam.

2.1.1. Tell Qara Qtizaq

Tell Qara Quizaq is located about 30 km from the Turkish border (36°37'57.80” N,
38°12/52.92” W) on the banks of the Euphrates River and about 325 m above sea level. Ex-
cavations continued uninterrupted from 1989 to 1999, when the waters of the reservoir rose
and flooded the village of Qara Qtizaq, turning the site into an island. Five archaeological
levels of occupation have been defined from the Early Bronze Age II (ca. 2080 BC) to the
Roman period, with a very marked temporal hiatus between the Middle Bronze Age and
the Roman level, signifying the inoccupation of the Tell for about 2000 years [51]. Several
archaeobotanical studies have been carried out with the samples collected from the site in a
systematic way [44]. The archaeological samples of grape seeds analyzed here from this
site are six, for a total of eleven seeds.

2.1.2. Tell Khamis

Tell Khamis is located in the Upper Jazira region of Syria (36°43/56.36"” N, 38°07'09.81” W),
3 km from the eastern edge of the Euphrates River, and at 330 m above sea level. Excavations
at this small site began in 1992 and were completed in 2000 by the Institute of the Near East
and Antiquity (IPOA/University of Murcia). The chronological period covered by the site
dates back to the first half of the third millennium BC. After several temporary hiatuses
over 11 archaeological levels, Tell Khamis was abandoned in the middle of the 2nd century
BC [46], with a long period of time in which there was no further occupation until the
conversion of Syria into Islamic territory, when the site became a regular burial place [48].
A large number of seeds in a carbonized state belonging to different chronological horizons
have been identified, highlighting those of barley and grapevine for their number and
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preservation [50]. The archaeological samples of grape seeds analyzed here from this site
are 18, for a total of 22 seeds.

2.2. Seed Samples

The study involves the analysis of 782 grape seed samples, including the 24 archae-
ological samples from the Euphrates Valley that we intend to identify within a range of
probability. Comparison seed samples were provided by Erika Maul (The Institute for
Grapevine Breeding Geilweilerhof, Siebeldingen, Germany) (cultivars from the Near East),
the U.S. National Plant Germplasm System (United States Department of Agriculture,
Agricultural Research Service), Rancho Santa Ana, Istituto ed Orto Botanico di Palermo,
Botanisches Garten Johanes Gutenberg—Universitit Mainz, Berlin Botanisches Garten,
Smithsonian Institution, and Giardino Botanico di Padova (seeds of American and Asian
species of Vitis and related genera). Seeds of other cultivars came from the vine collections
of Rioja (Spain) in Mendavia, the La Casa de las Vides nursery in Agullent (Valencia, Spain),
the Rojas Clemente vine collection of the Real Jardin Botanico de Madrid (Spain), and the
Istituto Agrario di San Michele all’Adige (Trentino, Italy). Wild populations were sampled
by the authors, Rafael Ocete, Emilio Laguna, and Encarna Carrefio. Anna Nebish and
David Maghradze supplied seeds of wild, feral, and cultivated vines from the southern
Caucasus. Seeds from other archaeological sites were also included in the main analysis.

The primary raw data matrix used for this study consists of 4028 single rows of
analyzed seeds, belonging to 782 seed samples, and 20 columns with observed variables,
11 quantitative, 6 allometric indices and 3 qualitative. The modern reference material used
aims to give a global image of the diversity within Vitis species and cultivars using a wide
range of samples that represent a large number of cultivars, wild and subspontaneous
grapevine, in order to compare the morphological differences between them. Of the
total number of seeds analyzed, 3483 are modern (481 samples), 398 are archaeological
(194 samples), where part of the material is carbonized (251 seeds, 87 samples), and 147 are
dry or waterlogged (107 samples).

2.3. Characters

Each seed was individually described according to 20 characters. Of these, 11 are
quantitative: total length, breadth, and thickness of the seed, breadth of the beak at the
junction with the body and at the seed base, length of the beak in dorsal and in ventral view,
thickness of beak at the junction, length and breadth of the chalaza scutellum, and distance
from the chalaza apex to the seed apex (Figure 2) [52]. Six are allometric: width/length
index, width/thickness index, prism volume index, beak length/seed length index, beak
width/beak length index, and chalaza width/length index. The qualitative characters are
three: Contour type (assessment of shape), with five states (ovoid, quadrangular, triangular,
rounded, and pentagonal), arrangement of the fossettes, with four states (parallel, furcate,
convergent and divergent) (Figure 2) and presence/absence of radial furrows.

The quantitative and qualitative characters were measured and analyzed using dig-
itally scaled images. In total, 10 seeds of each sample were individually placed, except
when the number of seeds available was inferior, on a plasticine support with a built-in
scale to be photographed in dorsal, ventral, and lateral views with a Samsung A40 camera
and measured using open-source Fiji software [53]. All photographs were taken under the
same zoom conditions. Additionally, scale images of fossilized and archaeological seeds
from specialized literature were used for measurements. The characters were recorded
in an Excel spreadsheet, where the allometric relationships were automatically calculated
using algorithms.
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Figure 2. Qualitative and quantitative characters analyzed in the grapevine seeds. Abbreviations for
Fossettes types: P, parallel. V, furcate. C, convergent and D, divergent.

The SEM images were made at the Scientific and Technical Research Area of the
University of Murcia. The microstructure of the archaeological seeds was investigated
by means of field emission scanning electron microscopy (FE-SEM) (ApreoS Lovac IML,
Thermofisher, Waltham, MA, USA). Specimens were mounted on aluminum stubs and
platinum sputter-coated with a 5.0 nm thin layer (Leica EM ACE 600). Samples were
examined using a FE-SEM (ApreoS Lovac IML, Thermofisher, Waltham, MA, USA) with a
selected voltage of 10 kV and 0.20 nA for imaging.
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2.4. Morphometric Indices
2.4.1. Stummer’s Index

In 1911, Stummer [54] proposed an index based on the allometric relationship between
seed width and seed length. This index makes it possible to quite effectively differentiate the
extreme forms, but intermediate values are found in both wild and cultivated populations
(Table 1). Stummer’s index values ranging from 0.44 to 0.53 would be exclusive to cultivars,
while 0.76 to 0.83 would be unique to Austrian wild/ferals. Values between 0.53 and
0.76 were found in both cultivars and wild vines. In 1956, Levadoux [19] demonstrated
that this index has limited validity and is not useful for distinguishing wild vines from
cultivated vines.

Table 1. Stummer’s index for wild and domesticated grapevine seeds I

Range of Values Taxa
44-53 V. vinifera
54-75 Intermediate or hybrids
76-83 V. sylvestris

! Formula: B/L x 100.

2.4.2. Facsar-Perret’s Index

In 1997, Perret [55] proposed a new index based on the allometric relationship between
the length of the beak or column and the total length of the seed. Apparently, this index
makes it possible to quite effectively differentiate between wild and cultivated populations,
with the border situated between 18 and 19 (Table 2). Although it was attributed to Perret,
this index was previously proposed by Facsar in 1970 and Facsar and Jerem in 1986 [56,57].

Table 2. Facsar—Perret’s index for wild and domesticated grapevine seeds 2.

Range of Values Taxa
12-18 V. sylvestris
19-30 (35) V. vinifera

2 Formula: LS/L x 100. LS: stalk lengt, L: seed length.

2.4.3. Mangafa and Kotsaki’s Indices

The formulae proposed by Mangafa and Kotsakis in 1996 [58] were successfully
applied to local Greek samples of both modern seeds and archaeological remains. The four
formulae (Table 3) are based on the combined use of relationships and constants involving
variables such as seed length (L), stalk length (LS), and chalaza position (PCH).

Table 3. Mangafa and Kotsakis’s indices for wild and domesticated grapevine seeds 3.

Range of Values Taxonomic Information
Range of values (Formula (1)) Seed classification
<-0.2 Wild grapes
—-02<x<02 Wild grapes (64.7% probability to be wild)
02<x<0.8 Domesticated grapes (76.2% probability to be cultivated)
>0.8 Domesticated grapes
Range of values (Formula (2)) Seed classification
<-0.2 Wild grapes
—-02<x<04 Wild grapes (64.7% probability to be wild)
04<x<09 Domesticated grapes (76.2% probability to be cultivated)
>0.9 Domesticated grapes
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Table 3. Cont.

Range of Values Taxonomic Information
Range of values (Formula (3)) Seed classification
<0 Wild grapes
0<x<05 Wild grapes (90.1% probability to be wild)
0.5<x<09 Domesticated grapes (63.3% probability to be cultivated)
>0.9 Domesticated grapes
Range of values (Formula (4)) Seed classification
<—09 Wild grapes
—09<x<02 Wild grapes (90.1% probability to be wild)
02<x<14 Domesticated grapes (63.3% probability to be cultivated)
>1.4 Domesticated grapes

3 Formula 1: —0.3801 + (—30.2 LS/L) + 0.4564 PCH — 1.386 L + 2.88 PCH/L + 9.4239 LS). Formula 2: 0.2951
+ (—12.64 PCH/L — 1.6416 L + 4.5131 PCH + 9.63 LS/L). Formula 3: —7.491 + (1.7715 PCH + 0.49 PCH/L +
9.56 LS/L). Formula 4: 0.7509 + (—1.5748 L + 5.297 PCH — 14.47 PCH/L). LS, stalk length; L, seed length; PCH,
chalaza position.

2.4.4. Domestication Index

Although the above indices serve the same purpose, to separate wild from domes-
ticated forms, their results differ from case to case. The combined use of the six indices
may be able to better discriminate seeds from wild or cultivated grapevines. The combined
domestication/wild index is calculated individually for each seed using the following
Formula: (1), where NIT means indices exceeding, above or below, the threshold value,
and NI means the indices considered:

n n
DW; = Y_NIT;/Y_ NI (1)
i=1 i=1

Threshold values for recognizing a seed as wild: Stummer > 75, Facsar-Perret < 19,
Mangafa and Kotsakis F1 < —0.2, Mangafa and Kotsakis F2 < —0.2, Mangafa and Kotsakis
F3 < 0 and Mangafa and Kotsakis F4 < —0.9.

The sum of the wild index (WI) and the domestication index (DI) values, which is
complementary to the previous one, will always be equal to one.

Values of the DI (domestication index) range from 0 to 1, with intermediate values,
based on six indices: 0.17, 0.33, 0.5, 0.67, and 0.83. Seeds with index values between
0.67 and 1, both included, would undoubtedly be domesticated seeds and present the
“domestication syndrome”, and those with values between 0 and 0.33 would be truly
wild and present the “wild syndrome”. In the present work, the value 0.5 is tentatively
interpreted as wild.

We usually work with samples consisting of several seeds, which, in the case of
modern populations, wild or cultivated, usually come from the same cluster, although not
always. There are three relevant parameters when inferring from the results of individual
seeds the characteristics of the whole sample, both for DI and WI:

1.  The mean of the WI, wild index values for individual seeds, ranging from 0 to 1.

2. The standard deviation of the WI index values.

3. The proportion of seeds within each sample exceeding the wild threshold, PW, pro-
portion wild, ranging from 0 to 1.

2.4.5. Hybridization Index

The standard deviation of the WI index values has shown to be useful to distinguish
hybrids and hybrid swarms from pure wild and pure domesticated individual populations.
Values above 0.2 of the standard deviation of the WI index points to the hybrid or mixed
nature of the sample.
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2.5. Multivariate Analysis
2.5.1. Variables

The data matrix consists of 782 samples (rows) and 227 columns of variables resulting
from the segmentation in mutually excluding states or classes of the 20 primary variables
above described, in the form of a spectrum of frequencies expressed in percentages with
the following structure, from left to right: length (25 classes), width (21), thickness (9),
width/length ratio (29), width/thickness ratio (10), volume (12), beak length in dorsal view
(9) and in ventral view (9), beak length/seed length ratio (16), beak width at base (11),
beak width (11) and beak thickness at junction with body (6), beak width/length ratio (9),
chalaza shield length (18), chalaza shield width (6), chalaza width/chalaza length ratio (9),
chalaza apex to seed apex distance (10), outline (5), dorsal radial grooves (2).

2.5.2. Data Analyses

The chi square dissimilarity index was calculated based on the above data matrix
using the tool Darwin 6.0 [59,60]. This measure expresses a value xj as its contribution to
the sum x; on all variables and is a comparison of unit profiles (2).

o K Xik Xk ? X
— dik Tk -~
dij_,;(& x/) (xk) @

Forj # 1.
where di]-: dissimilarity between unitsiand j;i,j=1,2,... ... , N (samples, rows), N = 782;
k=1,2,... ... , K (variables, columns).

where d,»j =1 means varieties i and j differ in all variables, and di]' = 0 means varieties i and j
are identical.

These pairwise dissimilarities can be represented in a multidimensional space, but
in order to obtain a meaningful graphic representation of these relationships in a two-
dimensional plane, we used cluster analysis.

Cluster analysis is a term used to name a set of numerical techniques whose main
purpose is to divide the objects of study into discrete groups. These groups are based on
the characteristics of the objects. We used minimum variance clustering (Ward’s method),
which focuses on determining how much variation is within each cluster. In this way, the
clusters will tend to be as distinct as possible since the criterion for clustering is to have
the least amount of variation [61]. Ward’s method produces a single tree. For the graphic
representation, we opted for the software Figtree version 1.4.4 [62].

The use of distance-based trees to allocate archaeological seed samples is not new;
in 2015, Pagnoux et al. [63] assigned archaeological grape seeds to the groups defined by
UPGMA cluster analysis; their tree is based on Mahalanobis distances among comparison
grapevine wild individuals and cultivars. Rivera et al. in 2014 [64] tentatively allocated
archaeological Phoenix seed samples using a method based on the minimum variance
Ward'’s principle.

2.6. Allocation of Archaeological Samples to Categories and Taxa
2.6.1. Bayes-Laplace Theorem

For the interpretation of archaeological seed samples, we adopted a Bayesian approach.
We try to answer the question: What is the conditional probability that an archaeological
seed or seed sample belongs to a determined Vitis taxon ©; given that it presents the
domestication index value xj and/or it belongs to the cluster y;? The framework is based
on the knowledge provided by hundreds of comparison samples (c. 700), whose taxonomic
identity we “a priori” know in each case not only from the morphology of the seeds but also
from the study of the grapevine plant from which the sample was collected. Identification is
based on ampelographic characters. So far, the most relevant ampelographic data included
in the Vine Descriptors (IPGRI-UPOV-OIV 1997) [65] have been collected, especially those
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related to the hairs covering the leaves and the characteristics of the grape berry, either
recorded directly in the field, since more than two hundred of these vines were grown on a
farm in Molina de Segura (Spain), or from the databases (FNGR 2023; VIVC 2023) [66].
This allows us to construct a discrete joint probability function p(X,®) that assigns a
posterior probability value to each particular combination of a Vitis taxon and a domestica-
tion index value, or of a Vitis taxon and a Ward’s tree cluster.
The Bayes’ rule (3) makes it possible to approximate the answer:

p(0]x) = p(x|0)p(0)/p(x) 3)

where p(0 | x) is the posterior probability distribution for the parameter 6 given a single
observed value of the variable X = xj, in our case the degree of domestication, which is
represented by the domestication index value, which ranges from 0 (clearly wild) to 1
(cultivar with fully domesticated traits).

When considering the Bayes’ rule in terms of individual probabilities, (3) can be read
as (4).
likelihood x prior probability

Posterior probability = marginal Tikelihood

)

Given a value for the data, for instance X = x4, and a specific value for the parameter ¢
(Vitis taxa), such as, theta = 63, we can obtain (5)

p(03]xs) = p(xal03)p(63)/p(x4) (5)

In (5), both likelihood p(x4|63) and marginal likelihood p(x4) are values that can be
calculated on the basis of the joint distribution generated from the comparison samples.
The prior probability p(63) can also be calculated as the sum of probabilities for this taxon
given the distribution of all x values on the sample data alone. However, the very nature
of the prior allows the inclusion of data on the regional prevalence of the different taxa
from other well-established sources of evidence (catalogues of local varieties, germplasm
collections, field studies). In this study, we have paid attention, in the case of domesticated
vines, to the geographical variation in the proportions of the different Vitis vinifera “Proles”
and, in the case of the rest, to the ratio, V. sylvestris / V. caucasica. Vitis caucasica Vavilov is
still unclear as a taxon, but we use this to name the ensemble of wild grapevines in the
Southern Caucasus that present a very low domestication index value of <0.5. Furthermore,
we pay attention to the low relevance of the fossil grapevine species, introduced as an
outgroup and treated as such.

2.6.2. Application to the near East Seeds Question

Following the Bayesian approach, we can advance in our evaluation of the probabilities
of the different hypotheses by considering a set of the available “a priori” evidence on the
relative frequencies of the hypotheses, especially considering time range and geographic
constraints. For example, it is much less likely to find seeds of an American grapevine
species in a European Neolithic site than those of Vitis sylvestris. A careful elaboration of
the “a priori” distribution of probabilities based on solid and logically coherent evidence is
as fundamental as a clear definition of the different hypotheses and of the variable(s) to
be considered.

Among the cultivars, we assume “a priori” a proportion of Proles and Subproles in the
sense of Negrul (1946) [11], similar to the present one in West and Central Asia [66-68],
which implies: Orientalis antasiatica (p = 0.43), Orientalis caspica (p = 0.25), Pontica (p = 0.17),
Occidentalis (p = 0.07), although most of the stages of introduction and translocation of
varieties had not yet taken place. For hybrids, using the same sources (p = 0.07), this leads
us to the following “a priori” scenario (Table 4). The “a priori” or “prior” probabilities used
are also based on the assumption that at that time, 3rd mill. BC, 30% of the vines in the
territory were wild and 70% cultivated. If we were to assume different proportions, the
following probabilities would differ.
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Table 4. Alternative hypotheses and their respective priors and likelihoods 1

Groups Prior L1 L2
Vitis vinifera Cultivars

Oriental cultivars. Proles orientalis Negrul Subproles antasiatica. 0.303 0.178 0.042
Oriental cultivars. Proles orientalis Negrul Subproles caspica. 0177 0.086 0.041
Western and Mediterranean cultivars in a broad sense. Proles Pontica Negrul. 0.118 0.103 0.035
Western and Mediterranean cultivars in a broad sense. Proles Occidentalis Negrul. 0.051 0.059 0.056
Varlgtles with intermediate characteristics resulting from hybridization between the 0.049 0.082 0.077
previous groups.

Wild grapevines in natural habitats

Vitis sylvestris, we .mclude the variability inherent to western wild vines that do not 0.024 0.070 0.104
descend from cultivated plants.

Feral grapevines, which descended from cultivated plants and although they show

partial reversion to ancestral characters, they conserve traits derived from 0.028 0.037 0.068
domestication.

Vines related to wild vines from the Caucasus (Vitis caucasica Vavilov sensu auct.) or

other eastern regions, their probability is small but we do not rule them out. They are

divided into:

e  Direct hybrids of wild Caucasian grapevines with cultivars. 0.060 0.099 0.038
° Purely Caucasian feral. 0.060 0.052 0.041
e  Wild Caucasian grapevines. 0.043 0.001 0.068

Unlikely hypotheses

American grapevine species: we should rule out the possibility that an American vine

could have been present in Western Asia in such early times, but what we do assume  0.0005 0.076 0.074
is a very low probability.

Eastern Asian grapevine species: These are unlikely, but given the ancient connection
facilitated by the Silk Road, their presence is not impossible.

Finally, fossils: These are extremely unlikely, but we do not rule out the survival of a
living fossil.

0.084 0.156 0.101

25%x107° 6x10°° 0.255

1 1.1, Posterior probability combining prior and the Likelihood based on DI values. L2, Normalized Marginal
Likelihood considering the allocation to clusters 1 to 13 as in Figure 3.

In the Bayesian method, we can combine the evidence resulting from the study of
several variables by concatenating results in which the posterior probability distribution
function of the first analysis will be used as the a priori distribution for the second and so
on. In the present study, we combine the results of the morphometric indices summarized
in the domestication index for each of the seeds as a starting analysis and then use the
results of the multivariate analysis in terms of the assignment of each of the samples to one
or another of the 13 clusters.
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Figure 3. Minimum variance Ward’s tree. Cluster labels: Deep blue filled and yellow characters
for clusters with Tell Khamis seed samples. Dark green filled and white characters for clusters
with those from Tell Quara Quzaq. Dark brown for those with both. White filled and black
characters for the rest. Color codes (RGB system) for sample labels: Vitis caucasica: 0-153-153;
V. sylvestris: 0-102-0; V. vinifera: 255-102-0; V. vinifera x V. sylvestris: 204-153-0; other wild Vitis species:
0-0-204; Vitis seeds fossil: 102-51-0; V. vinifera x V. caucasica: 153-102-0; V. vinifera x V. amurensis:
102-0-0.

3. Results
3.1. Probability-Based Allocation of Grapevine Seeds to Major Types

The Bayesian sequential combination of domestication indices and cluster allocation
(Figure 3) has allowed us to assign the archaeological samples with varying degrees of
probability (Supplementary Table S1) to the different groups of wild, domesticated, and
hybrid grapevines. It should be emphasized that the method followed gives priority in its
results to the information obtained from the multivariate analysis of the morphology of the
seeds and the assignment of the seeds to each of the 13 clusters identified, previous data on
the characteristics of the cultivated and wild vines in the area, and, finally, the information
provided by the six domestication indices combined into a single one that we abbreviate as
DI and whose values range from 0 to 1 for each of the seeds.

3.1.1. Domesticated Grapevines of the Proles orientalis Negrul

Domesticated grapevines are related to modern cultivars belonging to Proles orientalis
Subproles antasiatica (probability, p = 0.55-0.87) and associated with high domestication
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values (DI = 1). Additionally, they are related to a lesser extent with Proles orientalis Subproles
caspica (p = 0-0.15), Proles Pontica (p = 0-0.16), and Proles Occidentalis (p = 0.1-0.12), but
clearly unrelated to wild grapevines. Three samples of Tell Khamis presented this high
domestication syndrome. The group is otherwise highly heterogeneous as the seeds have
been assigned separately to clusters 4, 5, and 13 (Figure 3).

Middle Bronze Age: 268 TK bm 68 11;
Assyrian: 264 TK as 95 6B;
Persian—-Hellenistic: 565 TK 011 2017.

Modern seeds that presented similar profiles in the study include numerous East-
ern cultivars, such as an Uzbekistani cultivar, several Afghan raisin cultivars, Chaouch
Blanc, Chaouch Rose, Shiradzouli violet, Beylerce, Konya Bozkir; Rasheh, Besni, Hasand-
ede Beyazi, Rumi Ahmar, Razakisi Antep, Haci Tespihi, Zonguldak, Dabouki, Mecka,
Nehelescol, and Chasselas.

Similar seeds were found in the Urartian levels of Yoncatepe (Van, Eastern Turkey) [69].

3.1.2. Domesticated Grapevines Belonging to a Particular Euphrates Proles

Domesticated grapevine cultivars are unrelated to modern cultivars but related to
Caucasian and Asian wild grapevines. Numerous groups of samples present the paradox of
having high values for the domestication index (DI = 0.67-0.83) but a very low probability of
belonging to any of the known domesticated Proles (at least those included in our collection
of comparison samples) and at the same time a high probability (p = 0.36 to 0.42), of being
an Asian Vitaceae species, or, to a lesser extent, being V. caucasica (p = 0.26 to 0.32), or
a hybrid (p = 0.21 to 0.22). Furthermore, all of them cluster together in cluster 8 of the
multivariate analysis (Figure 3). This suggests the existence in the ancient Upper Euphrates
of a peculiar set of domesticated varieties, possibly derived from hybridization between
Asian and South Caucasian vines. At present, these varieties seem to have disappeared,
although it would be very useful to prospect the tributary valleys of the Euphrates in Syria
and Iraq in search of them, either cultivated or feral. It should be noted that no relationship
has been found between this group of archaeological samples and the numerous current
varieties from Turkey, Georgia, or Armenia that have been introduced to the comparison
matrix. It would also be very interesting to be able to include in further studies the wild
and feral vines recently studied in Israel.

Early Bronze Age: 180 AR QQ 1 14-92.

Middle Bronze Age: 580AR QQ MBA W78b.
Assyrian: 263 TK as 95 6; 266 TK as 108 1, (Figure 4E).
Aramean: 268 TK bm 68 12, (Figure 4B).
Persian-Hellenistic: 559 TK 028 2017.

No single modern seed was found close to this group, and only one archaeological
seed sample was allocated to this group from the coastal plain of Sidon, dated from the
Late Iron Age at Phoenician Tell el-Burak (Lebanon) [70].

3.1.3. Domesticated Grapevines Related with Asian Wild Grapevines

Unrelated to modern cultivars but related to Asian Vitaceae species (p = 0.5-1) and to a
lesser extent with European wild (p = 0-0.37) and hybrid (p = 0-0.29) grapevines, this group
also presents the paradox of associating high values of the domestication index (DI = (0.5)
0.67 to 1) with a very low probability of belonging to any known domesticated grapevine
Proles and, at the same time, a high probability of being an Asian wild species. This group
could be related to the previous one and draws our attention, once again, to the influence of
the Asiatic species of Vitis or Ampelopsis on the ancient grapevines of the Euphrates and the
Near East. All of them were allocated together in clusters 7, 12, and 13 of the multivariate
analysis (Figure 3).
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Figure 4. Archaeological Vitis seeds. SEM images. (A) Domesticated grapevines related with Asian
wild grapevines, Assyrian: 264 TK as 95 6A. (B) Domesticated grapevines belonging to a particular
Euphrates Proles, Aramean: 268 TK bm 68 12. (C) Domesticated grapevines related with Asian wild
grapevines. Early Bronze Age: 180AR QQ 2 14-92. (D) Wild Eurasian-Caucasian grapevines, Middle
Bronze Age: 185AR QQ 1 137-92. (E) Domesticated grapevines belonging to a particular Euphrates
Proles, Assyrian: 266 TK as 108 1. (F) Domesticated grapevines related with Asian wild grapevines.
Assyrian: Assyrian: 264 TK as 95 6A; 262 TK as 85 5 (the beak was broken during the handling for
SEM). Scale bars: above 1 mm, below 1 mm, except B, where is 2 mm.

e  Early Bronze Age: 180AR QQ 2 14-92, (Figure 4C).
e  Assyrian: 264 TK as 95 6A, (Figure 4A); 262 TK as 85 5, (Figure 4F).

Archeological seeds with similar features were found in Bronze Age levels of Konar
Sandal, Halil Rud basin, southeastern Iran (but see below) [71] and in Late Bronze levels of
Tall al-“Umayri, Jordan [72]. Finally, from the Petra Garden and Pool Complex in Jordan, a
Hellenistic/Roman pleasure garden [73], and in medieval Tashbulak, on the Silk Road [74].

With a similar pattern of likely relationships but with lower domestication index
values (DI = 0.17-0.33), seeds of the wild type were identified from Tuzusai, Central Asian
mountains, Kazakhstan (410-150 BC) [75], in the Euphrates zone of Urartian levels in
Yoncatepe (Van), eastern Turkey, mixed with other Vitaceae seed types [76], and in Bronze
Age levels (24802290 calibrated BC) of Konar Sandal, Halil Rud basin, southeastern
Iran [71] mixed with the domesticated type. In addition, also related to the wild syndrome

124



Horticulturae 2023, 9, 803

are two seed samples from Nepal from the Late Pleistocene Besigaon section of the Gokarna
Formation, Kathmandu Valley, in central Nepal: 53 kyr [77] and 45 kyr [78].

The few grape seeds found at Tuzusai (Kazakhstan, 410-150 BC). These are assumed
to be cultivated and likely domesticated [75] however our results may question this view.
Miller [33] states that northern Central Asia lies outside the range of wild Vitis sylvestris
indicating that the pips probably came from domesticated grapes. These pips may represent
exotic exchange goods or a locally grown horticultural product. The presence of a small
number of grape pips does not prove viticulture occurred at Tuzusai. Grapes may have
been imported from other regions in the form of raisins [75].

3.1.4. Eurasian Hybrid Wild Grapevines

Hybrid wild (DI = 0.17-0.5) grapevines are related to Eurasian hybrid modern grapevines
(p = 0.19-0.64) (Supplementary Table S1) and to European wild (p = 0.30-0.81) grapevines,
but are unrelated to Caucasian or Asian wild grapevines. Only two samples follow this
anomalous pattern. The samples are allocated to clusters 3 and 10 (Figure 3).

e  Assyrian: 265 TK as 100 1.
e  Persian-Hellenistic: 560 TK 009 2017 A.

No modern samples of wild or cultivated vines from the Near East have been found
that could be included in the group. The single archaeological grapevine seed sample that
approximates this group is that found at Petra, Jordan; 150 B.C.-A.D 40 by Jacquat and
Martinoli [79].

3.1.5. Eurasian Domesticated Hybrid and Feral Grapevines

Domesticated grapevines (DI = 0.67-0.83) are related to Eurasian feral modern grapevines
(p = 0.42-0.57) and, to a similar extent, to European hybrid grapevines (p = 0.43-0.55), but
are unrelated to wild grapevines (Supplementary Table S1). All the samples are allocated to
cluster 3 (Figure 3). Three samples of Tell Khamis present this clearly transitional syndrome:

e  Middle Bronze Age: 186 AR TK.
e Aramean: 268 TK bm 68 13.
e Persian-Hellenistic: 560 TK 009 2017 B.

Similar grapevine seeds were found in Middle Bronze Age levels of Mezraa Hoytik,
Upper Euphrates, Turkey [69], and mixed with hybrid wild types in the same sample of
charred grape pips from the Nabataean period, Petra, Jordan, 50 B.C-A.D 100 [79], also at
the Early Bronze Age settlement of Hirbet ez-Zeraqon in Northern Jordan [80] and in Dayr
al-Barsha Middle Egypt during the late Antique/early Islamic period [81].

3.1.6. Wild Eurasian—Caucasian Grapevines

Wild grapevines are unrelated to modern cultivars, directly related to Caucasian wild
grapevine with a medium probability (p = 0.3 to 0.5), and, to a lesser extent, are related
to Asian wild grapevines (p = 0.23 to 0.33) and Eurasian wild grapevines (V. sylvestris)
(p = 0.13-0.3). These are typical wild grapevines with low domestication index values
(p =0.17 to 0.33 (0.5)). Furthermore, all of them cluster together in cluster 8 of the multivari-
ate analysis and with the samples allocated above to the Proles Euphratica (Figure 3), from
which they differ in their relatively low domestication index (DI = 0.17-0.5).

Early Bronze Age: 577AR QQ EBA H84; 578 AR QQ EBA W80.
Middle Bronze Age: 579AR QQ MBA W27; 185AR QQ 1 137-92, (Figure 2D).
Persian-Hellenistic: 562 TK 029 2017. S

Similar grapevine seeds of the wild type were found in pigeon dung samples from a
Byzantine (6th century AD) dovecote near Shivta, Israel [82]. This suggests the presence of
this type of wild grapevine in the Eastern Mediterranean, whose seeds were transported by
doves and other birds. Relatively similar to this group but with an even lesser relation to
Eurasian wild and a relatively high relation to Caucasian hybrids were found in samples
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from the Euphrates and Levant areas: in Middle Bronze Age levels of Mezraa Hoytik,
Upper Euphrates, Turkey [69] and Early Bronze Age levels of Tell Lachish, Israel [83].

More striking is the similarity with the analyzed samples of Vitis heyneana Schult, a
species that currently ranges from Afghanistan to China and Japan [84].

3.1.7. Wild Asian Grapevines Allocated to Genus Ampelopsis

Wild grapevines are unrelated to Caucasian wild grapevines and related to Asian
wild grapevines belonging to the genus Ampelopsis with an extremely high probability
(p = 0.99). These are typical wild grapevines with low domestication index values (DI = 0 to
0.5) and a very low probability of belonging to any of the known domesticated Proles. The
multivariate analysis allocates them all to cluster 12 (Figure 3), except for the QaraQuzaq
Early Bronze Age sample, which is allocated to cluster 11.

Early Bronze Age: 185AR QQ 2.
Assyrian: 267 TK as 108 1.
Persian-Hellenistic: 566 TK 040 2017 (Figure 5B).
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Figure 5. Archaeological Vitaceae seeds of the Upper Euphrates. Raisin type seeds with low domesti-
cation syndrome remotely linked to genus Ampelopsis, SEM images. (A) “Stenosperm” type. Wild
Asian grapevines allocated to genus Ampelopsis; Persian-Hellenistic: 561 TK 064 2017. (B) Ampelopsis
seed type, Persian-Hellenistic: 566 TK 040 2017. Scale bars: 0.5 mm.

Modern specimens of wild Vitaceae with similar characteristics have been identified
(Supplementary Table S1) as: Ampelopsis orientalis (Lam.) Planch., which currently grows
in Syria and Turkey [85]; and Ampelopsis vitifolia (Boiss.) Planch., which currently extends
through Central Asia, from Iran to the Himalayas. Along with the above are included mod-
ern seeds determined as Vitis sp. by the US gene bank (S518_DVIT_1445) from Afghanistan,
which are possibly Ampelopsis, and a fossil seed, 45 myr, from Late Pleistocene plant
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macro-fossils from the Gokarna Formation of the Kathmandu Valley, Central Nepal [78],
determined as Vitis sp., but which may possibly also be ascribed to the genus Ampelopsis.
The seed from Acheulian levels at Gesher Benot Ya’aqov, Israel [86], very rounded, is allo-
cated to this group. Carbonized remains from Iron Age Raja-Nal-ka-Tila (1st millennium
BC) of Ganga Plain, India [87] are included in this group. Kohneh Pasgah Tepesi (eastern
Azerbaijan, Iran) in levels of the Late Chalcolithic and the Early Bronze Age [88] yielded
Vitaceae seeds that also fall within this group and in 7th to 5th cent. BC levels of Deir’Alla
,JJordan. In this period, Deir ‘Alla was a temple tell, as in Late Bronze Age times. A small
group of priests would have lived there permanently, while seminomadic tribes stayed in
the vicinity of the Tell only during the winter months [89].

3.1.8. Raisin Type Seeds with Low Domestication Syndrome Remotely Linked to
Genus Ampelopsis

Thin sterile-like types with intermediate domestication index values DI = 0.5-0.67.
Three seeds were found conforming to this type in Tell Khamis.

e  Persian-Hellenistic: 561 TK 064 2017; 563 TK 059 2017; 564 TK 038 2017 (Figure 5A).

It is relevant to mention that this group includes apparently sterile, tiny, elongated seed
samples, such as those from Early Bronze Age Ras an-Numayra, Jordan [90]. This abnormal
“stenosperm” seed type was relatively common in the study of modern grapevine tables
and raisin seedless-like varieties of the “Sultanina” type from Afghanistan [67] and in some
of Afghan comparison samples within this study (Figure 6).

Figure 6. Modern Vitis seeds of a modern Afghan Raisin cultivar “Stenosperm” type. Digital
microscopy. Scale bars: 1 mm.

4. Discussion
4.1. The Horticultural Relevance of of the Seed Types Identified
4.1.1. Domesticated Grapevines of the Proles orientalis Negrul

A group of seeds presents clearly domesticated characteristics and is assigned in the
present work to the set of the three Proles of Negrul [11] (Table 5) with a probability = 1.
Among the recognized Proles, assignment to the Proles orientalis is in the majority, with
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values of p = 0.7-0.87, predominating in all cases the Subproles antasiatica. The results
confirm our “prior” hypothesis about the existence of this set of table and raisin varieties,
but also for wine, known as Proles orientalis, in the Near East, at least since the Middle
Bronze Age.

Table 5. Negrul’s Proles of Vitis vinifera 5,

Taxa

Leaf

Cluster Size
and Shape

Berry

Area and
Typical Cultivars

Pontica Negr.

Mature leaf below with
mixed hairy cover:
cobwebby and hairy,
irregularly curved
leaf edge

Medium, compact,
table, raisins and wine

Spherical, rarely ovoid,
bittersweet, medium
size, acidity 0.6-1%;
seeds small to large.

some seedless cultivars

West Caucasus,
Balkans, Anatolia,
Mediterranean. Frost
hardy (Saperavi,
Rkatsiteli, Cinuri).

Occidentalis Negr.

Mature leaf below with
hairy cover: cobwebby,
leaf edge
folded downward

Small, compact, raisins
and wine

Spherical; rarely ovate,
small or medium,
acidity 0.6-1%; seeds
small shortly stalked,
no seedless cultivars

Western and Central
Europe. Frost hardy
(Pinot, Gamay,
Semillon, Riesling,
Mourvedre, Muscat
of Alexandria).

Orientalis Negr

Leaf above green,
glabrescent, below
glabrous to
hairy-pubescent, leaf
edge folded upwards

Large, conical, often
branched, table

Ovate or oblong,
medium to large;
acidity 0.3-0.6%, seeds
medium to large,
long stalked,
frequently seedless

Central Asia, East
Caucasus. West Asia,
frost tender
(Baian Shirey,
Muscat, Chasselas,
and Kismisci).

5 Data elaborated and synthesized by the authors based on different bibliographic sources, particularly [11,91].

De Lorenzis et al. [92], by genotyping germplasm from Central Europe, Armenia,

Azerbaijan, Georgia, and Moldova by SSR markers, investigated the genetic relationships
among samples along an East-to-West gradient. The identification of three different groups
was explained based on geographical origin and human uses and it was in agreement with
the Proles classification proposed by Negrul [11]:

1.  Wine varieties from the West (Central European Cultivars); cf. Proles occidentalis
(Table 5).

2. Wine varieties from the East (Armenia, Georgia, Moldova); cf. Proles pontica (Table 5).

3.  Table varieties from the East (Azerbaijan). cf. Proles orientalis (Table 5).

Ampelographic studies of selected Syrian grapevine cultivars show their relationships
with Proles orientalis, especially with regard to five highly discriminating traits (shoot
internode length, berry weight, berry elongation, 100-seed weight, and titratable juice
acidity) [93], and ampelographic analysis of Israeli grapevine shows clear differences
between the V. vinifera and V. sylvestris groups in terms of flower, leaf and bunch parameters,
and that most of V. vinifera in the area belongs to Proles orientalis, which is consistent with
our results based on archaeological seed samples [94].

We must highlight the relevance of the Proles orientalis, in front of the Proles pontica,
at least 4000 years ago, which extended the original area of the former from Central Asia
(Negrul 1946) to Western Asia.

Among the grapevine cultivars described by Galet in 1970 [67] from Afghanistan, 29
belong to Proles orientalis Subproles caspica, 16 to Proles orientalis Subproles antasiatica, 6 to
Proles pontica, and only two to Proles occidentalis. It is unclear to what extent the Proles
occidentalis and Pontica varieties were recently introduced into Afghanistan or are due to
a hypothetical introduction by the Greeks in the 4th century B.C. as a consequence of the
campaigns of Alexander the Great. One of the open questions, especially concerning the
ancient varieties of Proles antasiatica, is what the prioritized destination of their fruits was:
table grapes or raisins? The available evidence deserves to be analyzed. In the stated
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Near Eastern sites, it is common to interpret grape remains as raisins in preference to table
grapes. While their use for winemaking is interpreted only when specialized containers
and contexts are also found, along with the presence of marker chemical substances such as
tartrates and characteristic anthocyanins, the fragmentary nature of our Upper Euphrates
archaeological samples prevents us from going further in determining whether the grapes
were actually consumed fresh or in the form of raisins. However, their preservation in the
archaeological register of raisins’ pips seems more likely.

4.1.2. Domesticated Grapevines Belonging to a Particular Euphrates Proles

While there is clearly an existence of a group of vines with domesticated features
(DI = 0.67-0.83) in their seeds of hybrid origin, the fact they would have intervened with
wild vines of the Caucasus and Asia leads us to propose the existence of a fourth singular
Proles euphratica with more rounded seeds than in Proles orientalis and with Stummer [54] in-
dex values from 0.73 to 0.82 instead of 0.49 to 0.7, similar to the characteristics of wild vines.
Proles euphratica is the name we propose here for this group of domesticated grapevines with
characteristic seeds (4.7-5.5 x 3.5-4.1 mm) found in Middle Bronze, Assyrian, Aramaic,
Persian, and Hellenistic levels from Upper Euphrates sites. These varieties appear to be
unrelated to modern cultivars from the area or elsewhere but are related to Caucasian and
Asian wild vines. This suggests that this peculiar set of domesticated varieties probably
derived from hybridization between Asian and South Caucasian vines. The non-existence
of similar grape vines in Turkey or other neighboring areas today may be explained by the
abandonment of their cultivation due to their low productivity or the fact that they were
exclusively wine grapes in a context where, since the 8th century, wine consumption was
excluded for religious reasons.

To verify the persistence, or, if applicable, the date of extinction and further ampel-
ographic characteristics of the here proposed Proles euphratica, it would be necessary to
extend the ampelographic sampling of wild and feral vines, especially in the rivers and
streams tributaries of the Euphrates in northern Syria and Iraqi Kurdistan, to expand
the study of their seeds and archaeological remains of vines from the Near East with the
methodology proposed here.

However, similar DI values were found in our study in samples also allocated to cluster
8 (Figure 2) from archaeological Chalcolithic to Medieval sites of Spain, Italy, Armenia, and
the Balkans, and modern samples of wild and feral grapevines from Georgia, and Spain,
and Vitis piasezkii Maxim. from China.

Vitis vinifera was probably cultivated in Emar (Syria). Apart from a fragment of
wood from a Late Bronze Age stratum, many grape pips have been identified in levels
of this period [95]. Carbonized seeds and charcoal of Vitis sylvestris and V. vinifera were
repeatedly recovered from mid-third millennium BC contexts at Tilbeshar, Horum, and
Jerablus Tahtani in the Middle Euphrates Valley; tartaric acid associated with gypsum
basins found in houses at Titris Hoytik suggests that grape processing was widespread
there. The area continued to be a recognized center of wine production and export into
the early second millennium [96]. Vine seeds, fruits, and pedicels have been recovered
from archaeobotanical samples from the Middle Bronze Age site of Tell Tweini, Lattakia
(Syria), probably the ancient city of Gibala [97]. It would be particularly useful to be able
to study samples from these deposits in detail in order to establish the possible extent of
Proles euphratica and the other types detected in this work.

4.1.3. Domesticated Grapevines Related with Asian Wild Grapevines

This group establishes a bridge between the cultivated vines of the Proles euphratica
with various Central Asian vines and, possibly, with Ampelopsis species.

A stem was discovered in the Yanghai Tombs, Turpan District in Xinjiang, China.
Anatomical features showed it to be of grape (Vitis vinifera L.). Radiocarbon dating indi-
cates it to be nearly 2300 years old, which would suggest that there was grape cultivation
at least from that time. To date, this is the earliest physical evidence of V. vinifera cul-
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tivation in China [98]. Two grape (V. vinifera) pips were discovered in the gut contents
(665-770 cal. years AD) of a person unearthed at tomb 75TAM601 in Astana Cemetery,
the public graveyards of the ancient Gaochang people in Turpan, Xinjiang. Grapevine
(V. vinifera) cultivation was introduced into Turpan ¢.300 BCE, and Xinjiang is considered to
be the earliest place to cultivate grapevine in China [99]. We cannot rule out the existence
of other Vitis species or even Ampelopsis in these Vitaceae materials.

4.1.4. Eurasian Hybrid Wild Grapevines

By hybrids we mean individuals and populations that present, on average, intermedi-
ate characteristics between the domesticated vine and the wild vine and, at the same time, a
great variability in the diagnostic parameters. With similar DI values, we found in clusters
3 and 10 (Figure 3) samples from hybrid populations (European wild vine x domesticated
vine or American vines x domesticated grapevine) in natural habitats in Spain as well as
archaeological remains from the Levant and the Balkans.

The above suggests the existence in the Upper Euphrates of hybridization processes in
wild grapevines populations produced by the domesticated ones, which may have been
due to the presence of vineyards in proximity to the wild populations. The analysis of
genetic diversity among grapevine (Vitis vinifera L.) cultivars in Tartous province (Syria)
using microsatellite markers detected high levels of polymorphism, which may be due to
continuous seed propagation by birds, natural hybridization between native and introduced
plants, and human selection, and also found that vines classified as table grapes with
white to raspberry-colored fruit were included in the same cluster despite their genetic
variation [100].

4.1.5. Eurasian Domesticated Hybrid and Feral Grapevines

This group is closely related to the previous one but with a significant degree of
domestication and is assigned to the high DI values part of cluster 3 (Figure 3), together with
feral grapevines from natural habitats in Spain and France, and archaeological materials
from Spain, Italy, Hungary, the Balkans, Egypt, the Near East, and the Caucasus. The above
also suggests the existence in the Upper Euphrates and abroad, since at least the Bronze
Age, of hybridization processes between wild and domesticated grapevine populations,
which could have been intentional or casual, which modified the morphology of cultivated
grapevines. This would indicate that hybridization is a phenomenon that may have been
relevant in the origin of many modern grapevine varieties.

Drori et al. [94] show the existence in Israel of two distinct populations that cluster
closely together, suggesting a common genetic origin, one mostly of V. vinifera (together
with Central Asian cultivars and some from Proles orientalis Subproles caspica), another
cluster with the V. sylvestris from Northern Israel, and a third mixed. This suggests the
possibility of wide hybridization between domesticated and wild grapevines in the Near
East, which, according to our study of archaeological seeds, may have occurred over a
few centuries.

4.1.6. Wild Eurasian—Caucasian Grapevines

These seeds are typical of wild vines and have similarities with the various types of
wild vines that we have recognized “a priori” that witnesses the continued presence of
clearly wild vines in the high Euphrates throughout all the periods studied, living, for some
of these, with the presence of domesticated grapevines.

The group of vines whose seeds present low DI values allocated to cluster 8 includes
Asian vines, such as Vitis ficifolia Bunge, which is widespread in China, Korea, and Japan,
Vitis amurensis Rupr. from China, Korea, Siberia, and Japan, and Vitis wilsoniae H.J.Veitch;
numerous wild grapevine populations (Vitis sylvestris) in Spain, Italy, and the Caucasus,
American wild vines, fossil vines, and archaeological materials from Hungary, the Balkans,
Spain, and the Near East.
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Wan et al. [101] place the origin of the V. heyneana/ V. vinifera/ V. sylvestris clade at
around 6.3 Mya and report an unexpected V. sylvestris-derived position that conflicts with
V. sylvestris being the progenitor of V. vinifera, as the phylogenetic position suggests that V.
sylvestris is derived from V. vinifera. They interpret this discrepancy in terms of erroneous
inference due to the effects of clonal propagation in the grapevine cultivars analyzed [101].
We detected high variability in the domestication values of V. heyneana, DI = 0-0.67.

The phylogenetic structure within the genus Vitis was analyzed by Aradhya et al. [102]
using simple sequence repeat (SSR) and amplified fragment length polymorphism (AFLP)
markers, resulting in fourteen clusters, most of which contained a moderate frequency
of mixed genotypes, suggesting interspecific gene flow within the subgenus Vitis. The
AFLP-based tree clearly separated two clusters within V. sylvestris, assigned V. vinifera
cultivars predominantly to one of them, and supported the close relatedness of V. heyneana.
The SSR-based analysis was less conclusive.

The nuclear microsatellite-based study by Doulati-Baneh et al. [103] of wild grapevine
populations in the Zagros Mountains of Iran grouped the accessions into three clusters
corresponding to the geographical distribution of the populations. Most of the populations
had an unbalanced sex ratio, with a modest number of female individuals in most of the
Zagros Mountains, reducing the species seed dispersal ability. This was also confirmed by
the field assessment during the plant sampling activity; a large proportion of individuals
were older than 25-30 years, and only a few young seedlings were detected in only one
population. Thus, Iranian wild grape populations have a reduced regeneration capacity,
probably due to modest seed production and/or environmental disturbances leading to an
inhospitable habitat for young seedlings.

All grape pips analyzed in Greece by Pagnoux et al. [104] from the Late Neolithic are
morphologically wild. The change from the wild to the domesticated form occurred during
the Middle Bronze Age (1900-1700 BC). The picture we get from the Upper Euphrates
area is far more complex because wild types persisted until later periods coexisting with
domesticated types.

4.1.7. Wild Asian Grapevines Allocated to Genus Ampelopsis

The presence of endemic Ampelopsis species in the area even today makes us think that,
logically, they were also present during the periods analyzed. It is pending identification
whether that presence is merely accidental from wild populations or if they were cultivated
for any purpose. The finding of similar seeds in a garden purely dedicated to enjoyment at
Hellenistic levels of Petra in Jordan is particularly informative.

Likely, the wild grapevine, which was a plant component of an Acheulian diet at
Gesher Benot Ya‘aqov, Israel, in the southern Hula Valley and assigned to the Lower—
Middle Pleistocene, dated c. 780,000 BC [86], belongs to the genus Ampelopsis [78]. With the
DI = 0.5, this seed is neither typically wild nor domesticated; however, we are not aware
that this index remains useful for Ampelopsis.

Most of the wild vine species, both American and Asian, as well as the fossils studied,
were ascribed to cluster 11.

4.1.8. Raisin Type Seeds with Low Domestication Syndrome Remotely Linked to
Genus Ampelopsis

Abortive seeds alone do not explain this strange morphology since they are often
morphologically similar to normal seeds and only differ in that they are empty instead of
containing an embryo and endosperm [105].

Stenospermocarpic grapes, such as the “Sultanina” variety, are heritable, and these
embryos can be obtained via normal pollination and fertilization, but seed development
ends prematurely, leading to embryo abortion occurring at 2—4 weeks after blooming. To-
gether with parthenocarpic grapes, these conform to two groups of seedless cultivars [106].
Keshmesh, meaning sultana, is a very common name for grapes used to make sultanas
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in Iran. In this case, similar names imply identical usage but do not necessarily indicate
genetic similarity between the cultivars [107].

Proles antasiatica vines are now often used for raisin production and show anomalies in
seed formation. Among the 55 Iranian grapevine cultivars investigated by Abiri et al. [108],
20 cultivars formed seeds in a rudimentary form, while seeds were well developed in 34
cultivars and one cultivar was seedless. On average, the seed number per berry is two,
with a maximum of four. As expected, larger berries were found in less dense bunches.

Levchenko et al. [109] have shown the close genetic relationship within the Vitaceae
family between the genera Vitis and Ampelopsis, which are closer in terms of the evolution
of the grape culture as a whole. They obtained artificial intergeneric hybrids that produced
c. 25% of plump seeds and 10% of viable embryos. Thus, 75% of the seeds were abnormally
thin. It is relevant to mention here that when we found these abnormal types of seeds
together with those that were Ampelopsis-like, we suspected that this anomaly could be due
to hybridization or merely intergeneric cross-pollination.

5. Conclusions

The development of a new domestication index for the seeds of Vitis vinifera-V.
sylvestris, based on the combination of six pre-existing indices, together with the mul-
tivariate analysis of the morphometry of the seed, the hierarchical classification of the
samples, based on a very comprehensive collection of comparisons, and the integration
of data from both sources using the Bayes-Laplace method, constitutes a very sensitive
tool that allows one to successfully analyze alternative hypotheses about the identity of the
archaeological seeds of Vitis.

As a consequence, in the study of the archaeological seeds of two sites of the Upper
Euphrates, we have been able to establish the predominance, among the clearly domes-
ticated ancient varieties, of Proles orientalis Negrul, together with the existence of some
domesticated vines with peculiar characteristics, which we include in a possible extinct
Proles that we call Euphratica.

Along with the above, it was determined that wild vines related to Vitis sylvestris
C.C.Gmelin and V. caucasica Vavilov continued to be present throughout the period studied,
from Early Bronze to Hellenistic.

In parallel, seeds with hybrid characteristics have been recorded, and much more
significantly, the existence of seeds of the Ampelopsis type has been documented, among
which is the oldest vitaceous seed linked to human presence in the Acheulean (780 myr).

Finally, the presence of “stenosperms” that appear to be associated with fully devel-
oped seeds of the Ampelopsis type has been identified, which suggests the existence of
anomalies in the formation of the seeds due to intergeneric cross-pollination. Additionally,
in the cases where they appear isolated, they suggest the presence of “stenospermocarpic”
Vitis vinifera raisins of the Sultana type.

If we consider the relevance of this study for the future of the grapevine, specifically
in terms of adaptation to climatic changes, resistance to pests, and new varieties with new
characteristics, we can affirm that what is most relevant in our opinion is the detection of
the early existence of “stenosperms” and therefore of seedless grapes of the “sultanina”
type about four thousand years ago, which indicates the capacity of adaptation of this type
of grape as well as those of the Proles orientalis Negrul to climatic and salinity changes
along millennia. The possible extinction of Proles euphratica would suggest that not all local
vines were able to overcome climatic crises, changes in use, or the appearance of eventual
pests and would point to the value of ancient local varieties for their resilience. Finally, the
study of history can help the farmer improve his vineyard through the idea of not despising
local cultivars and local wild populations that have survived environmental adversities for
centuries and whose communities are also repositories of feral grapevines. Furthermore,
farmers can appreciate them as sources of genetic resources for the improvement of their
vineyards, with preference for the introduction of exotic varieties whose possibilities of
adaptation to local conditions and climate change are uncertain.
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Abstract: Muscadine grapes (Vitis rotundifolia) are native to the southeastern U.S., where they are
valued for their unique flavor and fruity aroma. Despite having a diverse aroma profile, muscadine
germplasm is virtually unexplored in terms of its aroma volatile content and composition, which
is crucial in determining the value of its products. The aim of this research was to characterize
24 muscadine genotypes with distinct uses and origin for their aroma-related volatile profiles using the
headspace solid-phase microextraction method coupled with gas-chromatography mass spectrometry.
In total, 63 volatile compounds were detected, and genotypes significantly differed for 43 of the
volatile compounds. We also profiled the aroma volatile content and composition of the commercially
cultivated muscadine cultivar Carlos at various stages of berry ripeness. Characteristic differences
were observed in the composition of the volatile compounds as ripening progressed. This is the first
study to have evaluated the aroma volatile composition of a wide variety of muscadine germplasms,
including juice and fresh fruit cultivars, as well as the related species Vitis popenoei and its complex
hybrids between V. rotundifolia and Vitis vinifera. The results obtained from this study will help
identify muscadine genotypes and better design crosses to produce fresh fruit and wine selections
with the desired aroma profiles. This knowledge will lead to the development of new muscadine
cultivars and significantly contribute to the expansion of muscadine use in the future.

Keywords: Vitis rotundifolia; Muscadinia; flavor; quality; GC-MS; HS-SPME

1. Introduction

Muscadine grapes (V. rotundifolia) are a native North American fruit found commonly
throughout the southeastern U.S. with excellent adaptation to hot, humid summers and
warm winters. It belongs to the Muscadinia subgenera in the genus of Vitis [1-4]. The
subgenus Muscadinia has only two species: V. rotundifolia Michx. and V. popenoei ]J.H.
Fennel [5]. Muscadines are a regional fruit with commercial production concentrated in
the southern piedmont of North Carolina, the eastern coastal plain of North Carolina and
South Carolina, and the piedmont and coastal plain of Georgia [6]. Production also extends
to other states, especially Florida and Arkansas, but in lesser amounts. This fruit crop
possesses tremendous potential for sustainable fruit systems in this region as it is much
more productive than bunch grapes when grown in low-input systems [7]. Muscadines are
primarily produced for fresh-market sales and processed products such as wine and juice.
Muscadines have a high antioxidant capacity similar to that of blueberries and blackberries,
leading to them often being described as a “superfruit” [8,9].
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Muscadines are prized throughout their native range for their unique flavor. The basic
tastes (sweetness, sourness, and bitterness) impacting fruit flavor are perceived by the
taste receptors on the tongue, while volatile compounds are responsible for typical aromas
(smells) and aromatic flavors (perceived while in the mouth). The combination of taste and
olfaction provide the sensation of flavor [10,11]. Muscadines have very pronounced aromas
that are often described as “fruity”, “foxy”, or “candy-like”. The aroma of fresh muscadines
is very desirable to those who know and love the fruit, but it can be overwhelming to those
who are only familiar with V. vinifera grapes. Desired flavors vary depending on whether
the fruit is to be used for fresh market, juice, or wine. Muscadine grape germplasm is highly
diverse for appealing fruit aromas, likely in part to facilitate the location and consumption
of dehiscent berries by an array of frugivore seed dispersers [12]; however, muscadine
germplasm is virtually unexplored for its aroma-related volatile composition and content.

Baek et al. [13] performed a gas chromatography-mass spectrometry (GC-MS) study
of ‘Carlos’ muscadine grape juice and identified 33 volatile compounds related to aroma.
Among them, 2,5-Dimethyl-4-hydroxy-3(2H)-furanone (furaneol) was the most abundant,
which, along with o-aminoacetophenone, was thought to give the candy and foxy-like
aroma notes to muscadine juice. At low concentrations, furaneol has a pineapple- or
strawberry-like aroma. It has also been found in other North American Vitis species,
including Vitis labrusca. However, at higher concentrations, the same compound gives off
an undesirable caramel-like aroma, which is often avoided in wine made from bunch grapes
(V. vinifera). This study also found several other predominant compounds and their aromas
such as 2,3-butanedione (buttery/cream cheese), ethyl butanoate (bubble gum/fruity),
ethyl 2-methylbutanoate (green apple/fruity), and 2-phenylethanol (rosy). In a separate
study of ripe ‘Cowart’ muscadine grapes by Lee et al. [14], volatile esters associated with
fruity, floral, and pleasant odors were detected. Wine samples of “Welder” and ‘Noble’
muscadine grapes produced relatively high concentrations of alcohols and esters of fatty
acids [15]. Recently, Deng et al. [16] investigated the aroma-related volatile profile of five
commercially grown muscadine cultivars. This study was able to identify 44 compounds,
including esters, aldehydes, alcohols, fatty acids, terpenes, ketones, and furan via the solid-
phase microextraction (SPME) GC-MS procedure. They found that geraniol and cinnamyl
alcohol were the key volatile components that distinguished the Alachua cultivar from the
rest. This study also showed that (Z)-3-hexenal, and (E)-2-hexenol were more prominent in
the Fry and Granny Val cultivars, respectively. Although these studies indicate the presence
of a wide variety of aroma-related volatile compounds in muscadine, focusing on only a
few pure V. rotundifolia muscadine cultivars was not sufficient to investigate and exploit
this genetic resource.

Fruit ripeness is the key attribute in muscadines that determines the appropriate time
of harvesting fruits for both fresh market and juice production. This is especially important
for fruits like muscadines with a relatively short shelf-life (about four weeks) and harvesting
window (late summer to early autumn). The composition and abundance of aroma volatiles
are linked with the fruit maturity and level of ripeness. Studies have shown differences in
volatile composition in the different ripening stages of bunch grapes [17], raspberries [18],
bananas [19], lulos [20], figs [21], and muskmelons [22]. However, no research has been
conducted to understand the effect of berry ripeness on the aroma volatile composition
of muscadines.

In this research, we investigated the aroma-related volatile profile of a wide variety
of muscadine germplasms, including closely related species and hybrids that have been
an important gene pool in muscadine breeding. Additionally, we identified volatile com-
pounds and their abundance pattern at various ripening stages in a commercial muscadine
wine cultivar, Carlos. The systematic characterization of the volatile compound profile of
key germplasms will aid muscadine breeding by giving breeders the ability to select and
combine appropriate parents for the desired flavor profile of the product. This eventually
helps fulfill consumers’ demand for specific muscadine flavors in the market, and it will
ultimately boost muscadine utilization. Similarly, understanding the pattern of volatile
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abundance at various stages of fruit ripeness could provide information for the muscadine
industry in understanding how berry ripening stage will influence the flavor profile of
muscadine products.

2. Materials and Methods
2.1. Plant Materials and Sampling

The muscadine vines for germplasm characterization were grown at the University of
Georgia (UGA) breeding program’s experimental vineyards located in Tifton, GA, USA (lat.
31°28/39.81” N, long. 83°31/39.61” W). A list of these genotypes, their utility, and derivation
is presented in Table 1. Vines were planted 3.04 m apart within the row and trained to
two cordons on a 1.5 m high wire. Vines were irrigated and received commercial level
care, which includes fertilization and fungicide applications as recommended by Poling
et al. [23]. For the experiment to study the aroma volatiles at different stages of ripening,
the fruit samples collected from the Carlos cultivar were planted at a commercial vineyard
(Paulk Vineyards) in Wray, GA, USA.

Table 1. Muscadine germplasm used in aroma-volatile characterization.

Genotype Female Parent Male Parent Berry Color*  Reference Notes
AM-195 AM-19 AM-1 Black M.LW. breeding Fresh-market selection.
records
AM-77 Carlos NC. 67A015-26 Black lsgclc;l“élvs breeding Red wine and juice breeding selection.
Carlos Howard NC. 11-173 Bronze [24] Leading white wine muscadine cultivar.
Cowart Higgins Ga. 28 Black [24] Sigfr}ll;market cultivar with a pronounced
Fennel’s 3-way Fennell’s 2-way . Fennel’s 2-way hybrid is ‘Scuppernong’ x
hybrid hybrid V- popencei Black (251 V. rotundifolia var. munsoniana.
Fry Ga. 19-13 Ga. 19-11 Bronze [24] Leading bronze fresh-market cultivar.
oy oL L P]J.C. breeding Ga. 18-5 is a grandparent, Ga. 13-3-36
Ga. 13-3-36 Ga. 6:9-91 Ga. 6-1-217 Bronze records 10.9% V. vinifera and 89.1% V. rotundifolia.
Ca. 1-6-14 Scarlet Tara Bronze P]J.C. breeding fresh—n,}arket muscadine selection with a
—— records honey” flavor.
) ) . P].C. breeding Interspecific hybrid that is 43.75% V.
Ga. 185 Ga. 14-32 Ga. 12-2-1 Black records vinifera and 56.25% V. rotundifolia.
Golden Tsles Fry Ga. 19-6 Bronze [24] White wine muscadine cultlyar released
- for more neutral flavored wine.
Hall Fry Tara Bronze [24] Fresh-market muscadine cultivar.
Lane Supreme Tara Black [24] Fresh-market muscadine cultivar.
Magnolia iﬁgﬁ?ged Topsail x Tarheel =~ Bronze [24] White wine muscadine cultivar.
Magoon Thomas Burgaw Black [24] Black fresh-market muscadine cultivar.
Noble Thomas Tarheel Black [24] Leading red wine muscadine cultivar.
Stenospermocarpic seedless quasi-BC2
Oh My! JB99-1-4-15 JB03-20-1-21 Bronze [24,26] hybrid with an 86.9% V. rotundifolia
background.
Paulk Supreme Tara Black [24] Fresh-market muscadine cultivar.
Pineapple Fry Senoia Bronze [24] fr.esh—mark”et muscadine cultivar with a
I pineapple” flavor.
. Fresh-market muscadine cultivar with a
Ruby Crisp Supreme Tara Red [24] red color and mild flavor.
Scuppernong Unknown Unknown Bronze [24] Bronze colored native selection.
Southern Home Summit Fla. P9-15 Black [25] Interspgc1f1c hybr} d of V- rotundifolia, V.
popenoei, and V. vinifera.
Supreme Black Fry Dixieland Black [24] Ejﬁi;grg black fresh-market muscadine
Tarheel Luola V68 R14 B2 Black [24] Older red wine muscadine cultivar.
V. popencei DVIT Unknown Unknown Purple Native selection of V. popenoei.

2970

# Underlined genotypes were used in the study of difference in the aroma volatile composition between black and
bronze muscadines.

Muscadine berries ripen asynchronously, and berries are harvested individually rather
than in clusters. Therefore, most muscadine cultivars require several pickings to remove all
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the ripe fruit. For germplasm characterization, berries judged to be at optimal commercial
ripeness (fully colored and with some softness), as well as free from defects, were harvested.
Fruits were harvested at different times depending upon the harvest period of the genotype,
but all fruits were harvested in the month of August. Four berry samples were collected
separately from the two vines of each genotype on two different days (two samples each
day and a sample from each vine). Depending on berry size, a sample of at least five
berries were combined for each replicate (more berries were required per replicate for small-
berry-sized genotypes). For the ripening stage study, fruit samples of the Carlos cultivar
were collected on the same day from five separate vines with berries at various stages
of ripening. Fruits were collected ranging from green, firm, and unripe to dark bronze,
soft, and overripe. Fruits were harvested, brought into the lab, sorted as described below,
and processed for GC-MS, as well as a fruit quality study, within 24 h. In addition to the
analysis of aroma volatiles, several fruit-quality- and flavor-related traits were measured
for the muscadine samples. A sample of 10 berries were separated from the same samples
harvested for GC-MS study as a biological replicate; in addition, color, firmness, total
soluble solids (TSS), and titratable acidity (TA) were measured.

2.2. Sample Preparation for Quality and Volatile Analysis

Fruits were washed with distilled water and dried with paper towels. Berries were
then cut open into halves and the seeds were removed. For aroma volatile analysis, the
halves of at least five berries were then collected for each sample in a 50 mL centrifuge
tube and homogenized for 20 s using Power Gen 500 (Thermo Fisher Scientific, Waltham,
MA, USA). Five grams of the homogenized samples were immediately pipetted into the
20 mL amber glass vials containing 5 g of a saturated salt (NaCl) solution and vortexed for
homogenization. The addition of salt to the homogenized sample lowers the partitioning
coefficient (K) for some volatiles and thus increases their concentration in the headspace.
A total of 10 uL of 1000 ppm 1-Heptanol (Sigma-Aldrich Co., Saint Louis, MO, USA) was
added as an internal standard (IS) in the vials for the relative quantification of volatiles in a
homogenized sample. The vials were then stored at —20 °C until analysis.

For the ripening stage study, ‘Carlos’ berries were first density sorted by floating
berries in sodium chloride brine solutions of 8%, 9%, 10%, and 11% [27] to determine the
four grades of the berries (Stages 1-4) (Figure 1). Berries of increasing ripeness sunk in
progressively denser brine. Sorted berries were then immediately rinsed with distilled
water and processed as outlined above.

Figure 1. Four ripening stages in ‘Carlos” muscadine berries (S1: unripe, S2: slightly ripe, S3: fully
ripe, and S4: overripe).
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Skin color was measured using a Chroma Meter CR-400 (Konica Minolta Sensing Amer-
icas Inc., Wayne, NJ, USA). Five different color components (L*: Lightness, a*: Red/Green
value, b*: Blue/ Yellow value, C*: Chroma, and h: Hue) were measured. Fruit firmness was
measured using a FirmTech 2 Automatic Fruit Firmness tester (BioWorks, Inc., Wamego, KS,
USA). Total soluble solids (TSS) and titratable acidity (TA) are commonly used indicators of
fruit maturity, ripening, and flavor. For both TA and TSS measurement, the same protocol
of homogenization was followed as used for the volatile analysis; in addition, the homoge-
nized muscadine samples in 20 mL tubes were centrifuged at 4000 rpm for 30 min at 4 °C.
The solid portion was separated by filtering with the cheesecloth and the supernatant flow,
which was collected and stored immediately at —20 °C until analysis. TSS was measured
using a digital refractometer (PAL-1; Minato-ku City, Tokyo, Japan). Six grams of a filtered
sample was used for TA analysis. A 0.1 N NaOH solution was used as the titrant, and the
percent TA was measured using a Mettler Toledo DL15 titrator (Greifensee, Switzerland).

2.3. Sample Incubation and GC-MS Conditions

The homogenized fruit samples were incubated for 30 min at 40 °C with continuous
agitation at a speed of 250 rpm. After equilibration, the volatile compounds were col-
lected using a 1 cm SPME-fiber-assembly Divinylbenzene /Carboxen/Polydimethylsiloxane
(DVB/CAR/PDMS) (Supelco Inc., Bellefonte, PA, USA), and this was achieved by exposing
the fiber to the headspace for 30 min under the same temperature. The fibers were activated
before sampling according to the instructions of the manufacturer. After the incubation,
the SPME fiber was inserted directly into the injection port for desorption (4 min at 250 °C)
in a spitless mode. An ultra-inert liner of straight geometry and a 0.75 mm inner diameter
(Agilent Technologies Inc., Santa Clara, CA, USA) was used. Aroma volatiles were analyzed
using an Agilent 7890A gas chromatography system that was connected with a 5977B mass
spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA). The sample preparation
was fully automated and carried out by a Gerstel MultiPurpose Sampler (MPS) (GERSTEL
GmbH & Co. KG, Miilheim, Germany), which was coupled with GC-MS. Helium gas with
a 99.9% purity was used as a carrier gas. A back-inlet purge flow rate was maintained
at 3 mL min~!, and a constant gas flow rate of 1.2 mL min~! was utilized through the
column. Volatiles were separated using an Agilent HP-5MS (30 m x 250 pm x0.25 pum)
(Agilent Technologies Inc., Santa Clara, CA, USA) column. The GC-MS methodology for
this experiment was optimized based on the literature of previous research on muscadine
volatile analysis, and it was modified according to the equipment and the needs of the
specific cultivars used in this project. The oven temperature was programmed at an initial
temperature of 35 °C for 7 min. The oven temperature was increased to 120 °C at 8 °C
min !, held for 5 min, ramped to 150 °C at 4 °C min !, and then held for 2 min. The post
run temperature was set at 280 °C for 5 min before returning to 35 °C. The thermal Aux
2 MSD transfer line, ion source, and quadrupole mass detector temperature values were
set to 250 °C, 230 °C, and 150 °C, respectively. The solvent delay time was set to 2 min in
order to avoid detection of the unnecessary carbon dioxide peak in the chromatogram. The
fragmentation data from a mass spectrometer were collected in scan mode from m/z 25 to
300. The mass spectra in the electron impact ionization (ME-EI) mode were recorded at an
ionization energy of 70 eV. MS data were analyzed in Agilent MSD software ChemStation
F.01.03 (Santa Clara, CA, USA), and volatile compounds were identified by comparing
the mass spectral data with the NIST 2.0 reference library (National Institute of Standards
and Technology, Gaithersburg, MA, USA). The peak area of volatiles was normalized
against the peak area of the internal standard. Furthermore, their relative concentration in
a sample (ng/g of fresh fruit) were calculated with respect to the known concentration of
the internal standard.

2.4. Statistical Analysis

Statistical analysis was performed in R statistical software, version 4.2.1 [28]. One-
way ANOVA (analysis of variance) and Tukey’s HSD (honestly significant difference) test
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was performed with four biological replicates for germplasm characterization study and
five biological replicates for the maturity study. Principal component analysis (PCA) was
carried out, and genotype and variable biplots were generated to visualize the difference
between muscadine genotypes, as well as to identify the correlated volatile compounds
or classes for such variation. Heatmaps were generated for both germplasm and ripeness
studies using the ‘pheatmap” package in R [29]. Euclidian distance between samples or
volatile compounds were calculated and a complete method of clustering was applied
to generate heatmaps. Pure V. rotundifolia genotypes were divided into black or bronze
categories, and a two-sample t-test was performed to identify the volatile compounds that
significantly differ between two color classes. To correct the type I error due to multiple
testing, a Bonferroni correction was applied to the p-values obtained.

3. Results and Discussion
3.1. Role of Berry Maturity on Volatile Composition

Ripening ‘Carlos’ berries were density sorted into four grades from the least mature
(stage 1) to most mature (stage 4). Stage 1 berries were very firm, partially green, and
clearly unripe. Stage 4 berries were dark bronze in color, very soft, obviously overripe, and
would likely be rejected for fresh fruit sales. Stages 2 and 3 were more similar to each other,
with stage 3 berries being darker in color (Figure 1, Table S1). Both stages would likely
be considered acceptable for fresh fruit sales, but experienced pickers would recognize
stage 3 by its darker color and increased softness; as such, this stage would be targeted for
harvest. The berry color darkened, the firmness and titratable acidity decreased, and the
sugar content increased with increasing maturity classification (Table S1).

The ‘Carlos’ berries produced 18 different volatile compounds, 15 of which varied
significantly among the four fruit maturity stages (Table S2). A heatmap of the volatile
compounds in ripening fruit indicated two distinct clusters: compounds that increase in
maturing fruit and compounds that decrease with maturity (Figure 2). A cluster of four
volatiles, i.e., Eucalyptol, 2-hexenal, (E)-, Hexanal, and 2,4-hexadienal, (E, E)-, decreased
with maturity, especially from stage two to stage three. These volatiles impart fresh mint-
like, fresh green, freshly cut grass, unripe, and citrus odors (Table S2). These volatiles were
among the most dominant aroma volatiles at ripening stages 1 and 2. Three out of four
of the volatiles were from the aldehyde class, and one (Eucalyptol) was a monoterpene.
The second cluster of volatiles, which increased with berry maturity, primarily belonged
to the ester class. Among the 14 volatile compounds, 10 were from the ester, 1 from the
sesquiterpene, 2 from the alcohol, and 1 from the aldehyde chemical class. These volatiles
produced floral, fruity, warm, peppery, sweet, rose, and mango-like aromas. The increased
abundance of these volatile compounds in ripening stages 3 and 4 marked the onset and
progression, respectively, of the berry maturation in the muscadine.

A previous study conducted on ripe berries from five muscadine cultivars has shown
similar categories of volatile compounds (ethyl hexanoate, ethyl octanoate, benzene ac-
etaldehyde, 1-octanol, and phenylethyl alcohol) being abundant in ‘Carlos’ [16]. Similarly,
among the 21 positively identified volatile compounds in ‘Carlos’ juice samples, ethyl
acetate, butanoic acid, ethyl ester, hexanal, hexanoic acid, ethyl ester, benzeneacetaldehyde
(phenyl acetaldehyde), and 2-phenylethyl alcohol were detected with concentrations rang-
ing from 1.3 to 51 folds higher compared to the detectable aroma threshold (in ppb) [13].
Baek et al. [13] found furaneol to be amongst the most important aromatic compounds
in ripe ‘Carlos’ juice samples by following a liquid-liquid continuous method of extrac-
tion (LLCE). However, it was not detected in our study likely due to the difference in
extraction methods between the two studies. Future studies can implement extraction
methods that allow for the better detection of this unstable and polar aromatic volatile
compound [30,31]. A proteome analysis of ripening ‘Carlos’ berries indicated 55 proteins
with a change of +1.5-fold, and these were recognized to be associated with flavor and
aroma components [32]. The enzymes associated with terpenes, benzenoids, fatty acid
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degradation, and phenylpropanoid pathways were all detected during the ripening of the
‘Carlos’ berries.
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Figure 2. Heatmap showing the cluster of volatile compounds at various ripening stages of the
‘Carlos’ muscadine cultivar. (51-S4: the four different stages of increasing berry ripeness).

The volatile profile we obtained in this study can also be compared with the profile
obtained in bunch grapes (V. vinifera). Gu et al. [17] monitored four red wine grape varieties
(V. vinifera cvs. Cabernet Sauvignon, Cabernet Gernischet, Cabernet Franc, and Merlot)
near harvest time for their aroma volatile composition and found a very similar pattern
of volatile composition during berry ripening. As the ripening progressed, the content of
favorable bound aroma compounds such as free alcohols, esters, and terpenes increased,
and the content of C-6 aldehydes such as 2-hexenal, (E)-, and hexanal decreased in most
cultivars. Similarly, Yang [33] found most esters tended to accumulate during and after
maturation, while C-6 volatiles increased until early maturation and then decreased.

3.2. Diversity of Aroma Volatiles in Muscadine Germplasm

In total, 63 aroma-related volatile compounds were detected in 24 different muscadine
genotypes. These compounds can be compared to the 45 [34], 60 [35], and 94 [36] volatiles
detected in other various groups of the Vitis germplasm. The abundance of the 43 volatile
compounds were significantly different in at least one cultivar (Table S3). Based on the
functional group, these volatile compounds represented seven different chemical classes:
aldehyde, alcohol, ester, furan, monoterpene, aromatic hydrocarbon, and sesquiterpene.
In the principal component (PC) analysis performed, each of the 43 volatile compounds
were considered as a separate variable. Furthermore, the first (PC1) and second (PC2)
components explained 23.9% and 12.4% of total variation in the aroma profile due to the
effect of the genotypes (Figure 3). The cumulative contribution of the first ten principal
components explained 84.4% of the total variation (Figure 4, Table S4), indicating that there
is large variation among the genotypes for their content and composition of aroma volatiles,
thus resulting in the scattered contribution of several PCs. The clustering of genotypes
and volatile compounds clearly shows the variation between genotypes for aroma volatiles
(Figure 5). The PCA loading plot indicated that the separation of genotypes in the first
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principal component was strongly correlated with the volatile compounds that belong to
the aldehyde, furan, ester, and alcohol classes (Figure 6, Table S5). The ester and alcohol
class volatile compounds had a positive correlation, while the aldehyde and furan class
compounds were negatively correlated with the first principal component. The second PC
was positively affected by the monoterpene content of the genotypes. V. popenoei DVIT
2970 had both the lowest PC1 and PC2 score, and it was slightly separated from the other
genotypes. V. popenoei is one of two species of the Muscadinia subgenera. It is a native
of southern Mexico [37] with a very thick skin, and this accession lacks the typical fruity
aroma of V. rotundifolia. V. popenoei, which has not been used in muscadine breeding to
develop new cultivars due to the exception of its appearance in the pedigree of the complex
interspecific hybrid cultivar Southern Home [25]. The volatile composition showed that
DVIT 2970 had relatively large amounts of C-6 aldehydes [hexanal (47.1%); 2,4-hexadienal,
(E, E)- (3.9%); 2-hexenal, (E)- (43.6%)], furan (Furan, 2-pentyl- (0.56%)), as well as low
ester and alcohol class volatiles. Another genotype that has a lower PC1 and PC2 score
is Fennel’s 3-way hybrid, which is the early genotype developed from a complex cross
between V. rotundifolia var. rotundifolia, V. rotundifolia var. munsoniana, and V. popenoei. V.
popenoei is the immediate parent of Fennel’s 3-way hybrid, although DVIT 2970 is not the
accession of V. popenoei that was used as the parent [38]. Like V. popenoei, Fennel’s 3-way
hybrid had a relatively large content of hexanal (19.4%) and 2-hexenal, (E)- (79%) volatiles.
Interestingly, the pure muscadine cultivar Cowart appeared distinct and well separated
from the rest of the genotypes in the first PC. ‘Cowart’ is a fresh market muscadine cultivar
with a strong fruity aroma that was released in 1968. It has a relatively high amount of
ester and alcohol, as well as low aldehydes class volatiles compared to other genotypes
(Figures 3 and 5). ‘Lane’ was separated on the second PC, and this separation was correlated
with its high level of monoterpene-class volatile compounds. The primary monoterpene
compounds with a positive correlation with PC2 were 3-carene, D-limonene, beta-pinene,
Citronellol, Geranic acid, and Citral. Cultivars Lane, Paulk, and Ruby Crisp share the same
pedigree (‘Supreme’ x “Tara’). Additionally, breeding selection Ga. 1-6-14 has one parent
in common (‘Scarlet’ x “Tara’), and breeding selection AM-195 was derived from a cross
between selections AM-19 (Supreme x Tara) and AM-1 (open pollination of Tara). These
genotypes were clustered close to each other in a PCA plot that indicated that their genetic
similarity may also affect their volatile composition. Ga. 18-5 is a complex hybrid that is
43.75% Euvitis (Figure S1), and it has a prominent aroma that differs from most muscadines.
Ga. 18-5 has significantly higher concentrations of esters (Table S3), such as ethyl acetate
(fruity); butanoic acid and ethyl ester (fruity, juicy, and pineapple); 2-butenoic acid, ethyl
ester, and (Z)- (fruity, mango-like); 2-hexenoic acid and ethyl ester (pleasant, rum-like,
fruity, green, and sweet with a juicy undertone); and heptanoic acid and ethyl ester (fruity
and grape-like). The genotypes ‘Oh My!’, “Tarheel’, “‘Golden Isles’, “Noble’, ‘Carlos’, and
‘Magnolia” were concentrated mostly in the third quadrant of the PCA plot along with
Fennel’s 3-way hybrid and DVIT 2970. These genotypes have a proportionately higher
concentration of aldehyde, as well as low alcohol, ester, and terpene-class aroma volatiles.
‘Tarheel” and ‘Noble” are closely related to each other as “Noble’ is a direct descendent of
‘Tarheel’. “Noble’, ‘Carlos’, and ‘Magnolia” muscadines are popular wine cultivars and
comprise a large proportion of the muscadine wine industry; in addition, ‘Golden Isles’
was released as a wine cultivar but was never planted on a wide scale [39]. ‘Oh My!” is a
seedless cultivar developed from a complex hybridization of muscadine with V. vinifera [26].
All these cultivars were high in the aldehyde class and low in the ester- and alcohol-class
volatile compound concentrations (Table S3).
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Figure 3. Principal component analysis (PCA) score plot of the aroma volatiles of the twenty-four
muscadine genotypes.

To further reduce the dimensionality of the volatile composition data and to better
understand how genotypes differ for various chemical classes of aroma volatiles, the
concentration of individual volatiles belonging to the same chemical class were grouped
together and used to perform the ANOVA and principal component analyses. The musca-
dine genotypes were significantly different for each chemical class of volatile compounds
(Table S6). The PCA results showed a similar genotype distribution pattern to that obtained
from the PCA using individual volatile compounds (Figure S2). The first and second PC
explained 34.2% and 17.6% of the total variation, respectively (Figure S3). This result
is very similar to the PCA results reported by Deng et al. [16], with their PC1 and PC2
explaining 36.7% and 18.9% of the total variation (although they had only five commercial
muscadine cultivars included in their analysis). The PCA loading plot showed aldehyde,
furan, ester, alcohol, aromatic hydrocarbon, and sesquiterpene as the important classes
through which to separate the genotypes in PC1 and the monoterpene class for separation
in PC2 (Figure S4).
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Figure 4. Scree plot showing the percentage of variation in the composition of volatile compounds
between genotypes, which was explained by the first ten principal components obtained from PCA.

Aldehydes were the most abundant volatile class in this germplasm, representing
about 45.8% of the total volatile abundance (Table S3). Aldehydes have been found to be
the predominant volatiles produced in ripe grape berries in studies that investigated a
wide variety of grape species [34-36]. Among the aldehydes, the C-6 volatiles hexanal and
2-hexenal, (E)- were the predominant volatiles in this muscadine germplasm, averaging
about 45.2% of the volatiles across the samples (Table S3). These compounds produced
green aromas and were found across all of the muscadine samples. In an evaluation of
berry aroma volatiles in a range of Chinese wild grape species, Rahman et al. [34] identified
45 aroma volatiles, and the C-6 volatiles were the predominant volatiles in most of the
grape species studied. Hexenal and 2-hexenal, (E)- are also abundant in V. vinifera table
grape breeding lines [40].

Esters were the second most abundant volatile class and the most diverse class within
the muscadine germplasm studied here, whereby 31 different esters were identified that
represented, on average, 44.5% of the total volatile abundance (Table S3). Among the
predominant esters, there were the following: ethyl acetate (sweet, grape, and cherry);
2-butenoic acid, ethyl ester, and (Z)- (pungent and sour caramellike); and acetic acid and
butyl ester (apple, banana, and glue). These represented about 30.1% of the total volatiles.
Comparably, Rahman et al. [34] and Liu et al. [36] found esters to be most abundant in V.
labrusca, where they represented 15.8% to 24.3% of all volatiles; meanwhile, in other grape
species, esters were detected in relatively small amounts or not detected at all. The actual
abundance of esters measured in V. labrusca ranged from 121.4 ng/g [36] to 592 ng/g [35].
The abundance of esters in muscadine germplasm measured here ranged from 13.3 ng/g
to 6162.4 ng/g (Table S3). The relatively high abundance and diversity of the esters in

147



Horticulturae 2023, 9, 1054

muscadine germplasm with their characteristic fruity and sweet aromas are likely why
muscadines are well-known for their fruity aroma [13].
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Figure 5. Heatmap generated by the hierarchical clustering of aroma volatile compounds in the
24 muscadine genotypes. Genotypes are presented in columns and aroma volatiles are in rows. The
color in each cell represents the relative concentration of the volatile compounds.

Monoterpenes were produced in relatively low abundance in these muscadine acces-
sions, and the predominant monoterpene was C-carene (nutmeg) (Table S3). Amongst
the other grape species, monoterpenes are predominantly found in V. vinifera accessions.
Monoterpenes in ripe V. vinifera berries represent 17.4% of all volatiles [36] in terms of the
absolute amounts produced. Moreover, 171.5 ng/g is very similar to the average amounts
produced in muscadine germplasm (172.4 ng/g), where monoterpenes are only 3.2% of the
volatiles produced. This difference in relative abundance highlights the large amount of
aldehyde and ester volatiles produced in muscadine in comparison to V. vinifera.
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Figure 6. PCA loading biplot showing the contribution of each volatile compounds to the first (PC1)
and second (PC2) principal components. Length of arrow represents the amount of contribution
made by the volatile compound.

3.3. Differences in the Aroma Volatile Composition between Black and Bronze Muscadines

Berry color in muscadines is genetically controlled with bronze-colored berries result-
ing from a recessive glutathione S-transferase4 (VrGST4) mutation that leads to a lack of
anthocyanin pigmentation in the native selection ‘Scuppernong’ [41,42]. Most muscadine
cultivars can be grouped as black or bronze due to their berry color, though there are
some cultivars that have red or pink berries. Fresh fruit vineyards typically plant both
black and bronze varieties in approximately equal proportions as consumers vary in their
preference for color type. We grouped 17 of the pure V. rotundifolia muscadine cultivars
used in this study into black and bronze categories (Table 1), as well as performed two
sample t-tests for all the volatile compounds detected. As expected, the color measurement
showed that black and bronze muscadines are significantly different in their lightness scale
(L*(C)) (Table S7). We identified six volatile compounds that differed between the black and
bronze cultivars (Bonferroni adjusted p-value < 0.05) (Figure 7). Black muscadine cultivars
had a significantly higher concentration of ethyl acetate (fruity aroma) and estragole (odor
description: sweet, phenolic, anise, harsh, spice, green, herbal, and minty), while two
aldehyde-class (2-hexenal, (E)-; 2,4-hexadienal, (E, E)-), and two ester-class (butanoic acid,
ethyl ester; 2-butenoic acid, butyl ester) volatiles were significantly more abundant in
bronze muscadines. Deng et al. [16] performed a partial least-squares discriminate analysis
(PLS-DA) that considered black and bronze muscadine color classes as categorical response
variables, as well as found a better separation among the five muscadine grape cultivars
for their fruit volatile composition. They identified several volatile compounds as potential
metabolic markers to distinguish between black and bronze muscadine samples. Ethyl
acetate and 2-hexenal, (E)- were identified in both studies, suggesting the existence of in-
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Ethyl acetate (ng/g sample)

2-Butenoic acid, butyl ester (ng/g sample)

*

herent differences between black and bronze muscadines for aromatic volatile composition,
as well as providing a basis for the further exploration of the genetic and biosynthetic
pathways involved in the volatile composition of black and bronze muscadine cultivars.
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Figure 7. The significantly different (adjusted p-value < 0.05) aroma volatiles between the black
(n=9) and bronze (n = 8) muscadines obtained from the two sample t-tests. * p < 0.05, ** p < 0.01,
**% p < 0.0001.

4. Conclusions

Significant variation was detected in the muscadine germplasm for the composition
of aroma-related volatiles. Aldehyde, ester, alcohol, and primary monoterpene aroma
volatiles were crucial in distinguishing the muscadine genotypes. Aldehydes and furan-
class volatiles were more abundant in early muscadine selections, wild genotypes, and juice
cultivars, while fresh-market cultivars were mainly characterized by their relatively large
quantity of esters, alcohols, and primary monoterpenes. A ripening study revealed a distinc-
tive pattern of aroma volatile composition in the muscadine berries of the cultivar Carlos
during fruit ripening. Similar to other studies on fruits and vegetables, we successfully
implemented the SPME method of aroma volatile extraction in this study. However, this
method might not be ideal for capturing important volatiles, like furaneol, in muscadine
grapes. In the future, researchers can explore and incorporate different extraction methods
to ensure the successful extraction and detection of furaneol. The results from this study
provide an important basis for the utilization of muscadine germplasm in muscadine breed-
ing programs for the selection of parents and the development of cultivars with desired
flavor profiles. Similarly, consumer preference studies can be carried out and combined
with GC/MS analysis to identify the specific volatiles that contribute to the desired or
unwanted flavor in muscadines. Additionally, the pattern of aroma-volatile composition in
ripening berries offers valuable information for the development and implementation of
metabolic markers to ensure the ripening quality of muscadines.

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

www.mdpi.com/article/10.3390/horticulturae9091054/s1, Supplementary information are provided
in two separate files: supplementary file.xIsx and supplementary figures.docx. Figure S1: Pedigree of
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the muscadine selection Ga. 18-5 showing its development via complex hybridization steps. Figure
S2: PCA plot of the twenty-four muscadine genotypes obtained using the total amount of volatile
compounds in each chemical class as variables. Figure S3: Scree plot showing percentage of variation
in the composition of volatile compound class between the genotypes explained by the first seven
principal components obtained from PCA. Figure S4: PCA loading biplot showing the contribution
of each volatile compounds class to the first (PC1) and second (PC2) principal components. Length
of arrow represents the amount of contribution made by the volatile compound class. Table S1:
Color, firmness, titratable acidity (TA), and total soluble solid (TSS) contents in the ‘Carlos’ berries at
various stages of maturity. Table 52: Volatile concentration (ng/g of sample) at various stages of berry
ripening in the ‘Carlos” muscadine cultivar. Table S3: Volatile composition (ng/g of sample) of the
muscadine genotypes. Table S4: PC scores of the muscadine genotypes with each volatile compound
as a separate variable. Table S5: PCA loadings showing the contribution of each volatile compound
to the different principal components. Table S6: Abundance of volatile compounds (ng/g of sample)
of the various chemical classes in muscadine genotypes. Table S7: Color, firmness, titratable acidity
(TA), and total soluble solid (TSS) contents of muscadine genotypes.
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Abstract: Crossbreeding programs allow the selection of new genotypes with better agronomic
and oenological properties for the production of quality wine, and allow the development of a
more sustainable form of viticulture. This paper describes the white genotype ‘Calblanque’, and
the red genotypes ‘Calnegre’, ‘Gebas” and ‘Myrtia’, the first wine grape varieties registered by the
Instituto Murciano de Investigacion y Desarollo Agrario y Medioambiental (IMIDA) as commercial
varieties after confirming the winemaking quality of their grapes in a semi-arid climate with high
temperatures. These new varieties have recently been authorized for winemaking in the Region of
Murcia. ‘Calblanque’, ‘Calnegre” and ‘Gebas’ were obtained from crosses between “Monastrell” and
‘Cabernet Sauvignon’, and ‘Myrtia” from crosses between ‘Monastrell” and ‘Syrah’. The red genotypes
were selected for their phenolic quality—which was very superior to that of the parentals—and for
their different harvest dates that allow a staggered harvest and their cultivation in different areas.
‘Calblanque’ was selected for its good balance of acidity and aromatic profile. The attributes of these
new varieties could allow their better adaptation to the effects of climate change on grape and wine
quality in warm areas.

Keywords: breeding; quality; distinctness; uniformity; stability; sustainability; wine grape

1. Introduction

Wine quality is associated with physicochemical parameters of the grape such as the
accumulation of minerals, sugar, amino acids and organic acids, and the synthesis of flavor
and aroma compounds [1,2]. In wine, the acidity is essential for its conservation and good
evolution over time, as well as for its organoleptic properties, so a reduction in total acidity
can lead to unbalanced and flat wines [3-5]. Particularly in red wines, there is a relationship
between wine quality attributes such as aroma, color and body, and the high phenolic
content of the berry [6,7]. Nevertheless, high temperatures have been correlated with a
reduction in acidity, and with a greater and faster synthesis of sugars and anthocyanins,
although at temperatures above 35 °C, anthocyanins stop accumulating and may even be
degraded depending on the variety [8-10].

One of the long-term strategies for adapting wine production to hot climates is the
selection of suitable plant material (variety/clone and rootstock) from the existing vine
biodiversity [11-17]. Another alternative is the selection of crossbreeding better adapted to
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the specific conditions of the viticulture zone [14,18,19] while still showing good agronomic
properties, grape quality and enological characteristics [20,21]. The need to develop a sus-
tainable viticulture model has led to different grapevine improvement programs designed
in order to achieve this goal [14,22].

The Instituto Murciano de Investigacion y Desarollo Agrario y Medioambiental (IM-
IDA) in Murcia (Spain) has been running a program to develop grapevine varieties with bet-
ter phenolic quality for semi-arid wine-producing areas since 1997, which was initiated by
Adridn Martinez-Cutillas who was responsible for the Viticulture and Enology Department
at IMIDA. The program is based on new genotypes obtained from crosses between ‘Monas-
trell” and other varieties such as ‘Cabernet Sauvignon’, ‘Syrah’, “Tempranillo’, “Verdejo’
or ‘Barbera’ [23,24]. ‘Monastrell’ is cultivated in Spain (particularly in the southeast), in
France (where it is known as ‘Mourvedre’), California (where it is known as ‘Matar¢’),
Chile and in Australia (https://www.oiv.int (accessed on 25 April 2022)). In Spain it is
the main variety grown in semi-arid Mediterranean climate zones such as the Jumilla,
Bullas and Yecla Denominations of Origin (occupying 81% of the cultivated area). The first
outcomes of these classical type of crossbreeding were the ‘Calblanque’, ‘Calnegre’, ‘Gebas’
and ‘Myrtia’ varieties. These four varieties were added to the list of commercial varieties,
both at national and community level, on 25 March 2022 (https:/ /www.boe.es (accessed on
25 March 2022)), via the Spanish Plant Variety Office (OEVV), entrusted by the CPVO to
carry out DUS (distinctness, uniformity and stability) tests of vine varieties (Vitis vinifera L.)
and vine rootstocks. The ampelographic characteristics of the new varieties are available on
the website of the Ministry of Agriculture, Fisheries and Food (https://www.mapa.gob.es/
(accessed on 28 March 2022)), in the National and Community Catalogs of the Spanish Of-
fice of Vegetable Varieties. These characteristics were monitored for four years (2018-2021)
using the CPVO technical protocol (CPVO-TP/050/2) based on the UPOV guidelines and
descriptors (TG/50/9) (UPOV 2008; https:/ /www.upov.int/edocs/tgdocs/en/tg050.pdf
(accessed on 1 March 2017)). Recently (on 1 March 2023), these varieties were added to the
list of varieties that could be grown in the wine-growing area of Murcia for winemaking
(https:/ /www.boe.es (accessed on 1 March 2023)). Therefore, the time that has taken
from the starting of the breeding program (1997) to the acceptance of the use of these new
varieties for the production of wine in the Region of Murcia (2022) has been 26 years. In
addition, certified material of these varieties is available for exploitation and multiplica-
tion by nurseries, via the Vine Health Certification service of the IMIDA entrusted by the
Spanish Ministry of Agriculture, Fisheries and Food to carry out the corresponding tests to
evaluate the health status of the vine.

For all of the above, the main objective of this breeding program was to develop
varieties with better winemaking quality of their grapes that may be suitable for cultivation
in warm Mediterranean climate conditions. We hypothesized that some offspring from the
crossings of these parental lines could inherit better agronomic and oenological properties
for the production of quality wine in our climate conditions. The attributes of these new
varieties could allow their better adaptation to the effects of climate change in semi-arid
areas and the development of sustainable viticulture.

2. Materials and Methods
2.1. Study Site and Origin of the Genotypes

Supplementary Tables S1 and S2 show the average distribution of some meteoro-
logical parameters recorded in the experimental farm ‘Hacienda Nueva’ (38°06'40.7” N;
1°40'50.3"” W; altitude 433 m) where the crossbreeding was carried out.

The plant material include four new genotypes: three selected from crosses between
‘Monastrell” (M) and ‘Cabernet Sauvignon” (C)—’'Calblanque” (MC180), ‘Calnegre” (MC80)
and ‘Gebas’ (MC98)—and one between ‘Monastrell’ (M) and ‘Syrah” (S)}—'Myrtia” (MS10).
All genotypes were unequivocally identified by the analysis of eight simple sequence repeat
(SSR) markers via PCR [25] as shown in Table 1, confirming the parental varieties: ‘Monas-
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trell” and ‘Cabernet Sauvignon’ for ‘Calblanque’, ‘Calnegre” and ‘Gebas’, and ‘Monastrell’
and ‘Syrah’ for ‘Myrtia’.

Table 1. Genetic profile of the parental varieties and the four new varieties analysed with eight
microsatellite loci.

Variety VMC1A12 VMC8G6 VVMD27 VVMD5 VMC1E11l VMC5E9 VVMD28 VVIVe67
Monastrell 119 137 139 173 177 187 223 238 188 194 214 228 243 256 357 364
CabernetS. 121 150 161 165 173 187 229 238 192 196 195 218 233 235 364 372
Syrah 137 150 169 173 187 189 223 229 196 206 218 222 217 227 361 381
Calblanque 121 137 165 173 187 187 223 229 188 192 195 228 233 243 357 372
Calnegre 121 137 165 173 187 187 223 238 194 196 195 214 233 256 357 364
Gebas 119 121 139 165 173 177 223 238 188 196 214 218 235 243 357 372
Myrtia 137 150 139 169 187 189 223 229 188 206 214 218 217 256 357 381

Alleles expressed in base pairs (bp).

2.2. Experiment Set Up

In a first phase, evaluation of a total of 1591 offspring from the crossings began when
the vines were three years old (one plant per genotype from the germination of a seed),
at the same locations as the crossing. This phase of selection was based on the quality
of the grape and on the adequate agronomic behavior of the plant. In a second phase,
twenty-five plants per genotype preselected in the first phase were grafted onto 110-Ritcher
rootstocks for a more comprehensive study in which the quality of the wine was also
included. ‘Calnegre” was grafted in 2003, before Calblanque” (2007), ‘Gebas’ (2012) and
‘Myrtia’ (2012). The cultivation techniques—training system, fertilizer use, phytosanitary
treatments and soil maintenance—were the same throughout the experimental plot.

The selection criteria of the genotypes for their registration as commercial varieties
were based on different dates of ripening, in order to allow a staggered harvest, and
in the quality of the grape and wine, using ‘Monastrell” as the reference cultivar in the
area. Concerning the grape quality, in the case of red grapes were selected genotypes
with pH values < 3.8, content in anthocyanins > 2000 mg kg~! berry and total phenols
> 2700 mg kg~ ! berry. In the case of white grapes genotypes were selected with pH values
< 3.5 and content of malic acid > 2.0 g/L. About the wine quality, the parameters used
were the total polyphenol index (TPI) and color intensity (CI), looking for crosses with
more than 80 TPI and more than 40 CI.

In 2017, ten scions per selected genotype were grafted onto 110-Ritcher rootstocks. In
2018, the grafted genotypes were sent to the OEVV qualified technical testing center for
conducting DUS examinations for four years (2018-2021). Previously, it was verified by
serological methods (DAS-ELISA test) that these plants were free of viruses [26], such as
three grapevine leafroll-associated viruses (GLRaV-1, 2, 3), grapevine fleck virus (GFkV),
grapevine fanleaf virus (GFLV) and arabis mosaic virus (ArMV). The serological test was
carried out by the Vine Health Certification service of the IMIDA. In March 2022 the
varieties were added to the list of commercial varieties, and certified as virus-free material
thanks to the collaboration of the Spanish Ministry of Agriculture, Fisheries and Food with
the IMIDA Vine Health Certification service. Finally, in March 2023 they were added to
the list of varieties that could be grown in the wine-growing area Murcia for winemaking
(BOE of 1 March 2023).

2.3. Sampling and Measurements in Grapes

The plant material was characterized in triplicate (four plants per replica) over 5 years
(2017-2021) by the phenological, agronomic and quality level of grapes and wines. The
dates for the different phenological stages—budbreak, flowering, veraison and harvest—
for each genotype were recorded [27]. The date of budbreak was considered when vines
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reached BBCH stage 09 (green shoot tips clearly visible); the date of flowering when vines
reached BBCH stage 65 (50% of flowerhoods fallen); the veraison date when vines reached
BBCH stage 85 (softening of berries); and the date of harvest when vines reached BBCH
stage 89 (physiological maturity). Physiological maturity was deemed to begin when the
grape reached its maximum size and its highest concentration of sugars. At this point, the
berry begins to decrease in size due to water loss and some dehydrated berries appear
in the cluster, the organoleptic maturity of the skin is good, and the seeds are mature
(brown color).

For each genotype, total yield (kg/vine) and the weight of 100 randomly selected
berries were assessed at harvest time.

The grape quality was assessed at the IMIDA experimental winery. For each replicate,
350 berries were randomly selected from the different areas of the bunches. From this
representative sample, 30 berries were taken for the extraction and analysis in triplicate of
the total phenolic content (TPC) (mg/kg berry), and of the total anthocyanins (TA) (mg/kg
berry) [28]. The rest of the berry sample (320 berries) was crushed, without breaking the
seed, and centrifuged. The °Brix value (OIV-MA-AS2-02), total acidity (OIV-MA-AS313-01),
must pH (OIV-MA-AS313-15), tartaric acid content [29] and malic acid content (OIV-MA-
AS313-11) were analyzed in the must obtained by centrifugation [24].

2.4. Winemaking

Grapes were transported to the winery located in Jumilla (Murcia, Spain), where
wines were elaborated in accordance with a traditional vinification protocol in 100 L steel
tanks. For red wines, grapes were destemmed, crushed and sulphited (50 mg SO, /kg).
Commercial yeast (Zymaflore FX10 Saccharomyces cerevisiae) (Laffort, Bordeaux, France)
was used in a dosage of 20 g/100 kg. During alcoholic fermentation (conducted with a
temperature adjustment of 25 °C) a daily punching of the tank was made. At the end
of alcoholic fermentation, two rackings were carried out, and then pomace was pressed
at 1.5 bars in a 75 L tank membrane press. For white wines, the sulphite was added in
destemming, crushing, pressing and settling tank. Defanging was static using cold and
pectolytic enzymes and then acidity correction was made. There was no strict control of the
fermentation temperature, as varietal aromas were sought. Once the alcoholic fermentation
was finished, it was racked, sulphited and kept cold. Samples were analyzed in triplicate at
the end of alcoholic fermentation.

2.5. Measurements in Wines

The wine characteristics were assessed using different physicochemical parameters
following the methodology described by the OIV: alcohol content (OIV-MA-AS312-01),
total acidity (OIV-MA-AS313-01), pH (OIV-MA-AS313-15), relative density 20/20 (OIV-MA-
AS2-01), total dry extract (OIV-MA-AS2-03B), color intensity and taint (OIV-MA-AS2-07B).

Regarding spectrophotometric parameters, color was measured using the CIELab
space, using illuminant D65 and 10° standard observer conditions. The parameters mea-
sured were: L* (lightness), a* (from green to red), b* (from blue to yellow) and C* (chroma
or saturation) (OIV-MA-AS2-11). These parameters were measured with the spectropho-
tometer Shimadzu UV-180 (Shimadzu Corporation, Kyoto, Japan). Total polyphenol index
(TPI) was analyzed measuring the absorbance at 280 nm [30]. Total anthocyanins (TA) by
the method proposed by Ho et al. (2001) [31]. All these parameters were analyzed using
the autoanalyzer Miura One (TDI, Barcelona, Spain).

Organoleptic evaluation was carried out using the OIV score sheet for still wines
defined in annex 3.1 of Resolution OIV /Concours 332A /2009 (https:/ /www.oiv.int/public/
medias/ 1852/ oiv-concours-332a-2009-es-signe.pdf (accessed on 1 March 2017)), and the
tasting panel was formed by staff of the Oenological Station previously trained.
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2.6. Statistical Analysis

The collected data were subjected to analysis of variance (ANOVA), using StatGraphics
Centurion XVI v.16.1.18 software (StatGraphics Technologies, Inc., The Plains, VA, USA).
Means were compared according to the LSD test (p < 0.05).

3. Results and Discussion
3.1. Ampelographic Characteristics

Some of the ampelographic characteristic are presented in Figure 1 and Supplementary
Table S3, which indicates its UPOV descriptors and the note assigned in parentheses.

Monastrell

Cabernet
Sauvignon

Syrah

Calblanque

Calnegre

Gebas

Myrtia

Figure 1. The young shoot, upper and lower side of the mature leaf, and bunch of ‘Monastrell’,
‘Cabernet Sauvignon’, ‘Syrah’, ‘Calblanque’, ‘Calnegre’, ‘Gebas” and “‘Myrtia’. Images obtained from
the website of the Spanish Ministry of Agriculture, Fisheries and Food (https:/ /www.mapa.gob.es/
(accessed on 28 March 2022)).
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The tip of the young shoot is fully open in all new varieties, and the flowers have fully
developed stamens and fully developed gynoecium, except ‘Myrtia’, which has reflexed
stamens and fully developed gynoecium. The mature leaf is circular with seven lobes in
‘Calnegre’, pentagonal with five lobes in ‘Calblanque’ and ‘Myrtia,” and pentagonal with
three lobes in ‘Gebas’. The proportion of the main veins on the upper side of the blade with
anthocyanin coloration is absent or very low in ‘Calblanque’, ‘Gebas” and ‘Myrtia’, and medium
in ‘Calnegre’. The postrate hairs between the main veins on the lower side of the blade have a
medium density in ‘Calblanque’ and ‘Myrtia’, and a sparse density in ‘Calnegre” and ‘Gebas’.
The bunch is a medium size and has lax to medium density in ‘Calblanque’ and ‘Gebas’, a
medium size and lax density in ‘Myrtia’, and a small size and medium density in ‘Calnegre’.
The berries have a small size, globose shape, blue black color of skin and a particular, different
flavor of muscat, foxy or herbaceous in ‘Calnegre’, ‘Gebas” and ‘Myrtia’, and a small to medium
size, globose shape, yellow green color of skin and no particular flavor in ‘Calblanque’. The
main color of the woody shoot is yellowy brown in ‘Calblanque” and ‘Calnegre’, orange and
brown in ‘Gebas’, and dark brown in ‘Myrtia’ (Supplementary Table S3).

The main differences according to the UPOV descriptors between the parentals ‘Monas-
trell” and ‘Cabernet Sauvignon” and the new variety ‘Calblanque” are in the number of
lobes and teeth shape of the mature leaf, bunch size and density, and the color of the skin.
In the case of the new varieties ‘Calnegre’ and ‘Gebas’, the main differences are in the
postrate hairs between the main veins on the lower side of the blade, bunch density and
the particular flavor of the berries. Finally, the main differences between the parentals
‘Monastrell’ and ‘Syrah’ and the new variety ‘Myrtia’ are in the sexual organs of the flower,
the length and teeth shape of the mature leaf, bunch density, and the particular flavor of
the berries (Supplementary Table S3).

The complete ampelographic information is available on the website of the Spanish Min-
istry of Agriculture, Fisheries and Food (https:/ /www.mapa.gob.es/ (accessed on 28 March
2022)), in the National and Community Catalogs of the Spanish Office of Vegetable Varieties
(https:/ /www.mapa.gob.es/app/regVar/BusRegVar.aspx?id=es (accessed on 28 March 2022)).

3.2. Phenological, Agronomic and Qualitative Characteristics

In our experimental conditions, ‘Syrah” was the earlier parent for all the phenology-
related traits, while ‘Monastrell’ was the latest parent (Table 2), harvesting ‘Syrah’ 35 days
before ‘Monastrell’.

Table 2. Mean data (2017-2021) for the phenological stage dates of parental varieties and the
new varieties.

Harvest

Variety Budbreak Flowering Veraison Harvest Days before

Monastrell
Monastrell 22 April cd 02 June 10 August c 27 September ¢ Oa
Cabernet S. 16 April bc 27May 05 Augustbc 09 September b 18 ¢
Syrah 08 April a 23 May 22 July a 23 August a 35e
Calblanque 13 April ab 24 May 08 August c 25 August a 33d
Calnegre 21 April cd 30 May 12 August c 11 September b 16 Db
Gebas 24 April d 31 May 09 August c 09 September b 18 ¢
Myrtia 10 April ab 24 May 29 July ab 23 August a 35e

Different letters in the same column indicate significant differences among genotypes at the 5% level, according to
the LSD’s multiple range test.

The length of the growing season (from budbreak to harvest) ranged from the 137 days
of ‘Syrah’ to the 158 days of ‘Monastrell’. Taking into account the mean harvest date, none of
the new varieties were harvested later than ‘Monastrell’. ‘Calblanque” (white new variety)
was harvested 33 days before ‘Monastrell” and had a length of growing season of 134 days.
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With respect to the new red varieties, ‘Myrtia” was the earliest for all the phenology-related
traits, harvesting 35 days before ‘Monastrell’ (similar to ‘Syrah’), and presenting the shortest
length of the growing season (135 days). ‘Calnegre” and ‘Gebas” were harvested 16 and
18 days before Monastrell, respectively, and had a length of growing season of 143 and
138 days, respectively.

The new varieties obtained have different optimal maturation dates, which will allow
a staggered harvest in the winery. On the other hand, the variability found in the phenology
of these new varieties will allow their adaptation to different growing areas, depending on
climatic conditions.

Regarding productivity parameters of the new varieties (Table 3), the white variety
‘Calblanque” was the most productive with values of yield similar to ‘Monastrell” and
‘Cabernet Sauvignon’ (its parentals). ‘Calnegre’ (red variety) was the least productive with
values lower than its parentals. The higher productivity of ‘Calblanque’ and the lower
productivity of ‘Calnegre’ coincided with a higher and lower weight of its berries, respec-
tively. Nevertheless, previous studies of the ‘Calnegre’ variety, comparing its behavior
under controlled deficit irrigation and under rainfed conditions, showed that ‘Calnegre’
(MC80) is one of the varieties, among those studied, whose production is least reduced
under rainfed conditions [21].

Since the climatic and growing conditions are the same for all varieties, the variation
in berry weight could be due to differences in cell number and/or cell volume, which are
determined by cell division and cell expansion, respectively [32]. This hypothesis could be
verified with new experiments.

Quality must parameters were also analyzed during the five years of characterization
of these new varieties (Table 3). Anthocyanins are a type of polyphenol from the flavonoid
group that is the red pigment found in grape skins and sometimes in the flesh. Nevertheless,
the amount and composition of anthocyanins present in them varies greatly depending
on the species, variety, maturity, vintage, region of cultivation and many other factors [33].
Our parentals obtained anthocyanin values ranging between 1000 and 1800 mg/kg berries;
however, in our new red varieties, we obtained anthocyanin values ranging between
almost 3000 and a little more than 3500 mg/kg berries, thus tripling the value obtained in
the ‘Monastrell” variety or doubling the values of ‘Cabernet Sauvignon’ or ‘Syrah’. The
highest anthocyanin content was obtained by ‘Myrtia” with an average value of 3533 mg/kg
berries, the other two varieties ‘Gebas” and ‘Calnegre’ showed very similar average values
of around 3000 mg/kg berries. As can be observed, our new varieties greatly exceeded
the values obtained by their parentals and this fact is called transgressive segregation; it
means that we are going to find a large number of crossbreeds in which the anthocyanin
concentration is not within the range of concentration of their parental phenotypes, which
is frequent in intraspecific crosses and in domesticated populations [34].

The same situation could be observed when the TPC (total phenolic compounds) were
analyzed. Among parentals, the highest concentrations were observed in ‘Syrah’ grapes
(2114 mg/kg berries) and the lower quantities in ‘Monastrell” grapes (1554 mg/kg berries).
‘Cabernet Sauvignon’ showed intermediate values between both varieties (1905 mg/kg
berries). However, the new red varieties again showed values much higher than those obtained
by their parents, highlighting among them the ‘Calnegre’ variety, which was the one that
obtained the highest amount of total polyphenols, followed by ‘Myrtia’ and finally ‘Gebas’.

As can be observed, no large statistical differences were found between parentals and
new red varieties with respect to °Brix (Table 3). ‘Calblanque’ showed the lowest °Brix
value probably because it is a white variety and this type of variety is usually harvested
with less sugar quantity. One of the strategies to alleviate the effect of high temperatures on
the increase in sugar content and, therefore, on the increase in alcoholic strength, is the use
of late-ripening varieties that avoid plants suffering high temperatures during the ripening
period. Nevertheless, our results show that in our climatic conditions, varieties that are
harvested even 35 days before ‘Monastrell’, such as ‘Myrtia’, reach their optimum maturity
with the same sugar content as ‘Monastrell” (Table 3).
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With respect to other parameters, pH, total acidity and organic acid were also measured
at harvest. In recent years, in warm areas such as ours, a pH increase has been observed
with respect to the values normally detected some decades ago. With respect to the
results found in our parentals and new varieties, we observed that ‘Monastrell’, ‘Cabernet
Sauvignon’, ‘Syrah” and ‘Gebas’ showed the highest pH values close to 4, in contrast to
‘Calblanque’, ‘Calnegre” and ‘Myrtia’ that showed the lowest pH values close to 3.6 (Table 3).
Regarding total acidity, the highest mean value was found in ‘Calblanque’, the new white
variety, with a much higher value than the parent varieties. The red varieties also showed
acidity total values higher than ‘Monastrell’, the reference variety of the area, standing out
among them ‘Myrtia’ with a value of 4.32 despite being harvested in August when in our
area we reached temperatures close to 40 °C. These results are in agreement with those
obtained by other authors who previously reported that organic acid concentration and
the relative proportions of malate and tartrate varied according to the genotype at the ripe
stage [21,35-37].

During ripening, tartaric acid concentration decreases by dilution due to fruit enlargement,
while malic acid concentration decreases through both dilution and respiration [38—40]. Our
results showed how ‘Monastrell” together with ‘Gebas’ obtained the lowest values of
tartaric acid, followed by ‘Syrah’. The rest of the studied varieties showed similar content
for this organic acid. Finally, the highest values of malic acid were obtained in the new
white variety (2.91) followed by ‘Syrah” and ‘Myrtia’, then ‘Gebas’, ‘Cabernet Sauvignon’,
‘Monastrell” and finally by ‘Calnegre’. It is remarkable that the malic acid content was one
of the criteria used for the selection of white varieties in our genetic breeding program,
searching genotypes with values greater than 2.0 g/L.

3.3. Wine Characteristics

Wine quality is determined by several factors such as the type (or blend) of grape
varieties, the terroir, the viticultural practices, the winemaking techniques, and the aging
conditions [41-43]. The variety of grapes is a key factor in determining the wine flavor,
especially during the production of premium wines. Different physicochemical parameters
were analyzed at the end of alcoholic fermentation (Table 4): alcohol content, total acidity,
pH, density and total dry extract.

Table 4. Mean physical-chemical data (2017-2021) of the wines at the end of alcoholic fermentation.

Variety Alcohol (V/V) TT[:lr(tgl'];;)l pH Relati;zg /;?]ensity T(];ftlr:?;:y

Monastrell 13.89 £ 0.41 be 7.37 £ 0.22 bc 341 +£0.03a 0.9922 £+ 0.0004 a 2730 +0.13b
Cabernet S. 13.79 £046bc 712+ 053 abc 347 £0.03ab  0.9928 + 0.0006 a 2752 +217b
Syrah 1435 £ 046 ¢ 6.06 £0.46 a 3.59 £ 0.06 bc  0.9923 + 0.0003 a 28.13+0.71b
Calblanque 12.09 £041a 6.40 + 0.40 ab 3.37£0.04a 0.9919 £ 0.0006 a 20.37 £0.86 a
Calnegre 12.94 £ 041 ab 7.39 £ 0.31 bc 342+ 0.03a 0.9957 + 0.0002 b 32.61 £0.90c
Gebas 13.56 £ 0.41 bc 7.25 + 0.48 bc 3.64 £0.04 ¢ 0.9951 + 0.0004 b 3221 +£1.05¢

Myrtia 13.40 £ 0.41 bc 7.89 £0.32¢ 341+£0.04a 0.9948 + 0.0004 b 31.80 £ 0.88 ¢

Data expressed as mean value =+ standard deviation. TA, total acidity. Different letters in the same column indicate
significant differences among genotypes at the 5% level, according to the LSD’s multiple range test.

The alcohol content of wine is a consequence of the relative sugar content in grapes
and varies depending on the variety of wine, as well as the winemaker [1,2]. As can be
observed in Table 4, ‘Calblanque” wine showed the lowest alcohol percentage as expected
since it comes from a white variety whose wines usually have a lower alcohol content
than those from red varieties. With respect to the rest of the wines, it can be observed how
‘Calnegre’ wine obtained the lowest alcohol percentage and ‘Syrah” wine the highest. The
rest of the wine varieties obtained intermediate values of alcohol content. It is remarkable
that the wines of the new varieties obtained values of alcohol content lower than their
parental wines. This could mean that our varieties could be an opportunity to obtain wines
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with a lower alcohol content in areas as warm as ours by allowing a coupling of phenolic
and technological maturity and, at the same time, we could offer to the consumers, wines
that are more adapted to their actual tastes.

All the wines studied showed values of total acidity ranging between 6 and 8 g/L of
tartaric acid at the end of alcoholic fermentation (Table 4). The lowest value was found in
‘Syrah” wines followed by ‘Calblanque’ wines and the highest value was found in ‘Myrtia’
wines, despite the fact that at the beginning of the winemaking process, all wines are
adjusted to an acidity of 5.5 g/L with tartaric acid.

The pH of the wine is strictly connected with its microbiological and physicochemical
stability [44] and it may contribute to the natural selection of microorganisms during wine-
making [45,46]. Even the color of red wines may be strongly conditioned by the pH because
this variable affects the equilibrium between the different forms of anthocyanins [47,48].
The pH level of a wine ranges from 3 to 4 [49]. The analyzed wines showed values ranging
from 3.41 to 3.64, with ‘Calblanque’, ‘Calnegre’, ‘Myrtia’ and ‘Monastrell” wines being those
that reached the lowest values of pH; however, the highest value was found in ‘Gebas’
wine with a value of 3.64. In spite of the differences obtained in the different wines, values
of pH around 3.6 are very adequate in warm areas such as ours.

Another parameter to take into account when we analyze the quality parameters of
wines is relative density. The results showed how wines from parentals and the ‘Calblanque’
variety obtained the lowest relative density values; however, the rest of the wines from the
new red varieties obtained the highest values, being statistically different with respect to
the first.

Finally, the dry extract values correspond to all the non-volatile substances contained
in it. The results in Table 4 showed data between 20.37 for ‘Calblanque’ wines and 32.61
for ‘Calnegre’ wines. As can be observed, the wines of the new red varieties obtained the
highest values similar to relative density results.

3.4. Wine Spectrophotometric Characteristics

Spectrophotometric characteristics were evaluated in wines from the new varieties
and their parentals at the end of alcoholic and malolactic fermentation. The results corre-
sponding to color intensity, taint, anthocyanins, IPTs and different CIELab parameters are
shown in Table 5.

Regarding color intensity (CI), differences among wines were very large. The CI
values were higher at the end of alcoholic fermentation compared to those obtained at
the end of malolactic fermentation. Due to the considerable chemical changes in the
malolactic fermentation mainly driven by the increase in pH and the SO, addition, the
color parameters were affected in the red wine. CI ranged between 60.28 (‘Myrtia”) and
14.68 ("‘Monastrell’) at the end of alcoholic fermentation and between 40.02 (‘Myrtia’) and
11.69 (‘Monastrell’) at the end of malolactic fermentation. Wines from the parentals showed
great differences with respect to the wines of the new varieties. With regards parental wines,
‘Syrah’ obtained the highest values followed by ‘Cabernet Sauvignon’ and ‘Monastrell’.
Regarding new varieties of wines, the wines with the highest CI were those from the
‘Myrtia’ variety, followed by ‘Calnegre’ and ‘Gebas’. Different authors showed values of CI
ranging between 3.65 and 25.7 at the end of malolactic fermentation in a study carried out
in ‘Monastrell’ wines from different wineries from the same geographic area and, within
each winery, from wines elaborated based on different market prices [50]. Values ranged
from 13.1 to 21.3 in “‘Monastrell” wines and 12.2-38.2 in ‘Cabernet Sauvignon” wines at
the end of alcoholic fermentation in a study carried out over two seasons [51]. As can be
noticed with the results shown in Table 5, our new varieties are capable of producing wines
with an extraordinarily high color despite being grown in areas with high temperatures
and semi-arid conditions.
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With respect to taint values at the end of alcoholic fermentation, they were similar for
all wines, including those from parentals and new varieties, and indicated no oxidations in
any of them. Nevertheless, at the end of malolactic fermentation, ‘Calnegre” and ‘Myrtia’
showed the lowest values in comparison with the rest of wines, which showed upper
values but were similar among them (Table 5).

Other phenolic parameters measured in wines were total anthocyanin and total phe-
nolic compounds also measured previously in grapes at harvest. As can be observed
in Table 5, the concentrations of anthocyanins shown in the wines of the new varieties
were much higher than those shown by their parentals. Specifically, the ‘Myrtia” wines,
which were those with the highest anthocyanin content, doubled the content obtained
by ‘Syrah” wines and quadrupled that obtained by ‘Monastrell” wines, both at the end of
alcoholic and malolactic fermentation. The ‘Calnegre” and ‘Gebas” wines showed values of
around 1500 mg/L of total anthocyanins, which were also higher than those obtained by
the wines of their parentals (‘Monastrell” and ‘Cabernet Sauvignon’), although slightly less
than in ‘Myrtia’” wines. It is known that the typical concentrations of free anthocyanins in
full-bodied young red wines are around 500 mg/L, but can in some cases be higher than
2000 mg/L [52-54] as shown in the wines of the new varieties. Similar results were found
in other works by different authors; Gil-Mufioz et al. (2018) [55], in a study carried out
during two consecutive seasons, showed values of total anthocyanin in wines elaborated
with varieties cross-bred from ‘Monastrell” that ranged from 799.5 to 2206.4 mg/L during
2015 and from 1636.3 to 2210.2 mg/L in 2016; with the values reached being very different
in function according to the analyzed season. In addition, Gil-Mufoz et al. (2021) [56], in an
experiment carried out during three consecutive seasons in ‘Monastrell” and 10 crossbreeds,
showed how most of them had a higher anthocyanin concentration in wines with respect
to ‘Monastrell” wines, although differences were found between years.

Regarding IPTs, as was the case with anthocyanins, the final values were higher for
the alcoholic fermentation than for malolactic fermentation, and they were also higher
in wines from the new varieties compared to those from the parents. ‘Syrah’, ‘Cabernet
Sauvignon’ and ‘Monastrell” wines showed values of 60.73, 45.10 and 43.35 at the end of
alcoholic fermentation, and 53.83, 41.84 and 36.70 at the end of malolactic fermentation,
respectively. As can be observed, ‘Monastrell” wines always obtained the lowest content
of IPTs. With respect to the new varieties of wines, IPTs values ranged between 91.84
and 100.78 at the end of alcoholic fermentation and between 82.73 and 86.05 at the end of
malolactic fermentation, with ‘Myrtia” wines being those that obtained the highest values
and ‘Gebas’ the lowest. ‘Calnegre” showed intermediate values. Again, the results found in
the wines of the new red varieties were quite a bit higher than those found in the wines of
the parentals.

Finally, concerning the color measured at the end of alcoholic fermentation using
the CIELab space (Table 5), the highest value of L* was reached by ‘Monastrell” wines
indicating they were the clearest wines, followed by ‘Cabernet Sauvignon” wines and
finally by ‘Syrah” wines. New variety wines obtained lower L* values than parental wines,
indicating that these wines were darker than parental wines; nevertheless, the lowest L*
value was shown in ‘Myrtia” wines, followed by ‘Gebas” wines and finally by ‘Calnegre’
wines. With respect to final malolactic fermentation, the L* values increased slightly
except in the case of ‘Cabernet Sauvignon” wines, but the trend was similar to that found
at the end of alcoholic fermentation. Regarding a* and b* parameters, which indicate
red and yellow colors, respectively, different results were shown in the different wines
analyzed. In general, values were lower at the end of alcoholic fermentation than malolactic
fermentation, with the exception of ‘Monastrell” and ‘Cabernet Sauvignon’ wines where the
opposite happened. Paladines-Quezada et al. (2019) [51] showed L* values around 12 in
‘Monastrell’ wines and ranging between 4 and 11 in ‘Cabernet Sauvignon’ wines at the end
of alcoholic fermentation. With respect to a*, the highest value was found in “Monastrell’
wines and the lowest in ‘Myrtia’” wines in the two moments analyzed at the end of the
alcoholic and malolactic fermentation. With respect to b*, the highest value was found in
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‘Monastrell” wines, but the lowest results were found in the three new varieties of wines
due to no statistical differences being found among them. The last parameter analyzed
was C* (chroma), which is a parameter that indicates the contribution of a* (redness) and
b* (yellowness), so values of C* close to or higher than 50 correspond to vivid colors.
As expected, the results were similar to those obtained for parameters a* and b*, with
higher values at the end of malolactic fermentation except for ‘Monastrell” and ‘Cabernet
Sauvignon” wines. We were also able to observe the highest values in ‘Monastrell” wines,
and the lowest values for ‘Myrtia” wines, although similar values were obtained at the end
of alcoholic fermentation in the new varieties since no statistically significant differences
were shown.

3.5. Wine Sensorial Analysis

The quality and phenolic characteristics of our wines from the new varieties were
promising, but we wanted to check if they also had that quality sensorial characteristic,
so we carried out a descriptive sensory analysis. The technique of descriptive analysis
(DA) provides a quantitative analytical characterization of appearance, aroma, taste and
mouthfeel as described in detail elsewhere [57,58].

As can be observed in Figure 2, ‘Calblanque” wine was compared to ‘Verdejo’ wine
due to both being white varieties, and in addition, ‘Verdejo’ is considered a high quality
wine among white wines in Spain. Among the descriptive attributes taken into account,
color, mouth and aroma characteristics were evaluated. Although the difference was small
between both wines, the tasters were able to distinguish them sensorially, giving them
different scores. With regard color, ‘Calblanque’ wines showed a higher value in comparison
to “Verdejo” wines. Regarding nose attributes, intensity was higher in ‘Calblanque” wines
than in “Verdejo’ wines; however, the quality was superior in the latter in comparison with
‘Calblanque’. Intensity, quality and persistence in mouth were higher in ‘Calblanque’ than
“Verdejo” wines. Finally, harmony, a parameter that alludes to the global perception of the
wine, also scored higher in ‘Calblanque’ wines. Moreno-Olivares et al. (2020) [59], in a
study carried out with different white crossbreeds from ‘Monastrell’, showed results that
highlighted how the crosses MT103, MC69 and MC180 (‘Calblanque’) showed significant
differences from and better quality than the “Verdejo’ wine.

Intensity nose

Quality nose

Intensity mouth Limpidity

Quality mouth

Persistence

—®— Verdejo —®— Calblanque

Figure 2. Sensorial analysis of “Verdejo” and ‘Calblanque’ wines at the end of malolactic fermentation.

Figure 3 shows the sensorial analysis of the parentals and the new red varieties wines.
As can be observed, more differences were found between the new varieties and parental
wines. Regarding color, the highest scores were shown in ‘Myrtia’, ‘Calnegre” and ‘Gebas’
wines. Limpidity was also highest in ‘Myrtia” wines, although similar scores were shown
in ‘Monastrell’, ‘Syrah’, ‘Calnegre” and ‘Gebas” wines, with ‘Cabernet Sauvignon’ being
the variety with the lower score. With respect to the nose attributes, similar and the
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highest intensities were found in ‘Syrah’, ‘Myrtia” and ‘Calnegre” wines, intermediate
values were shown in the ‘Monastrell” and ‘Gebas’ wines, and finally, again, ‘Cabernet
Sauvignon’ wines showed the lowest score. The highest quality nose was found in ‘Syrah’
and ‘Calnegre” wines followed by ‘Myrtia” and ‘Gebas’ and finally by ‘Monastrell” and
‘Cabernet Sauvignon’ wines. It is known that the aromatic profile of many wines depends on
the varietal compounds of the grapes that have been employed in their production. As well
as lactic acid, the main substrate of malolactic fermentation, during this fermentation, there
are a large number of metabolic end products, produced by specific bacterial species/strains
that are responsible for modifying the aroma and flavor perception of wine [60]. With
respect to mouth characteristics, the highest intensity, quality and persistence was shown
by the new varieties and ‘Syrah” wines, with the lowest score shown by ‘Monastrell” and
‘Cabernet Sauvignon’ wines. Finally, harmony was superior in ‘Syrah” wines, followed by
the rest of the new varieties, and then by ‘Monastrell” and ‘Cabernet Sauvignon” wines.

Intensity nose

Intensity mouth

Persistence

—e— C.Sawignon —v— Myrtia Monastrell
—e— Gebas —4— Calnegre —8— Syrah

Figure 3. Sensorial analysis of ‘Myrtia’, ‘Gebas’, ‘Calnegre’, ‘Syrah’, ‘Cabernet Sauvignon’ and
‘Monastrell” wines at the end of malolactic fermentation.

4. Conclusions

Crossbreeding programs generate great genetic variation and allow the selection of
new genotypes, as described in this work, that are better adapted to the specific conditions
of the viticulture zone. The attributes of the white variety ‘Calblanque’, and the red
varieties ‘Calnegre’, ‘Gebas’ and "Myrtia’, registered by the IMIDA as commercial varieties
and authorized for winemaking in the Region of Murcia, could allow their better adaptation
to the effects of high temperatures on grape and wine quality in semi-arid areas. The red
genotypes were selected for their phenolic quality—which was very superior to that of
the parentals—and the white variety ‘Calblanque” was selected for its good balance of
acidity and aromatic profile. From a sensorial point of view, the new varieties of wines also
showed high scores in comparison with their parentals.

Therefore, the new varieties described in this work represent a support to the wine
sector of the area, which will have an innovative and competitive material of high quality,
while maintaining the Mediterranean profile of the wines made with these varieties.

5. Patents

The new varieties are protected at the European level. The ownership and all rights
over them belong to IMIDA. The breeders are: Adrian Martinez-Cutillas, José Ignacio
Fernandez-Fernandez, Leonor Ruiz-Garcia, Celia Martinez-Mora, Juan Antonio Bleda-
Sanchez and Rocio Gil-Muiioz.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/horticulturae9070760/s1, Table S1: Cumulative and av-
erage values of meteorological parameters recorded in the experimental farm from the starting to
the end of the breeding program (1997-2021); Table S2: Cumulative and average values of meteo-
rological parameters recorded in the experimental farm during the evaluation period (2017-2021);
Table S3: Ampelographic characteristics of the parental and new varieties indicated with the UPOV
descriptors (2008) and the CPVO technical protocol (CPVO-TP/050/2) for distinctness, uniformity
and stability tests.
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Abstract: Andalusia is a Spanish region that is home to numerous minority varieties due to its
diversity and territorial extension, offering the local viticulture the possibility of diversifying its
wine production. The genotypic characterization of 98 specimens from six areas with a winemaking
tradition in Andalusia was carried out between the years 2020 and 2022, by means of thirteen
microsatellite markers, including the nine recommended by the OIV. A total of 33 different genotypes
were obtained, 20 of which corresponded to profiles of already described varieties (11 of them are of
6 minority cultivars in Andalusia: ‘Rojal Tinto’, ‘Beba’, ‘Zurieles’, ‘Rome’, ‘Hebén’, ‘Mollar Cano’,
‘Listan Prieto’, ‘Listan del Condado’, ‘Jarrosuelto’, ‘Negra Dorada’, and ‘Mantuo de Pilas’), while the
other 12 profiles did not match with previously identified varieties. These profiles were registered in
the database of the IFAPA “Rancho de la Merced” Germplasm Bank. The eco-geographical groups of
the new identified genotypes were determined through an analysis of genetic diversity. The presence
of grapevine fanleaf virus, grapevine fleck virus, and grapevine leafroll-associated viruses was also
determined due to the requirement of healthy clones of the new varieties for their potential interest
to be authorized for cultivation in Spain.

Keywords: genetic resources; molecular markers; local cultivar; certification

1. Introduction

Andalusia has a surface area of about 87,000 km?, which represents 17.3% of the
Spanish territory. This wide extension entails a great diversity of landscapes and ecosystems.
Grapevine (Vitis vinifera L.) is one of the most rustic crops and one of the best adapted
to the multiple edaphoclimatic conditions of Andalusia. Vineyards can be found in high
areas, such as “La Alpujarra” (Granada), located at more than 1000 m; in areas close
to the sea, such as the hills of “Marco de Jerez” (Cadiz); and even in regions with high
slopes, such as “La Axarquia” (Mdlaga). There are seven Protected Denominations of
Origin (PDO) for still wines in Andalusia: “Jerez-Xéres-Sherry”, “Manzanilla de Sanlticar
de Barrameda”, “Granada”, “Condado de Huelva”, “Montilla-Moriles”, “Mélaga”, and
“Sierras de Malaga”. There are also 16 Protected Geographical Indications (PGls) and
a PDO of flavored wines. Moreover, the region has enormous wine-growing potential
due to its plant genetic resources. Numerous bibliographical references show the great
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heterogeneity of vine varieties that were cultivated before the phylloxera arrived in this
region [1,2]. Although this plague ended up destroying more than a million hectares
with the consequent loss of many local varieties, it is estimated that about 300 out of the
600 varieties that were originally cultivated before the invasion in 1878 were conserved.

Currently, 56 grape varieties are authorized for cultivation in Andalusia in accordance
with the List of Authorized Varieties for Andalusia (Real Decreto 111/2022, of 9 February,
which modifies Real Decreto 1338/2018, of 29 October, which regulates the potential of
viticultural production). Despite this number, only four white grapes account for 77% of
the total cultivated area: ‘Palomino Fino’, ‘Pedro Ximénez’, ‘"Moscatel de Alejandria’, and
‘Zalema’ (unpublished, according to “Consejeria de Agricultura, Pesca, Agua y Desarrollo
Rural, Junta de Andalucia, 2022). Furthermore, the sum of the 29 least cultivated varieties
only represents 2% of the total surface. It can be understood from these data that many
varieties are barely cultivated and, therefore, are not well known by viticulturists [3]. In
addition, not all the minority cultivated varieties are included in the previously mentioned
list, and since their cultivation is not authorized in Spain, their conservation is endangered.
For all these reasons, it is crucial to investigate them in situ and to identify, recover,
and evaluate the possibility of including some of these varieties in the Andalusian wine
heritage. However, as has already been mentioned, in many cases, these varieties are not
authorized for cultivation in Spain. Therefore, if there is genuine interest in growing some
of these varieties, it would be necessary to carry out the official authorization process.
The first step of this process consists of forwarding plants grafted onto “110R” rootstock
to the National Reference Collection of Grape Varieties (maintained at IMIDA, Murcia,
and funded by MAPA, Madrid). A regulated ampelographic assessment is then carried
out when the vines are formed, in which 44 characters (including leaves, shoots, flowers,
and fruits) according to CPVO and UPOV will be recorded for at least two years. In
addition, to qualify the candidate plant materials, the MAPA requires the absence of
grapevine fanleaf virus (GFLV), grapevine leafroll-associated viruses 1 and 3 (GLRaV-1
and -3) and grapevine fleck virus (GFkV) as tested by serology. These are the viruses
contemplated by Orden APA /2474/2006, of 27 July, which modifies certain annexes of the
Technical Regulation for the Control and Certification of Vine Nursery Plants approved
by Real Decreto 208/2003, of 21 February. Therefore, to include a variety in the Register
of Commercial Grapevine Varieties in Spain (RVCV) and then obtain authorization for
its cultivation in a given Autonomous Community, it is required to identify or proceed
through sanitation propagation (i.e., in vitro cultivation) with a clone that is certifiable from
the phytosanitary point of view.

It is well known that a big concern in most viticultural areas around the world is the
scarceness of varietal diversification [4]. Moreover, frequently, only a very few clones are
used for a given variety, resulting in a substantial reduction in genetic variability [5]. In
this study, we show a methodology for approaching the initial steps necessary to increase
the pool of cultivated grape varieties and clones in a given area. Multiple goals could be
pursued: (a) to add a commercial variety to the list of authorized ones in a given region;
(b) to recognize new synonymies of already authorized varieties and have available new
local clones that are sanitary guaranteed; (c) to recover old varieties, possibly described in
the past, that are very well adapted in a given ecosystem; (d) to discover new autochthonous
varieties that could provide the basis for climate change adaptation in a given area [6].
Here, we present the results of surveys of minority varieties carried out on 98 specimens in
six wine-producing areas spanning Andalusia (Figure 1).
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Figure 1. Map of the prospected areas.

2. Materials and Methods
2.1. Areas and Specimens Prospected

a.

Expert staff from local entities such as Regional Agricultural Offices, Rural Develop-
ment Groups, Regulatory Councils of Denomination of Origin, and autonomous viticul-
turists and oenologists have intensively collaborated with IFAPA, pointing out the old
vineyards as the object of the study and selecting the vines included in the prospection
because of their interesting productive and qualitative features. Next, more details are
provided about the areas studied:

“Altiplano de Granada”, a region in the northeast of the Granada province that
includes the Huéscar and Baza municipalities, is characterized by its high average
altitude (between 700 and 1200 m). Grapevine cultivation occupies an area of about
350 ha and it is widely distributed in more than 1000 small vineyards with an average
surface of 0.3 ha, thus showing great fragmentation and being owned by many local
winemakers for domestic consumption. This area is protected by the PDO “Granada”
and the PGI “Altiplano de Sierra Nevada”. Given that an exhaustive survey had
been previously carried out in this area, only two plants have been studied in this
work [7].

“Alpujarra de Granada”, located in the southeastern part of the Granada province. It
is characterized by its rugged relief, occupying most of the southern face of the Sierra
Nevada. The 25 municipalities that make it up are located at an altitude between
1200 and 1500 m. Consisting of 2000 ha of vineyards with slate and stony soils and a
slightly limestone subsoil. This region is protected by the PDO “Granada” and the
PGI “Cumbres del Guadalfeo”. Nine specimens were surveyed in this area from two
plots whose vineyards are more than 60 years old, and their origin could be dated
back to the pre-phylloxera period.

PDO “Montilla-Moriles”, in the central area of Andalusia belonging to the Cérdoba
province, has the Guadalquivir River to the north, the Subbética Mountains to the
south, the Genil River to the east, and the Guadajoz River to the west. This zone
includes 17 municipalities. This PDO has nearly 6000 ha of vineyards that produce
fortified wines (Fino, Amontillado, Oloroso, and Palo Cortado) and sweet wines
with the ‘Pedro Ximénez’ variety. There has been a commitment to the parallel
production of other types of wine in the recent years, possibly accompanied by a
greater varietal diversification. In this area, thirty-two specimens were surveyed from
eight plots located in the municipalities of Montilla, Moriles, and Cabra, with the aim
of clarifying the situation of a supposed different variety locally called “Montepila”,
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given the strong interest of the winemaking sector that requires its inclusion in the
registry of authorized varieties in Andalusia.

“Valle de los Pedroches”, a region of 3162 km? also located in the Cérdoba province,
represents the northernmost territory of Andalusia. This area is characterized by its
high diversity of landscapes (it goes from the holm oak dehesa to the peneplain until
reaching Sierra Morena) and soils (with a predominance of slate in agricultural areas)
and an average altitude of between 500 and 700 m. Valle de los Pedroches is protected
by the PGI “Coérdoba”. The vineyards of this area reached their maximum splendor
in the 17th and 18th centuries, when they exceeded 2000 ha. It has been estimated
that about 1800 ha were destined for the cultivation of vines shortly before the arrival
of phylloxera at the end of 1800. Grapevine cultivation started disappearing shortly
after this plague, although isolated or semi-isolated vine plants remained in the area,
mainly for the production of self-consumption wines. In recent years, there has been
a growing interest in these family orchards in order to preserve the biodiversity and
traditional landscapes of the area. This indicates that there has been no influence
from modern viticulture in this area, making it particularly attractive in terms of
prospecting for possibly pre-phylloxera varieties since the introduction and spread
of major national and/or international varieties have been avoided. Thirty-six vines
were surveyed in this area, most of them isolated specimens located near the dividing
boundaries between the plots.

“Pago Burujena”, a territory located within El Marco de Jerez (PDO “Jerez-Xéres-
Sherry” and “Manzanilla-Sanlicar de Barrameda”), is the most emblematic and
important area for the production of fortified and sweet Andalusian wines, having
the same typologies mentioned for the PDO “Montilla-Moriles” but using instead
the traditional ‘Palomino Fino’ variety. A greater varietal diversification has been
recently pursued in the Jerez DO, and one of the objectives of producers is to rescue
pre-phylloxera varieties for the production of both fortified and still wines. In
the Jerez viticulture and its surroundings area, “Pagos” (rural places) represent
cultivation areas geographically delimited by orographic elements and characterized
by uniformity in terms of soil, microclimate, variety, and even the human qualities of
the viticulturists. In this context, the definition of Pago Burujena dates back to the
16th century, under the Duchy of Medina Sidonia, and consists of an area of about
22 ha characterized by high quality limestone soils and the presence of different
traditional varieties of the area. [8]. Seven specimens from a plot located in the Pago
were surveyed.

“Moguer”, whose municipality is protected by the PDO “Condado de Huelva”, is
a territory with a high vocation for growing vines, characterized by vineyards at
an average altitude of 25 m, loamy or sandy soils with a certain content of lime
(which gives them a slightly basic pH), and a Mediterranean climate with Atlantic
influences. Around 550 ha of vineyards are currently cultivated, with a high degree of
fragmentation of the plots (average surfaces between 2 and 3 ha), many of them older
than 40 years. For these reasons, and because of its long winemaking tradition, it is
an ideal area to survey for minority varieties linked to possible wine diversification.
In the province of Huelva, this production is mostly based on the cultivation of
‘Zalema’. Twelve vines over 50 years old belonging to this municipality and collected
from a single plot were surveyed.

2.2. Plant Materials

For the genotypic study, shoots were collected from each of the 98 grapevine plants

and stored at 4 °C during the winter of 2021. The shoots were placed in buckets with water
to force their sprouting later in the spring of 2022. Once sprouted, samples of about 50 mg
were taken from the apical meristem of each of them for DNA extraction.

For virus tests, five adult leaves were collected from different shoots of each plant in

the late spring of 2022, and quickly stored at 4 °C. From each of the 5 leaves, 1 cm of petiole
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and a leaf surface of about 2 cm? attached to the same petiole were kept apart, stored in the
cold and used for the determination of virus infections.

2.3. Genotypic Analysis

The DNeasy 96 Plant Kit (Qiagen, Hilden, Germany) extraction kit was used to purify
total DNA. DNA concentration was recorded with the NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Inc., Wilmington, NC, USA).

Microsatellite markers (SSR) were chosen for varietal identification since they are one
of the most widespread tools for identifying grapevine genetic resources [9]. Thirteen SSR
were analyzed, nine of them (VVS2 [10], VVMD5, VVMD? [11], VVMD25, VVMD27 [12],
VVMD28, VVMD32, VrZag62, and VrZag79) are those recommended by the European
project GrapeGen06 and the OIV (International Office of Vine and Wine), and the other
four (ISV3, ISV4, VVS2, and VMCNG4b9), used by CREA-UTV (Turi, Italy [13]), have
been proven to be quite polymorphic in previous studies. For the GrapeGen06 SSR set,
data were coded to compare microsatellite profiles as reported by Maul et al. [14] in
order to include them in the European Vitis database (http:/ /www.eu-vitis.de/index.php
(accessed on 1 May 2023)). Four multiplex PCRs were carried out depending on the
annealing temperatures of the different primers, which were purchased from Biomers (Ulm,
Germany), using the 6-FAM, Hex, and Atto 550 fluorophores. Reactive volumes and PCR
conditions were set according to previous studies [13,15]. The amplicons were separated on
the ABI3130 sequencer. Subsequently, allelic sizes were determined using the Gene Mapper
program. The International Variety Catalog (VIVC) was chosen as a reference to compare
the profiles obtained; other databases were used for this as well. The varieties ‘Garnacha’,
‘Tempranillo’, ‘Merlot” and ‘Syrah” were used to harmonize the size of the alleles and to
be able to compare the genotypes. Results were integrated into the IFAPA Rancho de la
Merced database, which has around 1500 genotypes.

2.4. Cluster Analysis

A set of 258 genotypes with a clear ancestry inferred by Cretazzo et al. [15] in ac-
cordance with the eco-geographic origin of the cultivars [16], was used as a template
composed of six groups representing different putative geographical origins. The twelve
genotypes not previously described in this work were integrated into this dataset in order
to investigate their ancestry. An unweighted neighbor-joining (NJ) tree was constructed
based on the Simple Matching dissimilarity index (SM) between the unique genetic profiles
using Darwin software package v6.0 [17], according to the default setting recommended by
the software, with the only modification being to increase bootstrap replicates up to one
thousand to obtain more accuracy.

2.5. Pedigree Analysis

The software CERVUS v.3.0.7 (Field Genetics, London, UK) [18] was used to iden-
tify first-order kinship relationships, mother-father-offspring trios, among the unknown
grapevine cultivars found in this study and a set of 529 cultivars of Vitis vinifera from the
Germplasm Bank of the IFAPA Rancho de la Merced whose 13 SSR profiles had been fully
characterized [15]. The profiles of the 12 unknown varieties were included as candidates
as well, with 541 cultivars, the set of possible parents used. This analysis relies on allele
frequencies and is based on the difference in the log-likelihood ratio (LOD) between related
and unrelated relationships to assign parentage, combined with a simulation of parent-
age analysis to determine the confidence of assignments. The parameters considered for
the simulation were the following: number of offspring = 100,000; number of candidate
parents = 100; proportion of candidate parents sampled = 0.3; prop. loci typed = 0.8, and
prop. Loci mistyped = 0.01. Three criterions were considered to establish strict parentage
relationships: (i) 10 minimum type loci; (ii) a confidence level of the LOD score higher
than 95% (strict) or 80% (relaxed); and (iii) a maximum number of tolerated trio loci mis-
matches equal to two. The parameters considered for the simulation and criteria were
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adopted according to the default settings recommended by the software as well as the
bibliography [19-21].

2.6. DAS-ELISA Test

Serological tests for the determination of GFLV, GLRaV-1, GLRaV-2, GLRaV-3, and
GFkV were performed using the Bioreba (Reinach, Switzerland) and Agritest (Valenzano,
Italy) specific DAS-ELISA tests. Although GLRaV-2 analysis is not currently required in
certification schemes in Spain, its determination is recommended by the ICVG [22] and
its importance in Spain is well known [23]. For virus determination, plant tissue was
homogenized in sterile bags with phosphate buffered saline at pH = 7.2-7.4, including
0.2% w/v diethyldithiocarbamic acid (DIECA) and 2% w/v polyvinylpyrrolidone average
mol wt 10,000 (PVP). Extracts were then analyzed according to Sanchez-Vizcaino et al. [24].
Homogenates from three healthy vines were included as negative controls in all the DAS-
ELISA plates. Samples were considered positive when OD405 readings were at least two
times the average of controls [25].

2.7. Quantitative RT-PCR

Total RNA was obtained using 100 mg of leaf material that was crushed in liquid
nitrogen and homogenized in the lysis buffer from the SpectrumPlant™ Total RNA kit
(Sigma-Aldrich Co., San Luis, AZ, USA), and extracted following the manufacturer’s
recommendations. For each biological replicate, genomic DNA was removed by the
On-Column Dnase I Digestion Set (Sigma-Aldrich Co., San Luis, AZ, USA) during the
extraction protocol. Total RNA yield and purity were determined using the NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) for A260/A280
ratio verification, expected to range from 1.85 to 2.05. The primer/probe mixes for the
one-step TagMan® RT-PCR protocols were as follows: 20 uL each of the 100 pmol/uL
forward and reverse primers and 4 uL of the 100 pmol/ L TagMan® probe were added to
196 L of water to bring the final volume to 240 uL. Single-tube TagMan® RT-PCR reactions
(12 uL) were set up in 96-well reaction plates using a TagMan® core reagent kit (Thermo
Fisher Scientific, Waltham, MA, USA) as follows: 6.1 uL of one-step RT-PCR Master Mix,
0.6 uL of primer/probe mix (400 nM primers and 80 nM probe), 0.3 uL. of MuLV /RNA
inhibitor, and 3 pL of total RNA template in a 12 pL reaction. Reactions were carried
out in a Biorad I-cycler (Biorad, Hercules, USA) in a one-step reaction as recommended
by Thermo Fisher Scientific (RT-PCR Master Mix procedure). Reverse transcription and
amplification conditions were as follows: 45 °C for 35 min, 95 °C for 10 min, followed by
40 cycles of 95 °C for 15 s and 60 °C for 1 min. The data were analyzed quantitatively by
measuring the threshold cycles (CT) in the Microsoft Excel program and graphically by an
amplification plot. For the GLRaVs, GFkV, and GFLYV, the primers and probes used were
previously described by Osman et al. [26,27] and Cepin et al. [28], respectively.

3. Results

According to the genetic analyses, 71 of the 98 vines analyzed in this work corre-
sponded to varieties already described in the literature, discerning 21 different genotypes
(Table 1). The remaining 27 individuals showed genotypes that had not been previously
described; in particular, 12 unknown varieties were identified (Table 2).

Most of the unidentified genotypes fit into the eco-geographical group of varieties of
the Mediterranean Iberian Peninsula (Figure 2), according to the clustering deduced by
Cretazzo et al. [15]. Remarkably, one of the eight unidentified varieties found in “Valle
de los Pedroches” fit into the group of varieties that represents Prole orientalis, whose
geographic origin extends from the Middle East to East Asia [16,29]. On the other hand,
one of the two unidentified varieties found in “La Alpujarra de Granada” fitted into the
group of Northern Italian and Southern French varieties.
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Table 1. Known varieties found in this study.

Zone Input Name Confirmed Variety Number of Individuals
Altiplano de Granada Rosada Hornico Rojal Tinta 1
Rome Rome 1
Mollar Cano Rojal Tinta 1
Tinta Rojal Tinta 1
La Alpujarra de Granada Tinta Cortijo La Paz Jacquez 1
Llaqui Jacquez 1
Ricardera Mantuo de Pilas 1
Desconocida blanca Airén 1
Pefialista Negra Rayada 1
PDO Montilla-Moriles Montepila Zalema 27
Montepila Cayetana Blanca
Montepila Pedro Ximénez
Risquez Ahmeur bou Ahmeur
Risquez Cayetana Blanca
Merino Cayetana Blanca

Vieja Primera

Cayetana Blanca

3

1

2

1

2

2

Blanca Lagareyes Alarije 1

Valle de los Pedroches Villaharta Llanos Suelo Alarije 1
Tio Kiko Camino Negra Dorada 1

Hebén Hebén 1

Jarrosuelto Jarrosuelto 1

Schiava Grossa Schiava Grossa 1

Entrearboles Zurieles 1

Mantto Castellano Listan del Condado 3

Pago Burujena Mantto de Pilas Alarije 2
Barcelonés Alarije 2

Mollar Cano Mollar Cano 1

Beba Beba 1

Listan Prieta Beba 1

Moguer Moguer Airén 1
Moguer Listan Prieto 2

Mantto de Sanlucar Listan del Condado 3

Mesa Plaza Tinta Alphonse Lavallée 1

Table 2. Unidentified varieties found in this study.
Zone Input Name Confirmed Variety Number of Individuals

Altiplano de Granada Blanca Hornico Unidentified 09 1
La Alpujarra de Granada Tinta Piedras Blancas Unidentified 10 1
Platea Unidentified 11 1
Tinta Amparo Unidentified 01 10

Huerta de los Leones Unidentified 02 2

Arises Unidentified 03 4

Valle de los Pedroches Falda de la Sierra Unidentified 04 1
Arroyo Lorito Unidentified 05 1

Autéctona Miguel Unidentified 06 1

Risquez Unidentified 07 1

Lagarreyes Unidentified 12 2

Moguer Jaén Negro Unidentified 08 2
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Figure 2. Phylogenetic tree obtained from the 13 SSR profiles of 271 varieties. The 12 unidentified
genotypes, indicated with the abbreviation “unid.”, detected in this study have been integrated into
the set of varieties distributed by eco-geographic groups, according to Cretazzo et al. [15].

A third of the unidentified varieties (“Unidentified 01’, ‘Unidentified 04’, “‘Unidentified
06" and “Unidentified 08”) were assigned to a parent-pair with a trio LOD score above the
strict critical threshold (14.04). Three unidentified cultivars (‘Unidentified 02’, “Unidentified
03" and “Unidentified 09") were assigned to a trio with a LOD between the critic and the
relaxed threshold (10.19). The remaining unidentified cultivars were assigned to trios under
the relaxed critical LOD (‘Unidentified 07’, “Unidentified 10" and ‘Unidentified 11’) or
showed no trios inferred from the parent-pair analysis (‘Unidentified 05" and “Unidentified
12"). For the trios with a LOD score above the strict critical threshold, the pedigree analysis
showed that ‘Garrido Fino” and ‘Unidentified 07" were inferred as putative parents of
“Unidentified 01’. Furthermore, ‘Montuia’ and ‘Jarrosuelto” would be the parents of ‘Uniden-
tified 06" For “Unidentified 08 the best trio was formed with ‘Roal” and ‘Gabriela’, showing
the highest LOD score. Lastly, ‘Mencia” and “Tortosi” would be the parents of ‘Unidentified
04’. For the trios with a LOD score between the critic and the relaxed threshold, we only
considered the parent with zero pair loci mismatching. This analysis showed ‘Montua’
as one of the parents of “Unidentified 07’, ‘Gabriela’ as one of the parent candidates of
“Unidentified 03’, and ‘Marfal” as one of the parents of ‘Unidentified 11’, which would be
one of the parents of “Unidentified 02" as well. Summary statistics obtained from the allele
frequency analysis conducted in CERVUS 3.0 are provided in Appendix A, Table Al.

The virus incidence was very different among the surveyed areas (Appendix A,
Table A2). Nevertheless, it was always possible to identify virus-free specimens in each
area that could be useful as starting material in the process of registering the unregistered
varieties in Spain. Additionally, it is also possible to recover potential certified local clones
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for the already registered varieties in case they are authorized in Andalusia under their
main name or under some synonymy in the future.

4. Discussion

Most of the confirmed varieties identified in this study clustered in the Mediterranean-
Iberian Peninsula group (Table 1), according to the origin proposed by VIVC and a previous
phylogenetic study [15]. Furthermore, varieties ‘Rojal Tinta’, ‘Listan del Condado’, “Alarije’,
and ‘Cayetana Blanca’ were identified in more than one of the areas prospected (Table 1).
Likewise, ten out of the twelve unidentified varieties fit into the Mediterranean-Iberian
Peninsula group (Table 2). Within the “Valle de los Pedroches”, it is worth noting that
the unidentified genotypes 06 and 07 share a common putative parent (‘Montua’), as well
as 289 genotypes 01 (Amparo Tinta) and 07 showed a first-grade relationship (Figure 3).
Likewise, we propose another direct relationship between specimens from two different
areas (as in the case of Unidentified 11 from “La Alpujarra de Granada” and Unidentified
02 from “Valle de los Pedroches”), as well as a common putative parent (‘Gabriela’) that
is shared by Unidentified 03 (Arises, “Valle de los Pedroches”) and Unidentified 08 (Jaén
Negro, “Moguer”). All that suggests a long history of natural hybridization, breeding,
selection, human-mediated movements of seeds and cuttings, and other factors inside the
Andalusian territory.

Jarrosuelto Monttia ? Marfal ?

! f |
¢

Garrido Fino

oo gz ?
¢ Unidentified 07i o Unidentifigl 1 4
(Pedroches) (Platea, Alpujarra)
Unidentified 06 %
(Pedroches) ’ ‘
Unidentified 01 Unidentified 02
(Amparo Tinta, Pedroches) (Huerta los leones,
Pedroches)
? Gabriela Roal Mencia Tortosi
Unidentified 03  Unidentified 08 Unidentified 04
(Arises, Pedroches)  (Jaén Negro, Moguer) (Pedroches)

Figure 3. First-order kinship relationships were obtained among the unidentified varieties found
in this study. Trios with a LOD score above the strict critical threshold and a minimum pair loci
mismatching and parents with zero pair loci mismatching are represented. The character “?” means

undetermined parent.

Next, we highlight the most relevant aspects of the results in each area studied:

a. “Altiplano de Granada”. One specimen was shown to correspond to ‘Rojal Tinta’, a
suitable variety for producing rosé wines that is not currently authorized in Andalu-
sia but authorized in Castilla-La Mancha, an adjoining Community. Interestingly,
two other prospected vines, each in both locations of La Alpujarra, corresponded to
‘Rojal Tinta’, suggesting the intentional cultivation of this variety in Eastern Andalu-
sia. The microsatellite profile of ‘Rojal Tinta” matched the profile described for the
‘Rojal’ variety in Castilla-La Mancha by Ferndndez-Gonzalez et al. [30]. The other
specimen, white grape, showed an unidentified genotypic profile; thus, additional
studies would be necessary to further characterize this variety. It is remarkable
the low rate or absence of virus infections in the “Altiplano de Granada” area [7].
Possible explanations rely on the one hand, on the absence of massive introductions
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of propagation material from other origins due to the marginal viticulture in this
area and, on the other hand, on the high altitude that prevents the presence of insect
vectors of grapevine leafroll-associated viruses, mainly Planococcus ficus and P. citri.
The results of the ELISA and RT-RT-qPCR tests of the two varieties surveyed in
this study have confirmed the absence of virus infections. The presence of healthy
phytosanitary material enables the possibility of certifying a local ‘Rojal Tinta” clone
in Andalusia.

“La Alpujarra de Granada”. The presence of ‘Rojal Tinta’ in this area has already
been highlighted. Regarding the other genotypes present in this area, there are two
local varieties (‘Rome” and ‘Mantto de Pilas’) for which there is a strong interest
among the winemakers to include them in the Register of Commercial Varieties in
Spain, followed by authorization in Andalusia. ‘Rome” has been already described
in other areas of Andalusia, such as “La Axarquia” in Malaga province [31]. In
addition, we identified one specimen of “Airén’, the most cultivated white variety
in Spain; two other specimens corresponded to ‘Jacquez’, a direct producer hybrid
with red berries (skin and pulp, therefore it is a dyera) and characterized by a high
acidity in wines, a highly appreciated and sought-after quality in the indigenous
red varieties of Andalusia, which usually lacks it; and two not previously identified
genotypes, corresponding to a white grape vine and a red grape one. The red grape
vine was shown to be virus-free. “La Alpujarra” is also characterized by vineyards at
high altitude. However, unlike Altiplano, viticulture in La Alpujarra has historically
been more intensive, and the exchange of plant materials has been frequent. This
might explain why four of the vines showed simple or multiple virus infections
(Appendix A, Table A2).

PDO “Montilla-Moriles” (Cérdoba). A total of 31of the 32 vines prospected from
eight different locations are named “Montepila” by local viticulturists. The litera-
ture regarding the term ‘Montepila’ is unclear, with several conjectures about the
origin of this name (unpublished). Microsatellite analysis allowed us to clarify
that it corresponded to ‘Zalema’, the main white variety grown in the Huelva
province, usually known in the Cérdoba province as “Torrontés”. Moreover, 27
of the prospected specimens showed the “Zalema” genotype, three additional vines
matched to ‘Cayetana Blanca’ (a common variety in several regions of Spain, known
in the Coérdoba province as “Baladi-Verdejo”) and another vine matched to ‘Pedro
Ximénez'. Therefore, ‘Montepila’ is not an unidentified minority variety, although it
is necessary to further determine by ampelography that it is not a somatic mutant.
In a preliminary study by studying 11 basic grouping characters, we found no dif-
ferences compared with ‘Zalema’. ‘Zalema’ is authorized in Andalusia; however,
the synonymy ‘Montepila’ is not yet considered; consequently, its authorization
could be undertaken through a request to the MAPA, supported by its corresponding
technical report. The last specimen studied, displaying black berries, corresponded
to ‘Negra Rayada’, a Spanish variety not authorized in the RVCV. This variety has
also been found in the Andalusian province of Almeria [32]. In one of the eight loca-
tions, two vines showing the ‘Zalema’ genotype resulted virus-free, and, therefore,
they could be plausibly proposed as certified clones once the synonymy ‘Montepila’
is authorized.

“Valle de los Pedroches” (Cérdoba). Eight previously unidentified genotypes were
identified in this area. Two of these genotypes were detected 10 times (in eight dif-
ferent locations) and four times (in four different locations), respectively. Although
viticulture has practically disappeared from the Valle de los Pedroches, our survey
suggests that there was some intentional cultivation of these two varieties, presum-
ably in the pre-phylloxera period. They consist of red and white varieties that are
currently experimentally vinified at IFAPA. According to the classification estab-
lished by Mufioz-Organero et al. [29], “Tinta Amparo” and “Arises” would be novel
autochthonous minority varieties. Two additional novel genotypes were found twice;

180



Horticulturae 2023, 9, 759

in both cases, they were collected in the same location, similarly to the other four
unidentified genotypes that were found only once. Among the other varieties found
in the area, there were two Spanish commercial varieties (‘Alarije” and ‘Cayetana
Blanca’), a table variety ("Ahmeur bou Ahmeur’), a foreign variety (‘Schiava Grossa’),
and four known minority varieties (‘Hebén’, ‘Jarrosuelto’, ‘Zurieles’, and ‘Negra
Dorada’). “‘Hebén’ is a wine grape cultivar described since the 16th century [33]. It
was traditionally grown in Andalusia [2], but currently it is residual in the provinces
of Cordoba, Granada, Badajoz, Guadalajara, Toledo, and Cadiz [34,35]. There has
been no interference through the introduction of foreign propagation material to
the area in more than a century since the cultivation of these vineyards was almost
abandoned. On the other hand, isolation and altitude might explain the absence of
virus infections in the area. Hence, we identified healthy candidates for each variety,
suitable as starting material to eventually proceed with the registration process and
possible authorization in Andalusia, a strictly necessary condition for its permitted
cultivation, even in plots for self-consumption.

“Pago Burujena” (Cadiz). There has been a growing interest in recent years in the
recovery of varieties grown in the past and suitable for the production of fortified
and still wines by the regulatory council of the PDOs “Jerez-Xéres-Sherry” and
“Manzanilla-Sanldcar de Barrameda” [1,36]. In Pago Burujena, one of the most
traditional areas in the Jerez DO, clones of ‘Mantuio Castellano” and “Mantto de Pilas’
were apparently maintained in a vineyard for which three and two vines known by
these denominations were respectively surveyed. In addition, two vines known as
‘Barcelonés’ were also collected. “Manttio Castellano” was shown to be a synonym
of ‘Listan del Condado’, a variety commonly cultivated in the province of Huelva,
while ‘Mantto de Pilas” and ‘Barcelonés” was shown to correspond to “Alarije’. For
the former, it can be assumed that it was a naming error, while for the latter, it was a
synonymy. In the case of ‘Mantto Castellano’, it would be interesting to request the
recognition of synonymy since this is the name by which it has traditionally been
known in Jerez. In addition, one of the three plants was virus-free, so a certified clone
could be derived from it.

“Moguer” (Huelva). In this municipality, we identified an specimen of the most
cultivated variety in Spain, ‘Airén’; two specimens of ‘Beba’, recently authorized
in Andalusia, of significant interest for its cultivation in the Jerez area; a specimen
of ‘Mollar Cano’; three specimens of ‘Listan del Condado’; a specimen of the table
variety ‘Alphonse Lavallée’; two genetically identical specimens of an unidentified
variety locally called “Jaén Negro” (it would be a homonym, since ‘Jaén Negro’
also refers to a synonym of the ‘Jaén Tinto’ variety); and two specimens of ‘Listan
Prieto’. The last one is possibly the most significant result. In his book from 1513,
Agricultura General Herrera [33] described the ‘Uvas Prietas’ variety cultivated
in the center of the Iberian Peninsula, which could possibly correspond to ‘Listan
Prieto’. This variety was also explicitly mentioned in Andalusia in the year 1807 [1].
As a result of the America and the Canary Islands conquests in the 15th century,
colonists from the Iberian Peninsula (Galician, Castillan, Andalusian, Extremaduran
or even Portuguese) settled down in these lands, bringing grapevines together with
their customs and crops [37]. Around 1550, a Jesuit introduced the ‘Listan Prieto’
variety in Peru [38], and cultivars were introduced in Mexico between the years
1520 and 1540 [39]. In California, it is known as Mission’ [40] as an allusion to the
vines carried by the friars in their evangelizing work. In the 19th century, phylloxera
obliterated almost half of the peninsular vineyards [39], but this insect did not reach
the Canary Islands. The use of this variety is widespread in the Canary Islands and
in America [41,42]. There is no record of its cultivation on the Iberian Peninsula
since the last century [40]. Therefore, the location of several specimens of this variety,
some over 50 years old, in the township of Moguer has great historical relevance.
‘Listan Prieto” usually produces wines with a high color intensity and good acidity;,
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characteristics highly desired in Andalusian red wines, so its detection in these
surveys can support the intention of authorizing it in Andalusia. We identified three
virus-free vines in this zone, one belonging to ‘Beba’, another to ‘Listan Prieto” and
another to the unidentified “Jaén Negro”. They could represent the starting point for
obtaining locally certified clones of these varieties.

In this work, we have considered a vine as a certifiable clone only when both ELISA
and RT-qPCR analyses tested negative for all viruses considered in the official certification
schemes in addition to GLRaV-2. In the case of the unidentified varieties for which a
registration process might be requested by viticulturists and winemakers, these same
virus-free vines could be forwarded to the National Reference Collection of Grape Varieties
for their evaluation. As mentioned above, MAPA requires these plants to be virus-free
only through serological assays. In view of these results, we recommended requiring both
ELISA and RT-qPCR (and additionally including GLRaV-2) in the analyses, as RT-qPCR is
more sensitive than ELISA [43]. We have frequently observed along this study that some
samples resulting in negative results in the serological assays tested positive in RT-qPCR
(see Appendix A, Table A2, sections La Alpujarra de Granada, PDO Montilla-Moriles,
Pago Burujena, and Moguer). Nonetheless, the intrinsic genetic variability of viruses
prevents, in some cases, the efficient use of amplification techniques, which could result
in false-negatives [44,45]. We provide here two examples for which a negative RT-qPCR
corresponded to a positive ELISA (Manttio de Sanlucar/Listan del Condado for GLRaV-3
and Marenas/Zalema for GLRaV-1) (see Appendix A, Table A2). Therefore, we suggest
testing the vines before sending the material for registration in a first stage by serology,
which is less expensive and more accessible, and in case of negative results, performing
an RT-qPCR test. In conclusion, our results show that it is necessary to pursue research on
minority grapevine varieties through prospecting, recovery, and conservation, as well as
study their agronomic and oenological characteristics, since they represent a viticultural
heritage at both regional and national levels. Finally, this work can be representative of
similar studies carried out in other regions, mainly European, but not limited to those
where viticulturists and winemakers are interested in recovering and diversifying their
local varieties and wines.
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IMIDA
MAPA
CPVO
UPOV
GFLV
GLRaV
GFkV
DNA
SSR
CREA-UTV
PCR
VIVC
IFAPA
RVCV
ICVG

Appendix A

Instituto Murciano de Investigacion y Desarrollo Agrario y Medioambiental
Ministerio de Agricultura, Pesca y Alimentacion

Community Plant Variety Office

International Union for the Protection of New Varieties of Plants

Grapevine Fanleaf Virus

Grapevine Leafroll associated Virus

Grapevine Fleck Virus

Deoxyribonucleic Acid

Short Sequence Repeat

Consiglio per la ricerca in agricoltura e 1’analisi dell’economia agraria
Polymerase Chain Reaction

Vitis International Variety Catalog

Instituto Andaluz de Investigacion y Formacion Agraria, Pesquera y Alimentaria
Registro de Variedades Comerciales de Vid

International Council for the Study of Virus and Virus-Like Diseases of the Grapevine

Table A1. Summary statistics obtained from the allele frequency analysis conducted in CERVUS 3.0.

Locus k N HObs  HExp PIC NE-1IP NE-2P NE-PP  NE-I NE-SI HW F (Null)
md7 14 541 0.797 0.803 0.779 0.551 0.375 0.189 0.063 0.364 NS 0.0046
md32 11 540 0.863 0.820 0.797 0.527 0.353 0.173 0.055 0.354 NS —0.0285
zag62 10 541 0.824 0.807 0.782 0.548 0.371 0.187 0.061 0.362 * —0.0138
zag79 13 539 0.818 0.854 0.838 0.448 0.287 0.118 0.037 0.332 NS 0.0208
eva2 19 540 0.854 0.865 0.851 0.420 0.264 0.100 0.031 0.326 NS 0.0060
isv2 23 541 0.884 0.851 0.833 0.464 0.300 0.132 0.040 0.335 NS —0.0212
vvs2 15 541 0.850 0.842 0.824 0.477 0.311 0.137 0.043 0.340 o —0.0042
md5 11 541 0.854 0.859 0.842 0.449 0.286 0.122 0.036 0.330 NS 0.0022
md27 9 541 0.848 0.829 0.804 0.520 0.347 0.173 0.053 0.349 NS —0.0122
md25 14 540 0.785 0.767 0.728 0.632 0.454 0.273 0.093 0.390 NS —0.0118
md28 19 540 0.852 0.870 0.856 0.417 0.262 0.103 0.031 0.323 NS 0.0107
isv4 11 539 0.844 0.814 0.788 0.544 0.368 0.189 0.060 0.358 * —0.0210
isv3 10 540 0.830 0.673 0.613 0.750 0.590 0.418 0.167 0.456 ok —0.1167

Significance of Hardy-Weinberg equilibrium test (HW): *** = p < 0.001; ** = p < 0.01; * = p< 0.05; NS = p > 0.05
Table A2. Viruses detected in each studied area.
Zone Input Name Variety ELISA PCR
Altiplano de Granada Rosada Hornico Rojal Tinta - -
Blanca Hornico Unidentified 09 - -
Rome Rome - -
Mollar Cano Rojal Tinta - GFkV
Tinta Rojal Tinta - -
Tinta Cortijo La Paz Jacquez - -
La Alpujarra de .
Granada Llaqui Jacquez - -
Ricardera Mantuo de Pilas - GfkV, GLRaV-3
Desconocida Blanca Airén GFLV, GLRaV-2 GFLV, GfkV, GLRaV-2
Tinta Piedras Blancas Unidentified 10 - -
Platea Unidentified 11 GFLV GFLV, GFkV
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Table A2. Cont.

Zone Input Name Variety ELISA PCR
Pefialista Negra Rayada m.d. m.d.
Cp1 Marenas fila 3 cp5 Zalema GFkV GFkV
Cp2 Marenas fila 4 cp18 Zalema GFkV, GLRaV-3 GFkV, GLRaV-3
. GFkV, GLRaV-2,
Marenas fila 7 cp3 cp44 Zalema GFkV, GLRaV-3 GLRaV-3
Cp 4Marenas fila 8 cp16 Zalema GFkV, GLRaV-1 GFkV
Cp5 Marenas fila 9 cp20 Zalema GFkV GFkV
Cp9 La Plata fila 7 Zalema m.d. m.d.
La Plata fila 13 p7 Pedro Ximénez - GFkV, GLRaV-2
Cpé6 La Plata fila 17 Zalema GFkV GFkV, GLRaV-5
PDO Montilla-Moriles Cp3 La Plata fila 19 Zalema - GLRaV-3, GLRaV-5
Los Rosales 1 Zalema GFkV GFkV
Los Rosales 2 Zalema - GFkV, GLRaV-2
Los Rosales 3 Zalema - GFkV, GLRaV-3
Los Rosales 4 Zalema GFkV GFkV, GLRaV-3
Colecciéon Montepila 1 Zalema - GFkV
Coleccion Montepila 2 Zalema - GFkV
Montepila 1 recinto 16 Zalema GFkV GFkV
Montepila 2 (recinto 16) Zalema - GFkV
. . GFkV, GLRaV-2,
Montepila 3 recinto 16 Zalema GFkV, GLRaV-3 GLRaV-3
Montepila 4 recinto 16 Zalema GLRaV-3 GFkV, GLRaV-3
Montepila llos Naranjos Zalema . mad.
Montepila (2 .linde) los Zalema md md
Naranjos

Montepila l?f)s Naranjos Zalema mad. mad.

Montepila 4 Zalema m.d. m.d.
Montepila 1505 Naranjos Cayetana Blanca m.d. m.d.

La Primilla 1 Zalema - -

La Primilla 2 Cayetana Blanca m.d. m.d.

La Primilla 3 Zalema - -

La Primilla 4 Cayetana Blanca m.d. m.d.
Cuesta Blanca 1 Zalema m.d. m.d.
Cuesta Blanca 2 Zalema m.d m.d
Cuesta Blanca 3 Zalema m.d m.d

Valle de los Pedroches

Risquez 1
Risquez 2
Risquez 3
Risquez 4
Vieja Primera
Vieja Primera
Merino 1
Merino 2
Lindero C1
La Torre Amparo Tinta
Camino falda de la
sierra
Recio 1° Amparo Tinta
Recio 2° Amparo TInta
Recio 3° Amparo TInta
Recio 4° Amparo TInta
Recio 5° Amparo TInta
Tinta Amparo malla
Rafael

Ahmeur bou Ahmeur
Ahmeur bou Ahmeur

Unidentified 07
Cayetana Blanca
Cayetana Blanca
Cayetana Blanca
Cayetana Blanca
Cayetana Blanca
Unidentified 01
Unidentified 01

Unidentified 01

Unidentified 01
Unidentified 01
Unidentified 01
Unidentified 01
Unidentified 01

Unidentified 01
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Table A2. Cont.

Zone Input Name Variety ELISA PCR
Tinta Amparo huerta Unidentified 01 ) )
Rafael
Huerta Los Leones C5 Unidentified 02 - -
Huerta Los Leones C2 Unidentified 02 - -
Isleta (Arises) Unidentified 03 - -
Garrido (Arises) Unidentified 03 - -
Arises cuadra Rafael Unidentified 03 - -
Arises huerta Rafael Unidentified 03 - -
Camino falda de la Unidentified 04 - -
sierra (Portillo)
Arroyo Lorito Unidentified 05 - -
Autoctona Miguel Unidentified 06 - -
Lagareyes Unidentified 12 - -
Lagareyes Unidentified 12 - -
Blanca Lagareyes Alarije - -
Villaharta llanos suelo Alarije - -
Tio Kiko Camino Negra Dorada - -
Hebén Hebén - -
Jarrosuelto Jarrosuelto - -
Schiava Grossa Schiava Grossa - -
Entrearboles Zurieles - -
Mantto Castellano Listan del Condado GFkV, GLRaV-3 GFkV, GLRaV-2,
GLRaV-3
Pago Burujena Mantto Castellano Listan del Condado GFkV, GFLV, GLRaV-3 GFkY, gi?gvc_; ;‘ RaV-2,
Mantto Castellano Listan del Condado - -
Mantuo de Pilas Alarije GFkV GFkV
Mantuo de Pilas Alarije GFkV GFkV
. . GLRaV-2, GLRaV-3,
Barcelonés Alarije GFkV GFKV
. .. GLRaV-2, GLRaV-3,
Barcelonés Alarije GFkV GFKV
Mollar Cano Mollar Cano GLRaV-3 GLRaV-3
Listan Prieto Beba - GFkV, GLRaV-3
Beba Beba - -
Moguer Airén - -
Moguer Listan Prieto - -
Moguer Listan Prieto - GLRaV-3
Moguer Mantto de Sanltcar Listan del Condado - GLRaV-3
Mantto de Sanlucar Listan del Condado GLRaV-3 -
Mantto de Sanlucar Listan del Condado - GLRaV-3
Mesa Plaza Tinta Alphonse Lavallée - GLRaV-3
Jaén Negro Unidentified 08 GFkV. GFLV GFkV. GFLV
Jaén Negro Unidentified 08 - -
Virus-free vines are indicated in red.
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Abstract: In Andalusia (Spain), there are different wine regions that have a great recognized tradition.
In these regions, the cultivation of the vine is ancient and there are still vineyards planted with local
varieties of Vitis vinifera L. that have not yet been identified. The aim of this research study was to
identify 49 accessions of grapevine collected in the districts of four provinces in Andalusia (Spain).
All samples were genotyped with 20 microsatellite markers in order to ascertain the identity and
analyze the genetic diversity of the collected material. In total, 30 different genotypes were obtained,
22 of them which were identified with named, known varieties by comparison to the Spanish or
European microsatellite databases, and eight which are referred to as new genotypes. All loci were
polymorphic, and a total of 159 alleles were detected, ranging from 4 to 12 alleles per locus, with an
average allele number of 7.95. The overall observed heterozygosity was 0.763 and was slightly higher
than expected (0.715), while the gene diversity per locus varied between 0.167 (VVIN73) and 0.967
(VVMDS5). A dendrogram representing the genetic similarities among cultivars was depicted using
the UPGMA method to investigate their relationships. The eight new genotypes identified in this
research work could represent ancient local varieties in danger of extinction. These new cultivars
may be used to determine original wines.

Keywords: grapevine; genetic characterization; synonymies

1. Introduction

The Andalusia (Spain) region, in the south of the Iberian Peninsula, is one of the
most ancient and important wine regions in Spain [1]. Archaeological, paleobotanical, and
historical sources confirm that grapevines were spread and cultivated for a long time in
this area. The presence of the species Vitis vinifera L. has been verified by pollen analysis
performed in different Phoenician sites of Andalusia located in the provinces of Cadiz,
Malaga and Almeria [2]. In addition, numerous archaeological remains have been found at
these sites, which may be associated with the existence of a wine industry [3-5]. The first
evidence of planting techniques characteristic of protohistoric viticulture in the west has
been documented in an archaeological site located in Huelva (Andalusia) dating back to
the 1st millennium BC [6].

There are many citations that reference the diversity of grapevine (Vitis vinifera L.)
varieties grown in Andalusia. Roxas Clemente [7], in his paper Essay of common grapevine
varieties that are growing in Andalusia, includes 119 varieties grouped in two sections and
15 tribes. In 1831, James Busby, considered the “father of Australian viticulture” introduced
678 varieties in Australia [8]. These varieties originated in France and Spain. According to
Morilla Critz [8], at least half of these varieties were from Andalusia.
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Nevertheless, the genetic diversity of the Andalusia grapevine (Vitis vinifera L.) has
been declining due to the phylloxera (Daktulosphaira vitifoliae) attack of the late 19th cen-
tury [9], when severe regulations were approved, and the grapevine varieties authorized for
wine production were restricted and the vineyard was restructured, frequently stimulated
by subsidies. In Spain, previous to this vineyard restructuring, which begin in the 1970s, all
vines were grafted in the field with mass-selected Vitis vinifera material from older vine-
yards, which often included different varieties [10]. With the aim of preserving grapevine
phytogenetic resources, numerous studies on the surveying, localization, characterization,
and maintaining of cultivars in germplasm banks are being carried out worldwide [11-20].
In Andalusia, a germplasm bank was established in 1940, and it was replanted between
1984 and 1987, and the number of accessions substantially increased [21]. Actually, this
collection preserves 1417 accessions according to the Vitis International Variety Catalogue
(VIVC, www.vive.de accessed on 26 December 2022) [22].

The recovery of autochthonous or local varieties allows a genetic, ecological and agro-
nomic enrichment capable of dealing with various diseases, improving the adaptation to
edaphoclimatic conditions [23] or facilitating the adaptation in the face of future market
changes [24]. For this reason, the accurate identification of local cultivars and their conser-
vation could prevent their disappearance and preserve them for future needs. Traditionally,
the identification of grape varieties has been based on the morphological features of vegeta-
tive and reproductive structures [25], but phenotypic traits are not sufficiently reliable for
the classification of closely related varieties due to genotype—environment interactions [26].
Therefore, molecular characterization is the favoured technique for varietal identification.
At the present time, there are different molecular markers available to carry out a molecular
identification of a grape variety. However, microsatellites or Simple Sequence Repeats
(SSRs) markers are the most used for this purpose [27,28]. In this sense, microsatellite
markers have been widely used to identify and genotype grapevine cultivars collected in
old vineyards of the Iberian Peninsula [29-31]. In addition, SSRs have been used for studies
of genetic diversity and genetic relationships [32].

The main objective of this research work is focused on the molecular identification of a
total of 49 vine accessions collected in old Andalusian vineyards. The genotyping of these
accessions could help to detect new local cultivars growing in Andalusia aiming to provide
a solid basis to develop a regional germplasm collection to protect local biodiversity.

2. Materials and Methods
2.1. Plant Material

After prospecting more than 200 vineyards throughout the provinces of Almeria,
Cédiz, and Huelva y Malaga of the Andalusia region (Spain), those plants that were not
visually identified as common varieties cultivated in Andalusia were sampled and placed
in the germplasm bank at the Rancho de la Merced. This grapevine collection is located
in Jerez de la Frontera (Cadiz, Spain) (36°41'10” N; 6°08'10” W; alt. 20 m). The list of the
49 accessions used in this study are shown in the Supplemental Table S1. Each accession
was identified with a code of three letters and a number. The initials correspond to the
name of the municipality where it was collected.

Two internationally known cultivars (‘Cabernet Sauvignon’ and ‘Syrah’) were also
included to compare the genetic profiles obtained with the different published databases.

2.2. Molecular Analysis

DNA was extracted from young leaves collected from each accession and stored at
—80 °C, using a DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). A genotypic character-
ization was performed for 20 nuclear microsatellite loci located in the 19 linkage groups
of grapevine genome VMC1b11, VMC4F3-1 (Vitis Microsatellite Consortium); VVMDS5,
VVMD?7, VVMD21, VVMD24, VVMD25, VVMD27, VVMD28, VVMD32 [33,34]; VVS2 [35];
VVIBO01, VVIH54, VVIN16, VVIN73, VVIP31, VVIP60, VVIQ52, VVIV37, and VVIV67 [36].
Two multiplex PCR tests were set up to amplify the 20 microsatellite loci in a 20 pL reaction
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mix according to Vargas et al. [37]. PCR reactions were carried out in the 44 Applied
Biosystems 9700 thermocycler.

Amplified products were separated by capillary electrophoresis using an automated
sequencer (ABI Prism 3130, Applied Biosystems, Foster City, CA, USA). Fluorescently
labelled fragments were detected and sized using GeneMapper v. 3.7 software (Applied
Biosystems), and fragment lengths were determined with the help of internal size standards
(GeneScan-500 LIZTM, Applied Biosystems, Foster City, CA, USA).

The identification of redundant genotypes was determined by comparing microsatel-
lite genotypes with data contained in the Spanish microsatellite grapevine databases Rancho
de la Merced [38—40] and the Vitis Germplasm Bank (BGV) at the Finca El Encin (IMIDRA,
Alcala de Henares, Spain) [41-43] and other European databases [22,44]. Genotype com-
parisons were carried out using the Microsatellite toolkit v. 9.0 software package [45].

2.3. Data Analysis
2.3.1. Genetic Diversity Analyses

For the calculation of the number of alleles (Na), expected (He) and observed (Ho)
heterozygosity, frequency of null alleles (r) and probability of identity (PI), the GENALEX
software [46] was used. The polymorphism information content (PIC) of each microsatellite
loci was determined using an online tool [47].

2.3.2. Genetic Relationships among Cultivars

Genetic distances between grapevine genotypes were calculated as [-In (proportion
shared alleles)] using Microsat [48]. The obtained data was used for the construction of a
dendrogram using the programs EXE from the PHYLIP package software [49] and MEGA
version 7 [50].

3. Results and Discussion
3.1. Microsatellite Analysis and Genetic Diversity

The molecular analysis performed with the 49 studied accessions resulted in
30 non-redundant genotypes (Table 1). These genotypes were used for the calculation of
genetic parameters (Table 2) in order avoid overestimation. A total of 159 alleles, ranging from
12 in VVMD? and four in VVIN73, were detected, with an average of eight alleles per locus,
similar to the mean Na attained by Fernandez-Gonzalez et al. [51]. The most frequent allele
was VVIN73-264, which showed a frequency up to 90%, and 27 alleles were unique.

The expected heterozygosity (He, gene diversity) ranged from 0.185 at locus VVIN73 to
0.866 at locus VVIP31, with a mean value of 0.715. The observed heterozygosity (Ho) varied
between 0.167 at locus VVIN73 and 0.967 at locus VVMD?5. For 16 loci, Ho was higher than
He, and the probability of null alleles was always negative, except for VMC4F31, VVMD?21,
VVMD25, VVMD28, VVIN73 and VVIP60. Samples in which only one single allele per
locus was detected were considered as homozygous genotypes instead of heterozygous
with a null allele. The VVIN73 and VVIP31 markers displayed the minimum (0.1769) and
maximum (0.8522) PIC values, respectively. The 20 microsatellite loci showed a mean PIC
value of 0.67241.

The 20 microsatellite loci used reflected a high discrimination power and a low proba-
bility that two randomly chosen individuals had identical genotypes using the 20 loci (PL.
1.74 x 10~1). This indicates the probability that two of the 30 varieties analyzed randomly
were chosen to share the same genotype using the set of these 20 microsatellite loci.
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Table 2. Characterization of 20 microsatellite markers in the 30 genotypes.

Locus Na He Ho r PIC PI
VVIBO1 5 0.546 0.700 —0.100 0.5024 0.250
VMC1b11 9 0.709 0.800 —0.053 0.6703 0.123
VMCA4F31 9 0.863 0.833 0.016 0.8481 0.034
VVMD5 10 0.861 0.967 —0.057 0.8453 0.035
VVMD7 12 0.793 0.900 —0.060 0.5866 0.069
VVMD21 6 0.691 0.633 0.034 0.6368 0.150
VVMD24 6 0.541 0.600 —0.038 0.5097 0.242
VVMD25 9 0.786 0.733 0.029 0.7852 0.075
VVMD27 6 0.768 0.867 —0.056 0.7676 0.086
VVMD28 10 0.831 0.800 0.017 0.8089 0.050
VVMD32 8 0.790 0.867 —0.043 0.7593 0.075
VVIH54 8 0.607 0.667 —0.037 0.5600 0.201
VVIN16 5 0.585 0.733 —0.094 0.5009 0.256
VVIN73 4 0.185 0.167 0.015 0.1769 0.672
VVIP31 10 0.866 0.867 —0.001 0.8522 0.031
VVIP60 6 0.688 0.600 0.052 0.6369 0.149
VVIQ52 5 0.677 0.833 —0.093 0.6143 0.167
VVS2 9 0.817 0.867 —0.028 0.7938 0.057
VVIV37 11 0.846 0.900 —0.030 0.8132 0.040
VVIV67 11 0.847 0.933 —0.047 0.7798 0.042
TOTAL 159 1.74 x 10719
MEAN 7.95 0.715 0.763 —0.029 0.67241 0.140

Number of alleles (Na), expected heterozygosity (He), observed heterozygosity (Ho), Frequency of null alleles (r),
Polymorphism information content (PIC) and Probability of identity (PI).

The values obtained from the statistical characterization of the 20 microsatellite loci used
in this research study (Table 2) are similar to those obtained in other studies on the genetic char-
acterization of local grapevine cultivars using microsatellite markers [51-53]. Nevertheless, the
percentage of new accessions recovered (16.3%) is higher than that obtained by Balda et al. [10]
for 45 accessions recovered in Rioja (Spain) (4.4%), Fort et al. for 223 accessions in recovered in
Lanzarote (Canary Islands, Spain) (3.6%) [20], and Augusto et al. for 310 accessions recovered
in northeast Portugal [32]. This suggests that the grapevine richness of the Andalusian region
has not been prospected with the same degree of intensity.

3.2. Cultivar Analysis

Most of the analyzed accessions were identified with known grapevine cultivars.
The varietal names were assigned based on the comparison with Spanish [38-43] and
European [22,44] microsatellite databases and using the genetic profile of reference varieties
for adapting the allele sizes. Allele sizes of genotypes obtained for the twenty SSRs loci
analyzed are shown in Tables 1 and 2, and the prime names of the identified cultivars
according to VIVC [22], indicating the code of sampled accession for each cultivar (Table 3).
Thirty-nine accessions corresponded to 22 known varieties and the ten accessions remaining
(Can-1, Comp-3, Lau-3, Lau-4, Lau-16, Lau-11, Man-5, Ron-3, Ron-5 and Ron-6) to the eight
unidentified cultivars. These cultivars showed genotypes that did not match any of the
published cultivars in the Spanish and European microsatellite databases consulted in this
research. Half of the identified accessions are of Spanish origin according to the VIVC
database [22] (Table 3), and the country of origin of the rest was France (four accessions),
Portugal (three accessions), the United States (one accession), Italy (one accession), Greece
(one accession), Algeria (one accession) and Lebanon (one accession). The accessions coded
as Lau-3, Lau-4 and Lau-16 showed the same genotype, and they were collected in the
same location (Laujar de Andarax, Almeria, Spain).

The identified accessions include table and wine grapevine varieties. The table grape
varieties, identified by "Molinera’ (Ins-1), ‘Imperial Napoleon (Ins-3) and “Attika seedless’
(Pla-2), have been collected in different regions of the province of Almeria (Spain). In this
province the cultivation of table grapes was predominant until the 1960s [54]. Furthermore,
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one hybrid interspecific (‘Jacquez’) was identified (Table 2). This hybrid was used for the
reconstitution of European vineyards [55]. It is currently prohibited from use in Europe.

Table 3. Grapevine material studied with SSR identification, utilization and country of origin of the
variety are according to VIVC [21].

Accession Code Cultivars 2 Utilization P Country of Origin of the Variety ¢
Alb-1, (S;‘;'j'olegéLau'l?" CAYETANA BLANCA W-T Spain
Alb-2 JACQUEZ W United States
Can-1 Unknown 1 *
Chu-1, Man-1, Rot-1 MANTEUDO 2 Portugal
Chu-2 BEBA W-T Spain
Chu-4, Man-2 ROAL W-T Portugal
Chu-5 PEDRO XIMENES W Spain
Com-2, Lau-2, Lau-7 JAEN NEGRO W-T Spain
Com-3 Unknown 2 *
Com-4 ROME TINTO
Ins-1 MOLINERA W-T Spain
Ins-2, Pla-1, Rot-2 CORNICHON BLANC W-T Italy
Ins-3 IMPERIAL NAPOLEON T Spain
Ins-4 DONA MARIA W-T Portugal
Lauiz'uL_?;'lLtung'w' TINTO VELASCO W-T Spain
Lau-3, Lau-4, Lau-16 Unknown 3 *
Lau-5, Lau-6 AHMEUR BOU AHMEUR W-T Algeria
Lau-8 ALI]S SII}IST gHP}IE]::fNRI \%Y France
Lau-9 XARELLO W Spain
Lau-11 Unknown 4 *
Lau-17 CARIGNAN NOIR Y France
Man-4 AFUS ALI W-T Lebanon
Man-5 Unknown 5 *
Pla-2 ATTIKA SEEDLESS T Greece
Ron-1 BOBAL W Spain
Ron-2 COJONATA 4 Spain
Ron-3 Unknown 6 *
Ron-4 LISTAN PRIETO W-T Spain
Ron-5 Unknown 7 *
Ron-6 Unknown 8 *
CABERNET SAUVIGNON ** W France
SYRAH ** Y France

2 Prime names are according to VIVC, except those cultivars marked with an asterisk (*). Reference cultivars
marked with two asterisks (**). b Utilization is according to VIVC: W (Wine grape) and T (Table grape). © Country
of origin of the variety are according to VIVC.
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One genotype (Com-4) was identified as ‘Rome Tinto’, after comparing it with the mi-
crosatellite database from Rancho de la Merced [38,39,56]. This variety was only conserved
in the Rancho de la Merced Germplasm bank according to the VIVC database and presents
a different genotype to the ‘Rome’ cultivar published by Ibafiez et al. [41].

Four of the varieties identified, ‘Beba’, ‘Jaén negro’, ‘Pedro Ximenez’ and ‘Rome Tinto’,
were already mentioned by Rojas Clemente [6] as being present in the Andalusian region.
This shows the antiquity of the cultivation of these varieties in this region. ‘Jaén negro’
and ‘Rome Tinto” are two red grapevine cultivars that have already been identified in old
vineyards in the province of Malaga [57].

Currently, most of the cultivars identified in this work have disappeared from the
Andalusia vineyards, and the unique cultivar that is growing in the commercial vineyards
is ‘Pedro Ximenez’. All of this vegetal material recovered from old vineyards could be
interesting for the wine industry in Andalusia or regions with similar agroclimatic condi-
tions. However, many of these identified cultivars are not included in the official register
of Spanish grapevine varieties for the community of Andalusia, which would make their
cultivation difficult. Recently, ‘Beba’ has been included as an authorized variety in the
regulation of wines of the Protected Designation of Origin “Jerez-Xéres-Sherry” (Spain) [58],
as there is some interest in increasing the diversity of wines [59].

In addition, of the identified varieties, the eight new genotypes should be studied
and evaluated in order to make their oenological potential and adaptation climate change
known among the wine sector. Furthermore, these cultivars could be important genetic
resources for future breeding programs.

3.3. Genetic Relationships among Cultivars

Based on the results of the analysis of the microsatellites, the distance matrix was used
to carry out a grouping using UPGMA.. To characterize the genetic structure of different
genotypes obtained and two references varieties (‘Cabernet Sauvignon” and ‘Syrah’), a
dendrogram based on the proportion of shared alleles was constructed. Figure 1 shows the
resulting dendrogram of the 30 non-redundant genotypes found in this study.

Cayetana blanca

Molinera
4’:: Jaénnegro

Unknown 6

Bobal
4‘ Cojonata
Beba
Xarello
Rome tinto

Carignan noir

Unknown 8

Pedro Ximenez
Unknown 3

Alicante Henry Bousquet
Manteudo

Listan Prieto
T Rocia

L Unknown?7
Unknown 1

Imperial Napoleén
Ahmeurbou Ahmeur
Unknown 2
DonaMaria

Afus Ali

Syrah

Tinto Velasco

II J\ Unknown 4
Cornichonblanc
Unknown5

Atikka seedless

1 Cabernet sauvignon
Jacquez

1 0

Figure 1. Genetic relationships among the thirty genotypes obtained and two reference cultivars.
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SSR analysis allowed for the evaluation of the genetic relationships among European
cultivars and unknown accessions recollected in different regions of Andalusia. The
dendrogram in Figure 1 shows the existence of two defined groups. Group I includes only
one cultivar identified with ‘Jacquez’, which is a hybrid interspecific of the cross between
Vitis aestivalis x Vitis vinifera [22]. All of the rest of the identified and unknown cultivars
are included in group II and are cultivars of the Vitis vinifera species. The formation of
these two groups may be related to the pedigree of the cultivars. In group II, there is no
clear separation of different subgroups in relation to regions of origin as found in other
published research papers on Sicilian varieties [60]. Varieties with different countries of
origin are grouped in this cluster II (Table 3).

Two varieties, ‘Cabernet Sauvignon’ and “Atikka seedless” are markedly distant from
the rest of the cultivars in Group II, probably because of a different origin and use. ‘Atikka
seedless’ is considered a seedless variety of Greek origin according to VIVC [22].

Phylogenetic distances of the subgroup where variety “Unknown 6” is included
indicates that it could be a wine and table grape, since it is grouped with other grapes that
are used as wine and table grapes, such as ‘Cayetana Blanca’, ‘Molinera’ and ‘Jaén Tinto’
(Table 3). The same behavior could be said for the variety “Unknown 7” and the ‘Roal’,
“Unknown 4” and “Tinto Velasco’ or “Unknown 5” and ‘Cornichon Blanc’.

4. Conclusions

Forty-nine accessions collected in Andalusia have been described by molecular meth-
ods. A total of 83.7% of these accessions analyzed have been identified by comparison
to Spanish or European microsatellite databases with known cultivars. However, eight
genotypes have not yet been identified and could represent old local cultivars in danger of
extinction. All of these genotypes have been preserved within the Rancho de la Merced
germplasm bank (Andalusia, Spain).

This study indicates an important biodiversity within the old vineyards from the
Andalusia region that provides interesting information for the wine industry and that
points out the wide genetic diversity of grapevines which are still unexploited. Our efforts
should lead to the protection and study of local grape natural richness.
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Abstract: Grape (Vitis vinifera L.) is among the most important commercial fruit species grown
worldwide in terms of its economic value. Anatolia (Turkey), located in the favorable climate
zone for viticulture, has a rich grape genetic potential due to its location at the intersection of
the grapevine gene centers. In Turkish Kara grape germplasm, there are problems in terms of
accuracy during the production phase due to the inadequacies in ampelographic definitions, and
also very little information is available on genetic analysis of Kara grape germplasm. This study
carried out genetic analysis of 49 Kara grape cultivars from six regions (sub-populations) of Turkey
and 3 reference cultivars using 22 microsatellite loci (SSR), and ampelographic analysis were also
performed concerning 39 OIV descriptors. In the SSR analysis, the average number of alleles per locus
was 8.91, ranging from 4 to 13; four synonymous and five homonymous cases were also identified. In
the population structure analysis, the genetic differentiation (Fst) values among six populations were
moderate. In the BAPS analysis, all populations except Central Anatolia were found to be highly
admixed with each other, and in the FCA analysis, the East Anatolia population was completely
separated. In the multilocus lineages (MLLs) analysis, a total of three accessions were matched to
different accessions as clone assignment. In this study, SSR-based genetic characterization of the
Turkish Kara grape germplasm was revealed for the first time, and it is thought that the obtained
data will help other grape genetic characterization studies and contribute to viticulture research in
other areas such as breeding, protection and variety registration.

Keywords: Vitis vinifera L.; Kara grapevine; SSR; population structure; Anatolia; Turkey

1. Introduction

The grapevine (Vitis vinifera L.), apart from being one of the most extensively cultivated
fruit trees in the world, is also a fascinating subject for history and evolutionary studies [1,2].
The plant is an extremely important resource, not only in terms of its fruit, but also because
of the presence of secondary metabolites contained in its cellular structure. Resveratrol
is one of these secondary metabolites which acts like an antioxidant, protecting the body
against high risks [3-5].
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Anatolia, located in Turkey, is rich in wild grape (Vitis vinifera ssp. sylvestris) vari-
eties [6,7], and diversity among germplasm of these varieties has gradually resulted in
the creation of a potent cultivated variety (Vitis vinifera ssp. sativa). The coastlines of the
Eastern Black Sea and Eastern Anatolian regions, except for the highlands, are involved
in economic viticulture. According to data from the FAO 2020, 77.1 million tons of grape
production has been conducted on an area of 6.9 million hectares worldwide. Turkey ranks
fifth in terms of area with 400,000 hectares (5.85%) of cultivated land and sixth in terms of
grape production with 4.2 million tons (5.32%) in the world.

As an important exporting crop in Turkey, more than 1200 cultivars of this species
are gathered in Turkey’s National Collection Repository (INCR) by Tekirdag Viticulture
Research Institute-Tekirdag for the identification and protection of grape genetic potential.
In this collection, numerous ampelographic investigations have been performed, and as
a result of ampelographic researches, cultivars with different or similar morphological
features but same names have been encountered. The most important of them, especially
those consumed as fresh edible grapes, include 10 to 50 prevalent cultivars like White,
Black, Amasya, Dimrit, Parmak and Razaki. Due to the insufficiency of ampelographic
discrimination/identification of Kara (or Siyah, called Black in English) grape cultivars, its
nomenclature has been inaccurate and its synonyms/homonyms are undetermined. This
has complicated the correct identification of the number of grape cultivars. In addition to
its nutritional value, black grapes have accumulations of effective antioxidant substances,
especially in the skin and seeds, which are very important for health [8].

Development of genetic markers is considered a big step forward, because they are not
influenced by environmental conditions, nor by the type of the sample or the developmental
stage, and thus provide distinctive information [9,10]. DNA markers are widely used in
germplasm characterization and variety creation, and also in clone identification through
parent analysis [11,12]. A common criterion of a suitable or applicable marker is the degree
of polymorphism that can highlight differences between cultivars and clones [13]. Due to
the high polymorphism, repeatability and predominant quality of SSR microsatellites, they
have most often been selected for genetic analysis of Vitis cultivars [14,15].

SSR microsatellite markers, or Simple Sequence Repeats (SSR), are genomic repetitive
regions in the category of abundant Short Tandem Repeats (STRs) scattered throughout
the genome [16,17]. Indicatively, Velasco et al. [18] estimated the number of SSRs in the
genome of highly heterozygous individuals of Vitis vinifera to be about 89,000.

Recently, it was concluded that the utilization of 20 SSR markers tends to be sufficient
to distinguish existing cultivars or to solve synonymy and homonymy issues [19]. In this
work, the identical, synonymous and homonymous status of 49 Kara grape cultivars de-
rived from 30 provinces of six different eco-geographic sub-populations were distinguished
using 22 SSR loci and 39 ampelographic characterization descriptors (OIV: International
Organization of Vine). Furthermore, correlation between cultivars and eco-geographical
sub-population (region) distribution was illustrated by genetic relations, different popula-
tion structure approaches and clonal analysis.

2. Materials and Methods
2.1. Plant Material

Overall, 52 cultivars, including 49 Kara grape cultivars (Table S1) and 3 reference
cultivars (CS: Carbernet Sauvignon, M: Merlot, PN: Pinot noir), were analyzed in this study
(Figure 1). These grape cultivars were obtained from the National Grapevine Germplasm
Vineyard at the Institute of Viticulture in Tekirdag, Turkey.
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1} 1. Mediterranean (Antalya, Isparta, Mersin, Adana, Hatay)

™ 2. Marmara (Edirne, Kirklareli, Tekirdag, Balikesir, Bilecik, Kocaeli, Sakarya)
3. Black Sea (Bolu, Kastamonu, Zonguldak, Sinop, Samsun, Giresun, Ordu, Giimiishane)
4. Aegean (Denizli, izmir, Mugla )
5. East Anatolia (Diyarbakir, Mardin, Malatya )
6. Central Anatolia (Konya, Nevsehir, Sivas, Yozgat)

Figure 1. Provinces from which Kara grape cultivars were collected (each sub-population and the
provinces belonging to each sub-population are given in the below right part of the figure).

2.2. OIV Data Analysis

Ampelographic characters of these grape cultivars were determined according to
the Descriptors of Grape norms from the IBPGR (International Board for Plant Genetic
Resources) [20]. A total of thirty nine major OIV descriptors were used for a set of 49 Kara
grape cultivars. Information related to OIV descriptors (characteristic description) and OIV
data codes is given in Table S2. The morphometric data were constructed using standard
OlV codes. However, the standard OIV coding was converted into a data format that could
be analyzed. The OIV 016 character was removed from the data file as it contained no
variation (all cultivars were coded as 1). PAST (Paleontological Statistics Version 3.22) was
used for the data analysis [21].

2.3. DNA Isolation

DNA was extracted from leaf tissue as described by Lefort et al. [22]. Determination
of DNA concentration and quality was performed according to Akcay et al. [23] and Ergiil
et al. [24] using an ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA) and agarose (1%, w/v) gel electrophoresis. Isolated DNA was stored at —20 °C until
PCR reactions were performed.

2.4. SSR Analysis and Capillary Electrophoresis

22 SSR loci, named VVS1, VVS2 [25], VVMD5, VVMD7, VVMD21, VVMD24, VVMD?27,
VVMD28, VVMD31 [26], viZAG21, viZAG47, viZAG64, viZAG112, viZAG62, viZAG79,
vrZAG83 [27], VMC2H4, VMC2C3 [28] and VVIH54, VVIBO01 [29], VVMD25, VVMD32 [26],
were used in this study. Nine loci, called the “core SSR marker set” (VVS2, VVMD5,
VVMD?, VVMD27, ZAG62, ZAG79, VVMD25, VVMD32), directly allow comparisons of
allele sizes from different grape cultivars analyzed in different studies [30,31]. Information
on the 22 SSR loci used (SSR locus name, primer sequence and references) is given in
Table S3.

Allele size detections, PCR amplifications and capillary electrophoresis conditions
were conducted according to Akcay et al. [23] and Yilmaz et al. [32]. In the PCR reactions,
fluorescent-labeled D4 (blue), D3 (green), and D2 (black) forward primers allocated to each
SSR locus were applied. A negative control (distilled water instead of DNA) was used
for checking for the presence of possible contamination in the PCR reactions. Samples for
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DNA amplification were subjected to PCR for 3 min at 94 °C, 1 min at 94 °C, or 1 min at
48-66 °C, depending on the degree of primer binding (annealing temperature), then for
2min at 72 °C, and kept at 72 °C for 10 min during the last cycle. This was carried out for
35 cycles. Amplification (with 100 bp DNA ladder, Invitrogen™, Waltham, MA, USA), and
control of SSR loci products once their PCR steps were completed, were performed using
electrophoresis on a 2% agarose gel.

After diluting the PCR products with SLS (Sample Loading Solution) solution in
suitable proportions (20 uL), Genomelab DNA Standard Kit-400 (0.4 uL) was added to the
mixture, and then electrophoresis was applied in the CEQ 8800XL capillary DNA analysis
system (Beckman Coulter, Fullerton, CA, USA). Determination of the peak sizes (bp) was
carried out using the fragment analysis software of the system. “Cabernet Sauvignon
(CS)”, “Merlot (M)” and “Pinot noir (PN)” were included as reference cultivars. PCR and
SSR analyses were performed at least twice to indicate reproducibility of the results. The
heterozygosity or homozygosity of PCR fragments was visualized considering the types
and colors of each SSR locus peak after capillary electrophoresis.

2.5. Genetic Analysis
2.5.1. SSR Analysis

In this study, allele number (1), allele frequency, expected (He) and observed heterozy-
gosity (Ho) and detection probability (PI, Probability of Identity) values were determined
as genetic parameters with the IDENTITY 1.0 program [33]. This program was used to
detect the same genotypes. The proportion of shared alleles was determined by the ‘ps
(option 1-(ps))’ method described by Bowcock et al. [34], and the similarity ratio index was
calculated using the Microsat program [35]. Genetic similarities among a total of 52 stud-
ied cultivars were determined with the NTSYS program (version 2.02g, Exeter Software,
Setauket, NY, USA) using the UPGMA (Unweighted Pair-Group Method using Arithmetic
means) method [36].

Additionally, to confirm international synonymous and homonymous cases, the ge-
netic profiles of 49 cultivars were determined using the nine core SSR marker set (VVS2,
VVMD5, VVMD7, VVMD27, ZAG62, ZAG79, VVMD25, VVMD32) and compared with the
European Vitis database (www.eu-vitis.de (accessed on 15 May 2021)) and Vitis Interna-
tional Variety Catalogue VIVC (www.vivc.de (accessed on 10 June 2021)).

2.5.2. Population Genetic Analysis

Population genetic parameters of Kara grape sub-populations (population information
of cultivars can be seen in Table S1) were estimated using the Arlequin software Ver. 5.3
program according to the method of Excoffier and Lischer [37]. The genetic relationship
dendrogram of the cultivars was created on the basis of the genetic distance of Nei, using the
NTSYS-pc (Numerical Taxonomy and Multiware Analysis System) analysis program [38].
FCA was performed to find the presence of any population structure among eight grape
populations using Genetix 4.05 [39]. Gene flows (Nm) among populations were estimated
using Genetix 4.05, and genotypes were analyzed using the STRUCTURE 2.3 program. For
each run, 100,000 replicates of “burn-in” followed by an additional 100,000 MCMC (Markov
Chain Monte Carlo) replicates of data collection were conducted. A linkage model based
on known distances among microsatellite loci and a model of correlated allele frequencies
were used, and the data were analyzed with the STRUCTURE 2.3 program. Bayesian Popu-
lation genetic analysis was also applied using the BAPS software to visualize population
structure and admixture (http://www.helsinki.fi/bsg/software/BAPS (accessed on 21
March 2020)) [40].

We also analyzed the population structure with the STRUCTURE 2.3 program to esti-
mate the possible RPPs. The grape populations were analyzed according to Pereira-Lorenzo
et al. [41], and were based on the population structure analyzed with the STRUCTURE 2.3
program [42] using the same computing parameters except that the K level was calculated
for K = 2-9 unknown RPPs with 25 replicates. We also used STRUCTURE-HARVESTER [43]
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to estimate the best K value supported by the current data [44]. Similar to Ergtil et al. [24],
the number of accessions strongly assigned to each RPP was determined based on the gl
probabilities (probability of membership) higher than 80%.

2.5.3. Clonal Analysis

For clonal differentiation, the GenAlEx v6.5 program [45] was used to identify Multi-
locus Genotypes (MLGs) in the populations. Effective alleles (Ne), number of different
alleles (Na), observed heterozygosity (Ho), Nei’s [46] unbiased expected heterozygosity
(uHe) and private alleles summary (PAS) values for each population were determined by
using the same program.

In addition, a histogram of pairwise distances created by the software GenoType
v1.2 [47] was applied to determine whether somatic mutations were present. Simpson’s
diversity and possible number of clones (representing clone number) based on multilocus
lineage (MLLs) calculations were conducted by using the GenoDive v1.1 program [47].
Furthermore, genotypic diversity (div), effective number of genotypes (accessions) (eff),
evenness (eve) and Shannon-Wiener (shw) diversity index values were calculated by using
the GenoDive v1.1 program.

In analysis of the MLGs, various mutational threshold or T values (T represents the
maximum distance allowed to identify a clone among the individuals with the same “mul-
tilocus genotype (accession)” value) were tested (e.g., from threshold = 0 to threshold = 10)
to minimize the mutational problems and potential scoring errors. The groupings of MLGs
within MLLs were evaluated, and accessions with the similar values of the mutational
thresholds were thought to represent the clones.

3. Results
3.1. OIV Data Analysis

The detailed ampelographic definition presented in this work highlights clear mor-
phological differentiation between studied Kara grape cultivars characterized using 39 OIV
descriptors (Table S2).

The dendrogram (Figure 2A) of the studied OIV descriptors ultimately consists of
two sub-groups, in which the character OIV 223 (Berry: shape) alone constitutes a single-
member group. However, the larger sub-group with 37 members consists of two sub-
groups, one of which is the OIV 004 (Young Shoot: density of prostrate hairs on tip)
character alone. In other words, cultivars are more diverse in terms of OIV 223 and OIV 004
traits, and there was no significant correlation between these traits and the other examined
traits. On the other hand, the OIV 66-4 (Mature leaf: length of vein N5) and OIV 225 (Berry:
color of skin) properties showed correlation with each other and defined the shorter length
of vein N5 in Kara grape cultivars. Additionally, OIV 51-2 (Young leaf: color of the upper
side—leaf 4-6) was in correlation with the OIV 230 (Berry: color of flesh) character and
determined that cultivars with green and yellow leaves contain colorless flesh. Besides the
correlation of OIV 83-1 (Mature leaf: shape of base of upper leaf sinuses) and OIV 83-2
(Mature leaf: shape of base of lower leaf sinuses) with OIV 007 (Young leaf: density of
prostrate hairs between veins), and other descriptors were identified (Figure 2A).

Using all accessions, two major clusters were identified by the cluster analysis: group
1 (46 accessions) and group 2 (3 accessions) (Figure 2B). The most dissimilar cultivars
grouped together showing the longer branches in the tree. The minor cluster consisted
of accessions: Miri Kara (Dendrogram no: 17) and Aci Kara (Dendrogram no: 5), which
were linked to the Bulgar Karasi (Dendrogram no: 15), while Bulgar Karas: (Dendrogram
no: 15) had the least similarity with the remaining 48 cultivars, although the larger group
was divided to two sub-groups in dendrogram. The most similar accessions were Kokulu
Kara (Dendrogram no: 12) and Beyaz Sapl Kara (Dendrogram no: 13), both of which are
from the Marmara region. Finally, it should be noted that the results of the genetic and
phenotypic similarity graphs were not completely consistent.
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Figure 2. Cluster analysis dendrogram of OIV characters. (A) The cluster analysis dendrogram shows

the relationship between Kara grape individuals (Table S2 can be used for the dendrogram sample
numbers (dendrogram no) information. Green numbers: Marmara; Blue numbers: Black sea; Red
numbers: Aegean; Black numbers: Mediterranean; Black numbers with yellow star: East Anatolia;
Black numbers with red stars: Central Anatolia) (B).

The scatter plot showing the individuals with the sub-group population names is
presented in Figure 3. It shows the scattering of the different grape samples and individ-
uals belonging to different geographic sub-groups, analyzed in the bi-dimensional space
determined by PCA 1 and PCA 2. In Figure 3, we do not see any groupings among Kara
sub-populations based on the OIV data, but it can be seen that the Mediterranean accessions
(black circles) accumulate on one side of the graph while the accessions of the Marmara
region (blue squares) are gathered on the other side of the graph. However, among these,
the Black Sea accessions (white diamonds) are well distributed among different sub-groups
of accessions.

The biplot with loadings of each OIV characters is presented in Figure 4, showing
which characters contributed to the separation of the individuals. It can be easily seen that
OIV223 and OIV 077.1 (Mature leaf: length of teeth N2) have the highest loadings on the
positive side, while OIV 004 and OIV 084.1 (Mature leaf: density of prostrate hairs—lower
side) have the highest loadings on the negative side. Additionally, the first axis was defined
by the density of prostrate hairs on the tip in young shoots (OIV 004) and length of teeth
N2 in mature leaves (OIV 077-1), respectively.
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Figure 3. PCA scatter plot of Kara sub-populations. The PCA plot was determined for the first two
principal components (PCA 1 and PCA 2). Each sample is indicated as a colored shape, according to
the population information.
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Figure 4. Biplot showing both scattering and the loadings of all OIV characters used in the analysis.
Each sample is indicated as a colored shape according to the sub-population information.
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3.2. SSR Analysis

A total of 196 alleles were approved in the 22 mentioned SSR loci, and the mean allele
number (1) was found to be 8.91. The most and least informative loci were determined to
be VMC2H4, with 13 alleles, and VVIBO01, with 4 alleles, respectively (Table 1).

Table 1. SSR loci, allele number (1), expected heterozygosity (He), observed heterozygosity (Ho),
probability of identity (PI).

No SSR Loci n He Ho PI
1 VVS1 7 0.551 0.500 0.315
2 VVs2 12 0.843 0.885 0.075
3 VVMD5 9 0.8036 0.769 0.111
4 VVMD7 7 0.775 0.808 0.162
5 VVMD21 7 0.743 0.692 0.190
6 VVMD24 9 0.682 0.750 0.198
7 VVMD27 9 0.823 0.769 0.099
8 VVMD28 12 0.812 0.769 0.110
9 VVMD31 9 0.714 0.692 0.196
10 VrZAG21 8 0.709 0.750 0.185
11 VrZAG47 11 0.831 0.731 0.090
12 VrZAG62 10 0.778 0.904 0.140
13 VrZAG64 8 0.802 0.846 0.122
14 VrZAG79 9 0.815 0.846 0.100
15 VrZAG83 6 0.660 0.673 0.277
16 VrZAG112 9 0.621 0.615 0.219
17 VMC2H4 13 0.871 0.962 0.056
18 VMC2C3 7 0.696 0.712 0.240
19 VVIH54 11 0.745 0.500 0.132
20 VVIB01 4 0.526 0.558 0.557
21 VVMD25 8 0.789 0.846 0.136
22 VVMD32 11 0.820 0.577 0.094
Total 196 16.411 16.154 3.803
Average 8.91 0.746 0.734 0.173

Observed (Ho) and expected (He) heterozygosity rates were 0.734 and 0.746, respec-
tively. The highest Ho was determined in VMC2H4, with a rate of 0.962, and the lowest
was determined in VVS1 and VVIH54, with a rate of 0.500. He rates for VMC2H4 and
VVIBO01 were 0.871 and 0.526, respectively. These results prove the high polymorphism
characteristics of these loci in grapes. VMC2H4 (0.056) and VVS2 (0.075) loci showed the
lowest PI rates and were identified as being the most informative among the studied loci
(Table 1).

3.2.1. Genetic Relations among the Kara Grape Cultivars

In this study, four synonymous (identical genotypes called by the different names) and
five homonymous (different genotypes called by the same name) cases were determined.
However, no identical (same names and same SSR profiles) cases were found in the study.
The similarity cases detected in 49 Kara grape cultivars are shown in Table 2.
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Table 2. Identical, synonymous and homonymous cultivars identified based on SSR analysis.

No  Identical Synonymous Homonymous

(Cultivar Name/List no/Population (Region)-Location (Province))

Patlak
Kara/45/Central Kara Uziim/1/Mediterranean-Adana-Kara Uziim/15/Black Sea-Giimiishane-Kara
1 Anatolia-Sivas Uziim /16 /Mediterranean-Hatay-Kara Uziim /23/ Aegean-Izmir-Kara
- Si Uziim /25 /Black Sea-Kastamonu-Kara Uziim /26 /Marmara-Kirklareli-Kara
lyah Uziim /49 /Black Sea-Zonguldak
Uziim /47 /Central zum ack sea~conguida
Anatolia-Yozgat
Deli
Kara/3/Marmara- Siyah Uziim/12/East Anatolia-Diyarbakir-Siyah
5 Balikesir Uziim /17 /Mediterranean-Hatay-Siyah Uziim /29/Central Anatolia-Konya-Siyah
B Yerli I:.:Tziim /31/East Anatolia-Malatya-Siyah Uziim /32 /East Anatolia-Mardin-Siyah
Kara/41/Marmara- Uzum /42/Black Sea-Sa.amsun-Siyah Uzum /43/Black Sea—Sinqp—Siyah
S Uztim/44/Black Sea-Sinop /-Siyah Uziim /47 /Central Anatolia-Yozgat
akarya
Eski
Kara/11/Aegean-
Denizli
3 - Yerli Eksi Kara/10/ Aegean-Denizli-Eksi Kara/48/Central Anatolia-Yozgat
erli
Kara/34/Aegean-
Mugla
Siyah
Uziim/12/East
Anatolia-Diyarbakir
4 - K Yerli Kara/34/Aegean-Mugla-Yerli Kara/41/Marmara-Sakarya
ara
Uziim/26/Marmara-
Kirklareli
5 _ ) Kat1 Kara/36/Aegean-Mugla-Kat1 Kara/38/Black Sea-Ordu-Kat1 Kara/39/Black

Sea-Ordu

In comparison with the European Vitis database (www.eu-vitis.de (accessed on 15
May 2021)) and Vitis International Variety Catalogue VIVC (www.vivc.de (accessed on 10
June 2021)), it was found that one cultivar (Siyah Uziim, List no: 17) was synonymous with
the “Muscat Hamburg” cultivar originating in the United Kingdom (Variety number VIVC:
8226, Accession number: DEUQ098-1980-274).

3.2.2. Genetic Structure Analysis among Kara Sub-Populations

The expected (Hexp) and observed (Hobs) heterozygosity values considering all sub-
populations are presented in Table 3. Among the Kara grape sub-populations, the highest
mean number of alleles was observed in the Marmara sub-population (6.72), while the
lowest one was observed in the East Anatolia sub-population (3.31). However, Hexp and
Hobs values were found to be approximately close to each other in all Kara sub-populations
(~0.700) except East Anatolia, Central Anatolia and reference sub-populations (Table 3).

The Kara grape cultivars and reference (PN-CS-M) population were divided into two
groups in the factorial correspondence analysis (FCA) (Figure 5A). In the FCA analysis
of seven sub-populations, it was seen that the reference cultivars and the East Anatolia
cultivars emerged as separate groups, while the remaining cultivars formed a cluster
(Figure 5B).

207



Horticulturae 2023, 9, 743

Table 3. The expected and observed heterozygosity values for Kara grape sub-populations.

Heterozygosity Polymorphic Locus

Sub-Population Cl\lllllltrﬁlt;i; (()Ifl) Hexp Hobs p (0.95) p (0.99) Alll\ef[lf::;lL(())ius

Mediterranean 9 0.700 0.732 1.0000 1.0000 5.27
Std. error 0.086 0.170

Marmara 11 0.752 0.743 1.0000 1.0000 6.72
Std. error 0.084 0.155

Black Sea 11 0.700 0.714 1.0000 1.0000 5.95
Std. error 0.148 0.178

Aegean 9 0.651 0.717 1.0000 1.0000 4.54
Std. error 0.118 0.226

East Anatolia 3 0.596 0.727 1.0000 1.0000 3.31
Std. error 0.170 0.284

Central Anatolia 6 0.613 0.765 1.0000 1.0000 3.72
Std. error 0.125 0.255

References 3 0.611 0.772 1.0000 1.0000 3.50
Std. error 0.151 0.238

Std. error: Standard error.

In the Bayesian population structure (BAPS) analysis, similarly to the FCA, the
Kara grape population and reference population were clearly separated from each other
(Figure 6A). In the BAPS analysis based on individuals (as six sub-populations and one
reference population) (Figure 6B), it was observed that the Kara sub-populations were
admixed to some extent (Figure 6B). In the BAPS analysis based on individuals and popu-
lations, all sub-populations except Central Anatolia were found to be highly admixed with
each other (Figure 6C).

Genetic distance values are given in Table 4. The reference population had high
genetic distance values relative to the Kara sub-populations. Excluding the reference
population, the highest genetic distance values among the Kara sub-populations were
observed between the East Anatolia and Aegean populations (0.478), and between the
Central Anatolia and East Anatolia (0.470) populations. The lowest genetic distance values
were recorded between the Black Sea and Marmara populations (0.147), and between the
Black Sea and Mediterranean (0.149) populations.

Table 4. Genetic distance between sub-populations.

East Central

Sub-Populations = Mediterranean Marmara Black Sea Aegean Anatolia Anatolia Ref.
Mediterranean -
Marmara 0.149 -
Black Sea 0.170 0.147 -
Aegean 0.248 0.180 0.195 -
East Anatolia 0.300 0.311 0.352 0.478 -
Central Anatolia 0.229 0.232 0.157 0.231 0.470 -
Ref. 0.632 0.519 0.699 0.641 0.815 0.757 -

Ref: references.
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Figure 5. Factorial correspondence analysis (FCA). Six Kara sub-populations with reference popu-
lation based on individuals (1. Mediterranean—yellow, 2. Marmara—blue, 3. Black Sea—white, 4.
Aegean—gray, 5. East Anatolia—pink, 6. Central Anatolia—dark blue) (A). Six Kara sub-populations
without reference population. The points in the circle show the average values of the reference
population and East Anatolia population (B).

The genetic differentiation (Fst) values and gene flow (Nm) values are given in Table 5.
Fst values among sub-populations were moderate, and the East Anatolia sub-population
showed especially significant genetic differentiation with the Aegean (0.087, p < 0.001) and
Central Anatolia (0.084, p < 0.05) sub-populations. Table 5 also indicates that the reference
population showed significant genetic differentiation with the Central Anatolia (0.147,
p <0.05) and Aegean (0.122, p < 0.05) sub-populations. The Fst values explain the high Nm
among the sub-populations. The gene flow (Nm) between Kara sub-populations and the
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A _

Kara population Ref.

Mediterranean

Marmara

reference population is extremely limited, and the highest Nm value (4.08) was observed
between the reference and Marmara populations. Among Kara sub-populations, the highest
Nm value (84.93) was observed between the Marmara and Black Sea sub-populations, and
the lowest Nm value (2.28) was observed between the Central Anatolia and East Anatolia

sub-populations (Table 5).
_
Ref.

Kara population

Central
Anatolia
References

Black Sea Aegean

Figure 6. Bayesian analysis of population structure (BAPS) of Kara grape cultivars (Kara population)
and reference (Ref.) populations (A). Bayesian analysis of population structure based on individuals
of Kara grape cultivars (Kara population) and reference (Ref.) cultivars (B). Bayesian analysis of
population structure based on individuals and sub-populations (sub-populations are separated by
black vertical lines) (C).

East Anatolia

Table 5. Pairwise Fst values and gene flow (Nm) among the Kara sub-populations.

Sub-Population . East Central
(FstINm) Mediterranean Marmara Black Sea Aegean Anatolia Anatolia Ref.
Mediterranean -
Marmara 0.00027 /Inf. -
Black Sea 0.01284/21.03 0.00500/84.93 -
Aegean 0.04291 ***/5.47  0.02003/12.82 2?;09269 -
. 0.03902 0.08739
East Anatolia 0.01655/15.66 0.01518/25.11 */6.50 w4 /2 48 -
. 0.04072 0.08424
Central Anatolia 0.03113/6.97 0.03068/7.80  0.00898/22.23 */5.08 /208 -
0.06173 0.11655 0.12209 0.14787
R -
Ref. 0.09815 ***/2.29 */4.08 w1 91 /171 0.12159/1.68 */1.08

*p <0.05, *** p <0.001, Inf: infinite, Ref.: References.

The structural analysis of the whole dataset of Kara grape cultivar sub-populations
reached a maximum K value at K = 2, as estimated by STRUCTURE-HARVESTER, which
corresponds to two main groups (RPP1 and RPP2) of genotypes (Figure S1). Reconstructed
panmictic populations were realized based on the Bayesian model-based clustering meth-
ods. We also calculated the number of genotypes strongly assigned to each of the two

210



Horticulturae 2023, 9, 743

RPPs based on the gl (probability of membership) probabilities greater than 80%. The RPP
distribution of the cultivars (individuals) is given in Figure 7.
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30 29 9 38 10 1134 2540 1849 6 7 47 453 41 1 39 35 2 46 2024 4319 4448 23 374 CS 27 M 33PN 28 1642 13 1226 5 171432 22 8 1521
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1.00

RPP2

Figure 7. Individual representation of RPPs and the percent probabilities of each individual in RPP
groups (Table S1 can be used for the sample numbers (List no.) information).

Overall, results showed that 34 (65%) genotypes were assigned to each RPP with
higher than 80% probability, and 35% either did not belong to the representative RPPs or
showed a low probability of membership. Table 6 summarizes the results of membership
probabilities and the representative populations that formed the RPPs. All members of the
reference and East Anatolia sub-populations were grouped in RPP2, and all members of
the Central Anatolian sub-population were grouped in RPP1. All other sub-population
genotypes were seemingly admixed and were grouped in both RPP1 and RPP2.

Table 6. Classification of Kara grape cultivars by STRUCTURE using 22 SSR loci in K = 2 reconstructed
panmictic populations.

Number of The Most Representative Populations and

RPP Genotypes q1>08 qI<08 the Number of Individuals

Mediterranean (5), Marmara (5),
RPP1 30 18 (60%) 12 (40%) Black Sea (7), Aegean (7),
Central Anatolia (6)

Mediterranean (4), Marmara (6),

RPP2 22 16 (73%) 6 (27%) Black Sea (4), Aegean (2),
East Anatolia (3), References (3)
Overall 52 34 (65%) 18 (35%) All populations

ql: coefficient coancestry.

3.2.3. Clonal Analysis

In the MLG analysis, except for three reference cultivars, 12 different multi-locus
genotypes (MLGs) were determined, while 37 unique genotypes were detected. According
to the distribution of the sub-populations, the highest MLG number was determined as
3 in the Marmara sub-population, while the lowest was 1 in East Anatolia. The number
of different alleles (Na) was highest in the Marmara (Na: 6.72) and Black Sea (Na: 5.95)
sub-populations, in direct correlation with the sub-population number (Table 7).
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Table 7. Multi-locus (MLG) number, number of different alleles (Na), effective alleles (Ne), observed
heterozygosity (Ho), unbiased expected heterozygosity (1.He) and private alleles summary (PAS)
values found in different grape sub-populations.

Sub-Population
(Sub-Population MLG Na Ne Ho uHe PAS (Locus No: Alleles (bp))
Number)

Central Anatolia (6) 2 372 283 076 0.66 VVMD32:146

VVS1:181, VVMD28:281,
VVMD31:201, ZAG83:203

VVS52:141, VVMD7:230,
Mediterranean (9) 2 527 362 073 0.74 VVMD24:221, ZAG62:190,
ZAG112:229, VVMD5:271

VVS51:193, VVMD5:231,
VVMD7:258, VVMD24:201,
VVMD28:219, ZAG21:195,
ZAG47:183, ZAG62:210,
Marmara (11) 3 6.72 444 074 0.78 ZAG83:183, ZAG112:247,
VMC2h4:196, VVIh54:142
and154, VVIb01:300,
VVMD25:237 and247,
VVMD32:258

VVMD5:219,VVMD?28:245,
ZAG21:211, ZAG47:169,
Black Sea (11) 2 5.95 3.99 071 0.73 ZAG62:208, ZAG6H4: 144,
VMC2h4:208 and210;
VMC2c3:187, VVMD32:262

Aegean (9) 2 454 314 071 0.68 VVMD21:250, VVIb01:308
Total 12 2497 20.77 4.37 43 -

East Anatolia (3) 1 331 275 072 0.71

Effective alleles (Ne) ranged from 2.75 (East Anatolia) to 4.44 (Marmara) among
sub-populations, and Ho values were found to be greater than uHe values in the same
sub-population comparisons (except for Mediterranean and Marmara sub-populations).
The highest private alleles summary (PAS) value was found in Marmara, with 17 alleles at
15 different SSR loci, and the lowest PAS value was found in Central Anatolia, with 1 allele
at 1 SSR locus; no correlation was shown between PAS values and the sub-population
number (Table 7).

Considering the clonal diversity values, it was seen that all accessions of the East
Anatolia, Mediterranean and Black Sea sub-populations were unique genotypes. Genotypic
diversity (div) values, also known as expected heterozygosity, were found to be similar
to each other (approximately 0.9) in all sub-populations, while the evenness (eve) value,
which shows the distribution profiles of individuals within the sub-population, had the
lowest amount in the Aegean (0.920) sub-population (Table 8).

The highest evenness value was observed in East Anatolia (1.00), Mediterranean
(1.00) and Black Sea (1.00), which reflects the equal frequency of all genotypes in these
sub-populations. The Shannon-Wiener (shw) value was found to be higher (1.041) in the
Black Sea sub-population compared to other populations, and this value shows that this
population has a high diversity (Table 8).

In the multi-locus lineages (MLLs) analysis, it was determined that there were some
small differences in the number of different MLLs, especially between T = 0 and T = 3
threshold values, and only one match difference occurred between T =1 and 2.
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Table 8. Number of genotypes (accessions) (gen)/clonality, effective number of genotypes (accessions)
(eff), genotypic diversity (div), evenness (eve), and Shannon-Wiener (shw) values (for threshold = 2)
determined in multi-locus lineages (MLLs) analysis.

Number of Effective
Sub-Population Number of Genotypic Shannon-
. Genotypes . b Evenness .
(Sub-Population . Genotypes Diversity Wiener
(Accessions) . . (eve)
Number) . (Accessions) (div) (shw)
(gen)/Clonality
(eff)
Central( S“at"ha 5/1 4 0.933 0.900 0.677
East Anatolia (3) 3/0 3 1 1 0.477
Mediterranean (9) 9/0 9 1 1 0.954
Marmara (11) 10/1 9 0.981 0.930 0.986
Black Sea (11) 11/0 11 1 1 1.041
Aegean (9) 8/1 7 0.972 0.920 0.887

There was no difference in the number of MLLs between T = 2 and 3. For this reason,
results for T = 2 were considered as the threshold value, and a total of three clones were
detected. Detailed information (accession name, accession no, etc.) of the clones determined
in the T = 2 threshold value are given in Table 9.

Table 9. Cultivar names and other cultivar names assigned to different accessions at the T = 2
threshold value based on MLLs analysis.

Accession Name (List No-Region, Matches at T =2

Matched Number Province) (List No-Region, Province)

1 Kokulu Kara (5-Marmara, Bilecik) Siyah Uztim (17-Mediterranean,

Hatay)
2 Yerli Kara (34-Aegean, Mugla) Eski Kara (11-Aegean, Denizli)
Patlak Kara (45-Central Anatolia, Kara Uziim (26-Marmara,
3 . .
Sivas) Kirklareli)

4. Discussion
4.1. O1V Data Analysis

Similar to the results of previous investigations [48-50], the highest correlations were
observed between traits of the same category (i.e., leaf and berry traits). In this sense, the
characters OIV 66-2 (Mature leaf: length of vein N2) and OIV 66-3 (Mature leaf: length of
vein N3) were the most strongly correlated descriptors, and showed similar variations in
different accessions. The other correlation was seen between OIV 221-1 (Berry length) and
OIV 221-2 (Berry width) properties and OIV 503 (Single berry weight); this showed that
the single berry weight is more strongly related to the length of the berry. Additionally,
a high correlation between OIV 242-1 (Length of berry seed) and OIV 243 (Weight of
berry seed) descriptors was detected. Previously, Lamine et al. [51], in a multivariate
analysis and clustering of Tunisian autochthonous grapes, reported that OIV 225 (color of
the berry skin) and OIV 230 (color of the berry flesh) descriptors were the most strongly
correlated characters in terms of fruit characteristics, and characters OIV 079-1 and OIV
079-2 were the most strongly correlated descriptors in terms of leaf characteristics. In fact,
morphological markers have a higher degree of genomic coverage and most individual
phenotypic markers are multigenic [51]. Morphological investigations of grapevine have
previously been carried out by Lamine et al. [51] and Khalil et al. [52].

Shoot, leaf and berry descriptors have been generally used as powerful tools for
discrimination of grapevine cultivars. The number of shoot descriptors (n = 4) in our
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study was not enough to separate grapevine cultivars. The number of leaf descriptors
used in this work (n = 25) was higher than those reported previously by Sabir et al. [53],
who used 12 descriptors, Khalil et al. [52], who used 9 descriptors, Dilli et al. [54], who
used 22 descriptors, and Knezovi¢ et al. [55], who used 7 descriptors. Furthermore, nine
ampelographic descriptors were evaluated for berry characterization in this study, and the
highest amount of variation was attained by berry descriptors. The number of descriptors
in the studies by Dilli et al. [54], Knezovi¢ et al. [55] and Khalil et al. [52] was 12, 15, 4 and
9, respectively.

Finally, in order to determine the table cultivars of grape, the berry shape variable,
representing the most independent variance segment, was selected, along with the variables
of berry weight, berry seed weight, berry length and berry width. These traits are important
both for the consumer and producers in terms of berry size, seed size and berry shape [52].
As a result, considering the above characteristics, the cultivars Kara tiztim (List no: 16), Aci
kara (List no: 18), 1yi Bag Karas: (List no: 28) and Sofra Karasi (List no: 33) were identified
as table grapes, due to the high (5.1 g) or very high (6.3 g or more) weight of their berries,
their small seeds (35-50 mg), the berry length (21.5-25 mm or more), berry width (17.5-21.0
mm) and cylindrical and elliptic shapes. In addition, the cultivars Pat kara (List no: 20)
and Patlak kara (List no: 45), with the above specifications in the size of berry, but with
a roundish berry shape, were among the special table cultivars. Kara tiztim (List no:26),
from Kirklareli (Marmara sub-population), has a berry with colored flesh, and so could
be a suitable candidate for use in the fruit juice industry. All cultivars had blue and black
berry skin. In table cultivars, a deep red to dark purple color is preferred to light-colored
selections, and a round to oval shape and a strong Muscat flavor are welcomed [56].

Doligez et al. [57] indicated the lack of co-localization between QTLs for berry and
seed traits, suggesting that the genetic control of both traits may be partly dissociated. In
this sense, direct correlation between seed traits and berry traits, like berry dimensions,
were not observed. This is in accordance with the findings of Khalil et al. [52].

4.2. SSR Analysis

In this study, the number of different alleles for 22 SSR was 196, ranging from 4
(VVIB01) to 13 (VMC2H4) per locus. The VMC2H4 locus has been shown among the
loci with high allele numbers [28,58], and previous studies also showed that the VVS2
locus [58-60] and VVMD28 locus [58,59,61] were among the most informative loci (Table 1).
Furthermore, the VVIBO01 locus has been used in genetic diversity studies of grapevine
accessions from Southeast [62] and Eastern Turkey [63], and also the genetic identification
and characterization of Armenian grapevine cultivars [60], in which it showed the lowest
allele number among the loci. In this study, the VVIBO01 locus, with four alleles, involved
the lowest number of alleles, showing similar results to those of previous studies.

Given that the average number of alleles in each locus is influenced by the number
of samples and the number of examined loci, this amount varies from 5 to 20 in different
analyses [13,60,64], similar to our study (average number of alleles: 8.91, Table 1). This value
was found to be 5.75 by Eyduran et al. [63] in the genetic characterization of autochthonous
grapevine cultivars from Eastern Turkey, whereas it was recorded as 20.95 by Riaz et al. [61]
in accessions from around the Mediterranean basin and Central Asia.

Ho is the proportion of heterozygous individuals in the analyzed sample; expected
heterozygosity (He) or genetic diversity shows the percentage of the population that would
be heterozygous if an accidental cross occurred between individuals. The highest amount
of Ho was found in locus VMC2H4 and VrZAG62, implying high genetic diversity in the
mentioned SSR loci. Additionally, the average Ho value (0.73) obtained in this survey
for the Kara grape population was found to be very similar to average values for East
Anatolia grapes (0.71, 0.75 and 0.73) [62,63,65], to Armenian grapevine cultivars (0.74) [60]
and also to Mediterranean basin and Central Asian cultivars, which had an average of
0.74 [61]. Moreover, the high average value of heterozygosity (Table 3) may be seen by the
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high number of crosses in the variety set and random pollination, which is consistent with
findings from previous studies [66].

4.3. Genetic Relations among the Kara Grape Cultivars

There are over 10,000 cultivars of grapes in the world, and the grouping of these
cultivars is mostly confused due to homonymous, synonymous, limited or inaccurate
historical information, etc. [67]. In this study, which might contribute to the conservation
of national genetic resources, four synonymous and five homonymous cases were found
as a result of SSR analysis. The synonymous cultivars were Patlak Kara (List no: 45) and
Siyah Uziim (List no: 47), from Sivas and Yozgat provinces, respectively; Deli Kara (List
no: 3) and Yerli Kara (List no: 41) from Balikesir and Sakarya provinces, respectively; and
Eski Kara (List no: 11) and Yerli Kara (List no: 34) from Denizli and Mugla, respectively.
These cultivars are from the same region, but some of their morphological characteristics
(Table S2) are different. Siyah Uziim (List no: 12) and Kara Uz{im (List no: 26) from
the synonymous cultivars were collected from Diyarbakir (East Anatolia sub-population)
and Kirklareli (Marmara sub-population) provinces, respectively, and also gave different
morphological results in some traits from separate regions. In this case, it can be concluded
that the same cultivar has incorrectly been nominated by a different name. Furthermore,
the fact that these cultivars are taken from different places with similar morphological data
supports their synonymous cases.

Kara Uziim (List no: 1), Kara Uziim (List no: 15), Kara Uziim (List no: 16), Kara Uziim
(List no: 23), Kara Uztim (List no: 25) Kara Uziim (List no: 26) and Kara Uziim (List no: 49)
were found to be homonymous cultivars. All homonymous cultivars were collected from
different provinces, and there was no relationship between them (Tables 2 and S1). The fact
that homonymous cultivars are not the same could be caused by incorrect nominating. In
addition, variations (clones, types, etc.) of each variety could occur over time. Molecular
studies have shown that the majority of homonymous cultivars are clonal variations [68],
and these findings support our results.

The highest similarity ratio among cultivars was found to be 95.5% between Kokulu
Kara (List no: 5) and Siyah Uziim (List no: 17) and between Siyah Uziim (List no: 29) and
Yerli Siyah (List no: 30) cultivars. Kokulu Kara (List no: 5) and Siyah Uziim (List no: 17)
were different from each other in one allele of the VVMD? locus, and Siyah Uziim (List no:
29) and Yerli Siyah (List no:30) were different from each other in one allele of the VVMD28
locus. However, the Kokulu Kara (List no: 5) and Siyah Uziim (List no: 17) cultivars have
relatively different morphological features, and they are quite different in terms of their
sampling place. On the other hand, morphological data in the Siyah Uz{im (List no: 29)
and Yerli Siyah (List no: 30) cultivars support the genetic data (genetic similarity. These
two cultivars were collected from the same location and are morphologically separated
from each other only in berry shape (Table S1).

Except for the examples mentioned above, the highest similarity ratio was found to
be 75% in Kara Uziim (List no: 23) and Sikkara (List no: 24) cultivars, while they differed
in 11 loci. Moreover, the regions from which these two cultivars were collected were the
same, their maturation dates were close to each other and they were similar in terms of
other morphological characteristics. (Table S2).

In this study, a relatively low similarity ratio was determined among the Kara grape
cultivars. On the other hand, there was no direct correlation between the genetic relations
(genetic similarity dendrogram) of the cultivars and the original cultivation regions. The
genotypes belonging to six sub-populations (regions) show a nested distribution in the
dendrogram, and the homonymous character in some cultivars is an indicator of a gene
flow that occurs naturally or by transport in the regions in ancient times. This is supported
by the results obtained in Table 5.
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4.4. Genetic Structure Analysis among Kara Sub-Populations

Despite the large number of synonymous and clonal relationships among the acces-
sions, we observed a high level of genetic variation. In the total germplasm collection,
the average genetic diversity quantified by the expected heterozygosity (0.752) and the
number of alleles in each locus (6.7) was higher for Marmara (Table 3). Likewise, the high-
est value of observed heterozygosity was revealed for the Central Anatolia and Marmara
sub-populations (Table 3).

As shown in Table 5, Fst values that are significantly greater than zero indicate a
deficiency of differentiation among these populations, probably as a consequence of genetic
drift, gene flow, mating systems, selection, and mutations [69]. Previously, Ergiil et al. [7]
emphasized that limited genetic differentiations observed in Anatolian grape cultivars
might be a reflection of the area’s long history of grape cultivation and material exchanges
between provinces of Turkey. In this survey, the Nm value among Kara sub-populations
ranged from 2.28 to an infinite amount, indicating a high degree of gene flow and con-
tinuous distribution of genes, and also limited differentiation between sub-populations
(Table 5). On the other hand, as expected, the highest levels of pairwise genetic differ-
entiation values were observed between Anatolian grapes and the reference populations
(PN-CS-M), which is in accordance with Yilmaz et al. [32].

Genetic distances and genetic similarities are two important parameters to measure
when assessing the genetic diversity of the population. Results of genetic distance (ge-
netic similarity, %) between populations based on Nei [46] revealed that Kara grape sub-
populations of the Aegean and East Anatolia regions were the least genetically similar
(52.2%), with a maximum genetic distance (0.478) (Table 4). Among these, the minimum
genetic distance (0.147) was found between Black Sea and Marmara regions.

To understand the effect of geographic distance on genetic structure, genetic distances
among studied populations were examined and the results showed that the genetic distance
was not exactly correlated with the geographic distance, suggesting that the geographic
distance is not the principal factor influencing genetic differentiation among the Kara
sub-populations of Turkey. For instance, these results showed that the genetic relationship
of Mediterranean germplasm with Marmara germplasm was close. These results are
consistent with a long history of cultivation and increased selection pressure by humans
for Kara cultivars. In addition, the East sub-population was found to have the most genetic
distance with other groups.

It is accepted that, the consequences of gene introgression from sympatric populations
are strongly dependent on the extent of gene flow. In the Bayesian analysis of population
structure, the results showed that genotypes similar to the reference cultivars were found
in sub-populations, and also similar genotypes were seen between different regions (Fig-
ure 6C). When the same data was analyzed collectively, it is clear that the sub-population
with the most different genotypes is Marmara, whereas the Central region was found to
be a non-admixing region. In FCA analysis, dispersion in Marmara is also clearly seen.
According to the BAPS results, this indicates the introgression of genes from different
regions to this region, while they were least similar to those from the Eastern and reference
accessions. Nevertheless, the highest genetic distance was observed between Anatolian and
reference accessions, which is consistent with the results of Wang et al. [70], who showed
that Cabernet Sauvignon and Merlot were clustered together in a discrete cluster separately
from the remaining local Anatolian cultivars. A high population differentiation value was
observed between the grapes from East Anatolia region and the reference cultivars (0.815).
High differentiation values were observed between Anatolian and reference cultivars (PN-
CS-M), which could be explained by factors such as geographic isolation, variety evolution,
and restricted gene flow.

As mentioned in the BAPS analysis, genotypes similar to reference cultivars (PN-CS-
M) were also found in sub-populations, and similar genotypes were seen among different
regions. This structure was not influenced by geography with an Eastern—Western gradient
and human usage factor, as already identified by Laucou et al. [71] using 10 K genome-wide
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SNPs (Single nucleotide polymorphisms). Additionally, the large number of genotypes
(40%) remained in a large admixed group. This could be due to several factors, such as:
(i) the low genetic differentiation [72]; (ii) a departure from the underlying assumptions
of the Bayesian model (random mating population), which are probably not met in this
cultivated grape population; (iii) true admixing in some cultivars if they are directly
descended from spontaneous or man-made crosses between parents belonging to separate
ancestral groups; and finally (iv) a computational difficulty for STRUCTURE to assign
individuals to groups in the presence of a large number of informative markers [71].

4.5. Clonal Analysis

In viticulture, it is known that grape cultivars usually consist of separate clones sharing
common phenotypic characteristics which are grouped as a cluster of cultivars. Clonal
polymorphism within perennial species is mainly accepted to be associated with naturally
occurring mutations during plant growth [73]. However, if clones belonging to a cluster
have sufficiently different characteristics, they are considered different cultivars. Therefore,
these clones, which are morphologically very similar, are very difficult to distinguish by
visual observation [74]. On the other hand, SSR markers have frequently been used in clone
analysis of different plant species in recent years, as they are highly informative about the
level of heterozygosity between and within grapevine cultivars [75-78].

In the analysis of 70 Italian grape genotypes with 13 SSR markers, 39 unique genotypes
were determined, while in our study [78], interestingly, 46 unique genotypes were deter-
mined among 49 grapevine cultivars belonging to six different regions (sub-populations).
On the other hand, in the analysis performed with 11 SSR markers on 164 Cypriot indige-
nous grape genotypes, a total of 83 multi-locus genotypes (MLGs) were identified [77].
In this study, however, 12 MLGs were determined, which could be attributed to the fact
that the genotypic abundance feature associated with the number of MLGs in genotypes is
slightly lower, despite the different sub-populations.

Heterozygosity values (uHe and Ho) determined in MLG analysis provide information
about the genetic diversity and relationships between multi-locus genotypes [79]. In our
study, unbiased expected heterozygosity (1He) and observed heterozygosity (Ho) values
were found to be very close to each other and both heterozygosity values were found to
be more than 0.66 in all six populations in MLG analysis. This situation reveals that there
might be possible genetic variation among multi-locus genotypes in each population [79].

5. Conclusions

Anatolia (Turkey) is among the most important countries in the world in terms of vine-
yard areas and grape production due to the suitability of climatic and growing conditions.
In addition, Turkey, as one of the countries wherein Vitis vinifera L. was first cultivated,
possesses a rich grapevine gene potential that has emerged over time through natural
hybridization.

In this study, ampelographic analysis of 49 Kara grapevine germplasms (from six
different regional sub-populations), which have high antioxidant content and also eco-
nomic importance, was performed with 39 OIV descriptors. Genetic characterization and
population structure analysis were also carried out using 22 SSR markers. As a result of
OIV analysis, it was determined that especially OIV 223 (Berry: shape) and OIV 004 (Young
Shoot: density of prostrate hairs on tip) were the defining features in the Kara grape OIV
dendrogram. In the PCA analysis, a clear grouping profile was not determined among the
Kara grape sub-populations.

As a result of SSR analysis, the high number of homonyms and the low number of
detected clones and synonyms reveals the genetic richness of the Kara grape germplasm.
Among the sub-populations, the East Anatolia sub-population especially differed from
other sub-populations according to FCA and genetic distance analysis, while the Central
Anatolia sub-population showed a homogeneous profile in the BAPS analysis. It is useful to
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screen the detected clonal genotypes with SNP-level techniques such as GBS (Genotyping-
by-Sequencing).

Evaluation of the genetic diversity in grape germplasms is of great importance in
terms of improving quality traits of interest and identifying gene sources. In this sense, it is
thought that the data from this study will contribute to genetic characterization, genetic
protection and different breeding programs in grapes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/horticulturae9070743/s1, Table S1: Some ampelographic char-
acteristics and original collection locations of Kara grape accessions used in this study, Table S2:
Information related to OIV descriptors (characteristic description) and OIV data codes, Table S3:
SSR loci information (SSR locus name, primer sequence (F: forward primer, R: reverse primer) and
references) [25-29], Figure S1: Population structure of predefined Kara grape sub-populations based
on 22 SSR data (A). The graph showing the best K value as 2 (the highest peak) (B). Reconstructed
panmictic populations (RPPs) groups general distribution (C).
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Abstract: Several Xylella fastidiosa subsp. fastidiosa (ST1) strains that cause Pierce’s disease were
isolated from grapevine in Spain. In this study, we applied an approach to assess PD susceptibility
among 24 different well-known Vitis vinifera subsp. vinifera cultivars and five rootstocks belonging
to different species of the genus Vitis. Both were commonly commercialized, representing about
75% of the cultivated area in Spain. This method incorporated disease severity, disease progression,
and water potential from the stem xylem. The trials were carried out under field and greenhouse
conditions. The virulence of the Xff strain XYL 2055/17 was significantly higher than that of
strain XYL 2177/18. However, while this difference in strain virulence did not seem to modify
the susceptibility profiles of the cultivars, disease severity could be climate dependent. This work
established two significantly different groups of European cultivars of grapevine characterized by
high and low susceptibility to Xff ST1: cultivars with high susceptibility, including reference cultivars
such as Tempranillo and Tempranillo Blanco, and cultivars with high resistance, such as Hondarrabi
Zuri and Cabernet Sauvignon. Cultivar susceptibility was independent of the rootstock on which
they were grafted. No conclusive data were found regarding the potential of water loss as an early
detection test prior to symptom onset. This study provides a framework with which to advance
cultivar susceptibility studies under different environmental conditions.

Keywords: Pierce’s disease; Xylella fastidiosa; grapevine; Scholander pressure chamber; quarantine
plant pathogen; water potential

1. Introduction

Xylella fastidiosa (Xf) [1] is a vascular plant pathogen with an extremely large host
range [2]. To date, this species has been found to infect 690 plant species classified under
306 genera and 88 families (EFSA, 2023; Sicard, 2018; Trkulja, 2022) [2-4]. Major plant hosts
(https://gd.eppo.int/taxon/XYLEFA /hosts (accessed on 8 October 2023)) include two
ornamental species (Nerium oleander and Polygala myrtifolia) and six major crops: citrus,
coffee, almond, peach, olive, and grapevine (Vitis vinifera). The diverse diseases caused by
Xf have significant economic impacts and agricultural management consequences [5]. Since
2019, Xf has been included as a Priority Pest under European Regulations (Regulation (EU)
2019/1702). One of the characteristics that makes Xf a very dangerous pathogen, besides
its very high genetic plasticity, is its ability to be transmitted by likely all species of the two
main xylem-feeder insect groups: leafthoppers (Cicadellidae subfamily Cicadellinae) and
spittlebugs (Cercopoidea families, Aphrophoridae, Cercopidae, and Clastopteridae) [3].

From a taxonomic point of view, Xf is a complex species with several subspecies and
sequence types (ST). X. fastidiosa subsp. fastidiosa (Xff), which belongs to ST1, causes Pierce’s
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disease (PD) and diverse syndromes in several plant hosts [6,7]. PD was first described
in California in 1892, where it remains a significant problem for the grape industry. A
devastating PD outbreak in the Temecula Valley in Southern California during the late
1990s was associated with the establishment of a very efficient vector in the area, which
prompted an intense investigation of the pathogen and the development of programs to
manage PD and the vectors involved [3]. Control of this disease is difficult and, despite
significant projected savings of around USD 200 million under the PD Control Program [8],
a corresponding increase in efficacy will require the deployment of diverse improved
strategies that should include the management of water stress and appropriate plant
resistance [6,9].

The main factors causing PD symptoms appear to be related to water stress and the
blockage of xylem vessels by the bacterial biofilm, as well as the resulting production of
tyloses and gums by the plant, which causes hydraulic dysfunctions, leading to desiccation
and plant death within a few years [10,11]. The development of symptoms may not be entirely
due to the vessel’s occlusion. Instead, the pathogenesis may be more complex and occur
starting from the earliest stages of infection, before the colonization of vessels [12,13]. The time
period between inoculation and the appearance of symptoms in plants varies depending on
the plant species and age and occurs between three and four months, extending beyond a
year after the initial infection [13], with longer periods observed in woody plants compared
to herbaceous plants [14]. The symptoms typically begin when environmental conditions
are generally hot and dry and plants are subjected to water stress and other physiological
responses, which vary in different varieties [15,16].

Several techniques are available to assess the water status of plants via physiological
indicators [17,18]. Leaf water potential is recognized as one of the most important indexes
to evaluate the water status of plants, providing high theoretical value and important
information for multiple applications to quantify critical physiological processes, including
drought responses [19-21]. Predawn leaf water potential (PLWP) and stem water potential
(SWP) were found to be simple and precise indicators for assessing the grapevine water
status [22-25]. Drought tolerance is known to be determined in part by the factors related
to water transport within the plant, and there is a direct relationship between hydraulic
conductivity and the xylem physiological status [26]. The data provided by this technology
suggest early infection indicators that may be related to PD resistance factors. Moreover,
the water status data obtained via destructive measurement were correlated with the
data provided by other nondestructive and portable devices applied in the open field for
grapevine [27].

PD resistance has only been identified in several wild grape species endemic to the
Americas, including V. arizonica/candicans and Muscadinia rotundifolia, whereas all assayed
European V. vinifera genotypes are susceptible to this disease [28-32]. Recent research has
compared PD tolerance/resistance within the three major Eurasian pedigree lineages and
provides a benchmark for PD susceptibility levels for some of the most widespread table
and wine grape cultivars [33]. The complexity of the genomic architecture of resistance to
the bacterium and the role of climate in shaping this resistance [32] have also required the
use of additional research efforts to evaluate a larger number of V. vinifera cultivars from
different genetic pools under different environmental conditions. These studies obtained
information on the vascular and anatomical characteristics of these grapevine cultivars to
develop tools for assessing and predicting the PD susceptibility [10].

After the first outbreak in 2013 in olive trees [34], on the Balearic Islands of Spain, Xff
was first reported in October 2016 to cause PD and also infect other hosts [35]. Since the first
occurrence of PD in Europe, the presence and spread of this bacterium in Mediterranean
crops and plant species in the natural and urban landscapes have become a major risk. For
this reason, Italy, France, and Spain are now taking specific phytosanitary measures aimed
at the eradication or containment of this disease. These measures are based on exhaustive
surveys and monitoring PD symptoms to achieve a quick removal of problematic vines.
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The recent outbreaks of PD in Europe have driven the pursuit of new and more
effective control strategies for both PD and other diseases caused by Xf, resulting in the
proposal of promising and innovating methods that could facilitate crop sustainability with
little to no economic, social, or environmental risks [9]. These methods include techniques
conferring systemic resistance in vines among others [36-38]. Nevertheless, to achieve
the appropriate management of PD in Europe, it will be necessary to evaluate both the
aggressiveness of the different Xff isolates and the resistance responses of the numerous
clones and cultivars of Vitis planted in this continent. Furthermore, given the expected
variability in PD epidemiology dependent on agro-climatic factors and the expression
of pathogenicity factors [33,39], these studies should be conducted under standardized
climatic conditions and correlated with the agro-climatic variability of viticultural areas.

The main objective of this work is to describe the severity of PD using a local inoculum
and grapevine cultivars and rootstocks; evaluate disease progression under different cli-
matic conditions; and establish the relationship between symptomatology, xylem pressure
changes, and the detection of the bacterium using a standardized molecular methodology.
Cultivars and rootstocks were chosen to provide data that could allow the implementa-
tion of clonal selection processes. The disease severity, water potential, and time course
of PCR detection were studied under four different weather environments, including a
climate-controlled greenhouse and open field conditions.

2. Materials and Methods
2.1. Terminology and General Overview of the Trials

Grapevine plants for new plantations are normally marketed as grafted. The same
variety can be grafted onto different rootstocks to achieve better adaptation to the soil, phe-
nological development, or resistance to endemic pests. In this study, European grapevine
varieties (Vitis vinifera subsp. vinifera) grafted onto different rootstocks were evaluated.
To avoid discrepancies in the terminology, a variety grafted onto the rootstock is referred
to as the “Cultivar”. Plants corresponding to varieties used as rootstock and belonging
to different species of the genus Vitis were also studied; the term used in this work to
designate such species is “Rootstock”.

The pathogen and handling conditions are worth to be considered as set out in the
current European regulations. Xf is in the category of “Priority quarantine pathogen”
(Regulation (EU) 2016/2031 and Commission Delegated Regulation (EU) 2019/829), which
means that we are dealing with one of the 20 most dangerous pathogens for European
wine-growing areas as well as for other agricultural areas with major crops. Consequently,
its handling, including for scientific purposes, has been extremely restricted even under
regional rules (limited to areas where the disease has been widely detected or in accredited
facilities (such as high biosafety greenhouses) to avoid any risk of pathogen spread.

The varietal selection and the way the trials were conducted correspond to the fol-
lowing chronology: The first trial in 2019 was carried out in the Mallorca, Balearic Islands,
under field conditions. The area for testing had to be restricted and carried out with local
Xf-isolated strains (XYL 2055/17 and XYL 2177/18). Until then (at the time the trials
started), there was no reference to the strains’ virulence in different cultivars or rootstocks.
A total of 28 Cultivars and Rootstocks were evaluated. That amount (28) was selected due
to their vast degree of establishment (approx. 75%) in the most important wine-growing
areas of Spain. Once the results of the first trial were analyzed, and according to the space
availability restrictions, a second trial was carried out in the following year (2020). It was
conducted during the vegetative period of the grapevine, in the same location and under
the same operational conditions. In this year, due to the above-mentioned space availability
restrictions, the number of cultivars to be evaluated was reduced to 22 in total vs. 28. Due
to the results obtained in the previous year regarding the strain virulence, the susceptibility
was assessed just against the most virulent strain (XYL 2055/17). Considering the results
obtained in these two trials carried out under field conditions (2019 and 2020), it was
decided to carry out a new trial during a new growing season in 2021. In this case, the
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objective of this third trial was evaluating the influence of climate conditions on disease
progression. This is the reason behind the restricted number of plants in this trial (five
Cultivars and one Rootstock). The assay was carried out in parallel under field conditions
(the same location in the Balearic Islands) and also in a greenhouse located in the Basque
Country. This particular study under the greenhouse condition (in the Basque Country)
was located in a free-disease area of Spain and in a facility accredited for handling infected
plant material with this harmful pathogen. The 2021 trials were carried out with the only
strain that we were authorized to import for this type of experimental trials (IVIA 5770).
The cultivars evaluated each year as well as the inoculated strains are detailed in Table 1,
included in the results section.

Table 1. Maximum Severity Index value (max. SI) recorded in the plants of each Cultivar and Rootstock
evaluated in all of the trials carried out in this study at 8 and 16 WPI (max. SI-8/max. SI-16). The first
line and the columns below it shows the year in which the trials were carried out, the second line
shows where the trials were conducted, and the third line corresponds to the Xff strain artificially
inoculated (XYL2055/17, XYL2177/18, and IVIA5770) in 24 grapevine Cultivars and five Rootstocks.
The Rootstock column indicates the rootstock on which each cultivar was grafted.

2019 | 2020 | 2021
Max SI 8/Max SI 16 Rootstock Field Greenhouse
XYL 2177/18 XYL 2055/17 XYL 2055/17 IVIA 5770 IVIA 5770
Airen R110 3/5 4/5 2/5 - -
Albarino R110 2/5 5/5 1/3 - -
Bobal R110 4/5 3/5 - - -
Cabernet Sauvignon R110 1/5 2/5 1/5 - -
Chardonnay R110 5/5 5/5 1/5 1/5 0/1
Garnacha R110 4/5 5/5 3/5 1/5 0/2
Garnacha Tintorera R110 5/5 5/5 3/5 - -
Garnacha Tintorera P1103 5/5 5/5 3/5 - -
Graciano R110 2/5 4/5 1/5 - -
Hondarrabi Zuri SO4 3/5 3/5 1/2 1/5 0/2
Hondarribi Beltza 196-17 C1 2/5 3/5 0/3 - -
Macabeo R110 3/5 3/5 - - -
Malvasia R110 3/5 4/5 - - -
Mencia R110 4/5 4/5 - - -
Monastrell R110 2/5 3/5 - - -
Pedro Ximenez R110 2/5 3/5 2/5 - -
Pinot Noir R110 1/5 3/5 1/5 3/5 0/3
Tempranillo R110 4/5 4/5 1/5 3/5 0/4
Tempranillo SO4 4/5 5/5 3/5 - -
Tempranillo 41B-MGt 4/5 5/5 1/5 - -
Tempranillo Blanco R110 5/5 5/5 3/5 - -
Tempranillo RJ43 R110 3/5 5/5 4/5 - -
Tempranillo RJ78 R110 3/5 5/5 3/5 - -
Verdejo R110 3/5 2/5 - - -
Rootstock 196-17Cl 3/5 3/5 1/5 - -
Rootstock 41B-MGt 2/3 2/4 1/4 - -
Rootstock P1103 1/5 1/5 1/3 - -
Rootstock R110 1/2 1/2 2/2 0/1 0/1
Rootstock Ru140 1/5 1/5 1/3 - -
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2.2. Plant Material and Facilities

A total of 24 Cultivars and five Rootstocks [40,41] were selected based on their represen-
tativeness in the Spanish Protected Designations of Origin (DOs) or Protected Geographical
Indications (PGlIs) [28] to evaluate their resistance and disease progression.

During the years 2019, 2020, and 2021, three trials were carried out in an open field
(see the climate variables in Figure 1a). One additional trial in a greenhouse was carried out
in 2021. These plants under controlled conditions were grown with 70% relative humidity;
a day/night temperature of 25 °C £ 2 °C and 18 °C =+ 2 °C, respectively; and the absence
of additional artificial lighting. All trials were conducted during the leaf development from
May (BBCH 11-First leaf unfolded and spread away from shoot) to September (BBCH 19-
nine or more leaves unfolded), ensuring a minimum daily light period of 16 h during the
first four months after inoculation. After each trial, the plants were destroyed, so each
annual test was implemented with new healthy plants.
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Figure 1. (a) Monthly average, maximum, and minimum temperature (°C), and monthly average
of relative humidity (%) for the three years and the evaluation period (from June to September) in
which the field trials were conducted to evaluate the Cultivar’s susceptibility to Xff. (b) Characteristic
symptoms of PD recorded in the field and greenhouse trials. Early symptoms after inoculation:
reddish spots surrounded by a yellowish chlorotic halo (top) and defoliation indicated by red arrows
as late symptoms (bottom).

Pre-grafted and rooted plants (one-bud cuttings) from the nursery were kept at 4 °C
before planting. The plants were potted (6 L pots) into a mixture of peat and siliceous
sand (3:1). The peat (pH 6.0 and 90% organic dry matter) was supplemented with calcium
carbonate (7 g/L) and NPK14-10-18 fertilizer (1.5 g/L). The plants were selected for the
trial if they showed the same phenotypic profile after a period of 20-30 days. Irrigation was
applied as necessary to maintain field capacity and no phytosanitary treatment was applied.

The greenhouse was accredited as a temporal confinement greenhouse for Xff tasks;
NEIKER's facilities are located in this area on the northern peninsula of Spain (42°51'10.2” N
2°37'29.7" W). The trials using an open field were conducted in Palma de Mallorca,
Spain, at the Balearic Governmental Center for Agricultural Improvement “SEMILLA”
(39°35'23.5" N 2°39’51.1" E). The plants were randomly distributed in 12-plant rows along
an insect-proof net tunnel and exposed to environmental temperatures.

2.3. In Planta Evaluation of PD Susceptibility

Inoculations were performed as follows: Xff ST1 strains (IVIA5770, XYL 2055/17 and
XYL 2177 /18) were isolated from Vitis vinifera on the Balearic Islands. These strains were
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previously characterized for several scientific grapevine tests [7,29,42,43]. The bacteria were
cultured on a buffered charcoal yeast extract (BCYE) solid medium at 28 °C for 7-10 days.
A bacterial suspension was prepared in phosphate-buffered saline (PBS) and adjusted to
ODggp = 0.3, resulting in a final concentration of approximately 1 x 108 CFU.mL 1. Next,
10 puL of that suspension was used to inoculate the plants following a general procedure
consisting of the pin-prick method [44,45]. In total, 9 out of 12 plants per genotype were
inoculated, while the remaining three plants were mechanically injured in the same way as
those prepared in PBS, but without an inoculum.

The Severity Index (SI) was assessed on a scale of 0 to 5, as previously described by Su
et al. in 2013 [46], based on the number of affected and symptomatic leaves (Figure 1b) as
follows: asymptomatic leaves (0), 1-2 symptomatic leaves (1), 34 symptomatic leaves (2),
5-7 symptomatic leaves (3), 8-10 symptomatic leaves (4), and more than 10 symptomatic
leaves (5). The SI data were recorded every 15 days during the period between 8 weeks post-
inoculation (WPI) and 16 WPI. Based on these data, it was possible to calculate the disease
progression expressed as the absolute area under the disease progression curve (AUDPC)
and transformed by the relative AUDPC (rAUDPC) The AUDPC units, as indicators of
resistance or susceptibility, are not easily interpretable. In an effort to standardize the
AUDPC, same researchers often use rAUDPC. The rAUDPC is calculated by dividing the
AUDPC by the “maximum potential AUDPC”. The maximum potential AUDPC is simply
the AUDPC a cultivar would have if it had had 100% infection all days during the reading
period. Considering that the period in which AUDPC was evaluated in our experiments
was 56 days (from 8 to 16 WPI) and the maximum SI value is 5, the maximum value of
AUDPC would be 280 square units [47].

2.4. Detection of Xf

Each leaf was taken between three and five nodes above the inoculation point. Only
petioles and veins were used for DNA extraction, amounting to a minimum of 0.5 g fresh
tissue. The CTAB protocol for DNA extraction was applied [48]. Real-time PCR (RTi-
PCR) for Xf detection was carried out using the primers XF-F: 5'-CAC GGC TGG TAA
CGG AAG A-3/, XF-R: 5-GGG TTG CGT GGT GAA ATC AAG-3/, and XF-P: 5'-FAM-
TCG CAT CCC GTG GCT CAG TCC-BHQ-1-3' [48,49], using TagMan Universal Master
Mix (Applied Biosystems®, Thermo Fisher Scientific Inc., Waltham, MA, USA). The final
optimized reaction conditions were as follows: RTi-PCR reactions were performed in
20 uL reaction volumes containing 10 pL of 2X TagMan universal master mix (Applied
Biosystems), 300 nM Xf sense (XF-F) and antisense (XF-R) primers, 100 nM 6'FAM/BHQ-
labeled XF-P probe, ultra-pure bovine serum albumin (BSA) at 300 ng/pL (Invitrogen),
and 2 pL of total DNA template. The optimal thermocycling conditions were as follows:
50 °C for 2 min and 94 °C for 10 min, then 40 cycles for 10 s and 62 °C for 40 s, using
Quant Studio TM 5 model QS5STD. All samples were amplified in duplicate. Threshold
values were applied automatically using the QuantStudio™ Design and Analysis Software
(Applied Biosystems). Positive amplification was determined using a crossing threshold
(Ct value < 38 cycles). Bacterial re-isolation was accomplished from the same tissue sample
RTi-PCR analyzed. The recovered colonies were scraped from the BCYE growth medium
and resuspended in a potassium phosphate buffer, prior to being assessed via RTi-PCR.

2.5. Water Potential () Assessment

Y was assessed only in the greenhouse trial using the Scholander pressure chamber
(PMS Instrument Company, Albany, NY, USA). The equipment was set up using a pressure
of 3 bar in the N gas cylinder and a gas flow rate of 5 bar in the equipment. Measurements
were performed systematically between 9:30 and 11:30 am, two hours after sunrise, as
recommended by Knipfer et al. (2020) [50]. Leaves were cut from positions 2, 3, or 4
above the inoculation point, depending on phenological development and using a scalpel
blade. Immediately after excision, the petiole was placed in the Scholander chamber and
the pressure equilibrium technique described by Castander et al. (2020) [51] was used
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to measure ¥ in MPa. The ¥ data were recorded during the period between 8 WPI and
21 WPL.

2.6. Statistical Analysis

rAUDPC and water potential (¥) were analyzed in each trial to assess the effect of
cultivars and rootstocks. The rAUDPC data were normalized via arcsine of the square root
of the proportion and then subjected to analysis of two-way ANOVA (Cultivar X strain,
Cultivar x year, or Rootstock x Strain for each Cultivar), followed by Fisher’s Least
Significant Difference (LSD) test (R software, version 4.2.2) in the case of no significant
interactions. Differences at p < 0.05 were considered significant. Additional descriptive
data in boxplots, comparisons based on estimated marginal means by Tukey’s tests for
comparing two means, and Pearson correlation coefficients using average trait values were
also obtained via the free Jamovi software version 2.3.28.

3. Results
3.1. Pierce’s Disease Susceptibility in Vitis Vinifera Cultivars and Rootstocks

During 2019, we evaluated the susceptibility of 24 different grapevine Cultivars and
five Rootstocks to two different strains of Xff (XYL 2055/17 and XYL 2177/18) that were
previously isolated in the same geographical area where the trial was conducted (Balearic
Islands). The rAUDPC data were recorded during the period between 8 WPI and 16 WP,
which corresponded to a maximum AUDPC of 280 u? for calculating the rAUDPC. Inocu-
lated plants in which the bacterium was not detected via RT-PCR were not considered for
an rAUDPC assessment.

We observed significant differences in the susceptibility of Cultivars and Rootstocks
to each of the two strains of Xff without significative interaction (Figure 2). The average
rAUDPC for all Cultivars combined was significantly higher for strain XLY 2055/17 (0.58)
than for strain XYL 2177 /18 (0.46), indicating the higher virulence of strain XLY 2055/17
(Figure 2a). In this case, the correlation between the rAUDPC values of both Xff strains
was high, with a significant coefficient of r = 0.903 (p < 0.05). The significant difference
between Xff strains indicates that one of the factors involved in the cultivar resistance was
determined using the bacterial genotype. This relation could be established under a linear
regression (R? = 0.8156) expressed as:

rAUDPC XYL 2177/18 = 0.8437 rAUDPC XYL 2055/17 — 0.0266.

The two Cultivars studied were grafted onto three different Rootstocks. However,
this grafting did not appear to produce any variation in the intrinsic susceptibility of the
grafted Cultivar. Disease progression, expressed as the rAUDPC values for Tempranillo
and Garnacha Tintorera, was independent of the rootstock upon which the plants were
grafted (Figure 3). Therefore, hereafter, we refer to each Cultivar independently from the
Cultivars that were grafted.

To establish the resistance levels to Xff, a new trial was repeated under the same
conditions the following year (2020) via inoculation with only the most virulent strain,
XYL 2055/17, according to the results obtained the year prior (Figure 2). We observed
significant differences among Cultivars in their individual susceptibility to the pathogen
and also significant differences between the years (Figure 4). This statistical result indicates
that the factors involved in grapevine Cultivars’ resistance could be dependent on climate
(or environmental), but not for all varieties or with the same determination attending
to the significant interaction between both factors (Cultivar and year) (Figure 4a). The
Cultivars Tempranillo Blanco, Tempranillo RJ43, Tempranillo RF78, Tempranillo, Malvasia,
Monastrel, Mencia, Garnacha Tintorera, and Macabeo yielded the highest rAUDPC values,
with no significant differences among them. Conversely, Pedro Ximenez, Albarifio, Verdejo,
Bobal, Pinot Noir, Hondarrabi Zuri, H. Beltza, and Cabernet Souvignon presented the
highest resistance to Xff (Figure 4b).

228



Horticulturae 2023, 9, 1224

(a) a b
1.00 4 Coka
A _
o L
;{‘.1 N
0.75 1 o o Pougt
o :..
& ® |058
Q 050 4
:) e
2 [] 0.46
=
0.25 4 AR -
-* “ ¥
.o '% o e
"% 2" 49 TN
0.00 - pha.
b XYL 2055/17 XYL2177/18
( ) ANOVA-trAUDPC
Sum of Squares df Mean Square F p
Cultivar 30.8 28 1.1 20.92 <0.001
Strain 3.15 1 3.15 59.84 <0.001
Cultivar x Strain 2.02 28 0.0722 1.37 0.1
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Figure 2. Descriptive and statistical parameters for the evaluation of grapevine Cultivars’ suscep-
tibility to Xff strains based on an estimation of the rAUDPC recorded from 8 WPI to 16 WPI for
24 Cultivars and five Rootstocks artificially inoculated with XYL 2055/17 and XYL 2177/18. (a) Each
boxplot reports the second and third quartiles, with median (line) and mean values (dot) indicated
as squares and points showing all values considered. The Xff strains followed by different letters
indicate significant differences among the mean rAUDPC values based on Fisher’s Least Significant
Difference (LSD) test (p < 0.05). (b) Statistical parameters after two-way ANOVA analysis of rAUDPC
previously transformed using arcsine of the square root of the proportion (trAUDPC).

In this study, the five most common Rootstocks upon which European varieties are
grafted were shown to be less susceptible to Xff than most commercial Cultivars of V. vinifera.
This result was essentially confirmed under our conditions because all Rootstocks (R110,
41B-MGt, Ru140, P1103, and 196-17 Cl) presented very low susceptibility to the pathogen,
with R110 yielding the lowest rAUDPC for Xff (Figure 4a).

3.2. Disease Severity and Disease Progression (rAUDPC) under Open Field and Controlled
Greenhouse Conditions

To better estimate and establish the degree of susceptibility, it is necessary to evaluate
plants during several campaigns or under different climate conditions. Accordingly, we
repeated the assays for one additional year. However, due to operational limitations, we
decided to perform the inoculations with only five Cultivars that showed different levels
of susceptibility to Xff in previous field trials together with one Rootstock. In this case, we
used the Xff ST1 strain IVIA 5770, the only strain that current regulatory restrictions allow
to be manipulated outside of the demarcated areas in Spain.

During 2021, two new trials were carried out in parallel: one in the same location as
the two previous trials (Balearic Islands), and the other under controlled conditions in a
greenhouse located in a different climatic area of northern Spain. Special care was taken to
ensure that the plants for both trials belonged to the same grafted lot and were maintained
without fertilizer or water restrictions.
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Residuals 1.5634 43 0.0364 Residuals 1.5748 32 0.0492

Figure 3. Mean rAUDPC values obtained for Tempranillo (a) and Garnacha Tintorera (b) Cultivars
grafted onto different Rootstocks (SO4, R110, 41 B, and P1103). The plants were artificially inoculated
with two Xff strains: XYL 2055/17 (solid grey) and XYL 2177/18 (grey grid). The data were recorded
over one year (2019) in open field over 8 weeks, from 8 to 16 WPI. Error bars represent the standard
error of the mean. Statistical parameters after two-way ANOVA analysis of rAUDPC previously
transformed using arcsine of the square root of the proportion (trAUDPC) shown in the table conclude
no significant differences among Rootstocks, Strains, and their interaction (Rootstock*Strain).

The results obtained in this new trial carried out in 2021 using a restricted number
of Cultivars and Rootstocks confirm those obtained in the two previous years. All the
Cultivars and Rootstocks were susceptible to Xff, in this case, against the strain Xff IVIA
5770, with clear pathogen resistance depending on climatic conditions. The rAUDPC
values were significantly higher in four of the five Cultivars tested: Tempranillo, Garnacha,
Pinot Noir, and Chardonay (Figure 5). The Cultivars in which the rAUDPC values were
not significatively different between the field and greenhouse were Hondarrabi Zuri and
Rootstock R110 (Figure 5). Both Cultivars belonged to the group with the lowest rAUDPC
values recorded in previous field trials, as shown in Figure 4a.

Four months (16 WPI) after inoculation, the SI recorded under field conditions ex-
ceeded level 3. However, under greenhouse conditions, this level was not exceeded in any
of the Cultivars studied (Figure 6). In both the greenhouse and the field, it was possible
to observe significant differences in the level of Cultivar susceptibility to Xff (rAUDPC).
However, in the greenhouse, the average of this indicator did not clearly discriminate be-
tween the resistance levels of the Cultivars studied. Only Tempranillo yielded a significantly
different rAUDPC than that recorded in Rootstock R110 (Figure 6).

Importantly, after inoculation, the asymptomatic period was shorter in the open field
than that in the greenhouse. An asymptomatic to symptomatic transition occurred between
10 and 12 WPI in the greenhouse and after 8 WPI in the open field (Figure 6).

Table 1 shows the maximum SI recorded in the inoculated plants, in both the field and
the greenhouse. Two months after inoculation (16 WPI), all Cultivars of Vitis vinifera tested
in the field recorded the maximum value of SI (5). Only two of the five evaluated Rootstocks
(41 B-MGt and R110) did not obtain the same maximum SI value. In the greenhouse, no
Cultivar yielded the maximum SI value (5), and only Tempranillo reached level 4 (Table 1).
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Figure 4. (a) Mean rAUDPC values obtained for Cultivars and Rootstocks artificially inoculated with
Xff ST1 XYL 2055/17, recorded over two consecutive years (2019 and 2020) for 8 weeks, from 2 months
(8 WPI) to 4 months (16 WPI). Error bars represent the standard error of the mean. Cultivars followed
by the same letter indicate non-significant differences among rAUDPC values based on Fisher’s
LSD test (p < 0.05) for just the 2019 trial. The most susceptible cultivars with the highest rAUDPC
values are marked in red, while cultivars with the lowest values are marked in green. The number
of inoculated plants per Cultivar considered to obtain the mean rADPC varied from seven to nine.
(b) Statistical parameters after two-way ANOVA analysis of rAUDPC, previously transformed using
arcsine of the square root of the proportion (trAUDPC), shown in the table conclude significant
differences among Cultivars, year of trial conduction, and significative interaction between both
factors (Rootstock*Strain). The asterisks indicate significant differences (p < 0.05) by Tukey’s test

between rAUDPC registered in 2019 and 2020 at each Cultivar.
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Figure 5. Mean rAUDPC values obtained for five Cultivars and one Rootstock artificially inoculated
with Xff IVIA 5770, recorded over one year (2021) in two locations under both an open field (FIELD)
and controlled conditions (GREENHOUSE). The rAUDPC was calculated based on the SI progress
for 8 weeks, from 8 to 16 WPI. Error bars represent the standard error of the mean. The number of
inoculated plants per Cultivar considered to obtain the mean rADPC was nine. Asterisks indicate the
level of significance: *, p < 0.05; ns, not significant) based on Tukey-test between the means values
obtained in Field (dark grey) and Greenhouse (light grey) for each Cultivar.
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Figure 6. Disease progression in an open field (Field) and greenhouse-controlled conditions (Green-
house) from 8 to 16 WPL. The plants were artificially inoculated with the Xff IVIA 5770 strain. Values
are the means of 13 replicates, and error bars represent the standard error of the Severity Index (SI).
The rAUDPC derivates from the time progression of the SI as shown in columns. Cultivars followed
by the same letter indicate non-significant differences between the rAUDPC values based on Fisher’s
LSD test (p < 0.05).
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3.3. Water Potential Progression during Xff Infection and Disease Development

To associate PD symptomatology and bacterial detection with the effects of infection
on the water status of the plants, the ¥ differences between treatments (control and inocu-
lated) were also analyzed for 19 weeks, from 2 WPI to 21 WP, in plants growing under
controlled conditions in the greenhouse. Y varied as the phenological stage of the plants
progressed, but significant differences between inoculated and non-inoculated plants were
observed from 12 WPI onwards (Figure 7). However, this result was not clearly established
in all tested Cultivars. In two of the five cultivars (Garnacha and Pinot Noir), significant
differences were not found, even at 21 WPI (Figure 8a). In the Rootstock R110 and Hon-
darrabi Zuri, which both presented the lowest severity index in the greenhouse (Figure 5),
it was possible to find significant differences in ¥ between inoculated and healthy plants
(Figure 8a). These results suggest no relationship between the severity of the disease and
variation in water potential, at least in some Cultivars. On the other hand, at 12 WP, the
first period with significant differences in ¥ between inoculated and control plants, 41% of
inoculated plants already indicated positive bacterial detection, as shown in Figure 8b.
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Figure 7. Water potential (¥) variation over time under greenhouse-controlled conditions. Latin
letters correspond to average ¥ of the inoculated plants, while Greek letters represent the non-
inoculated plants. The same letter indicates non-significant differences among mean ¥ values based
on Fisher’s LSD test (p < 0.05). The asterisks indicate significant differences (p < 0.05) by Tukey’s
test between inoculated and non-inoculated plants at each time point: TO (before inoculation), 6, 12,
and 21 WPI. Individual measurements for each plant are shown with “x” signs. The plants were
artificially inoculated with Xff IVIA 5770.
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Garnacha 0 11 11 22 22 22 44 56 78 100
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Figure 8. Progression of the water potential () and RT-PCR detection of Xff IVIA 5770 artificially
inoculated in grapevine plants. The trial was carried out under controlled conditions in a greenhouse.
(a) ¥ recorded before (T0) and after 21 WPI for artificial inoculation with Xff IVIA 5770 in five
grapevine Cultivars and one Rootstock (R110) and 21 WPI under greenhouse-controlled conditions.
Each boxplot reports the second and third quartiles, with median values (line) in the square and
points showing outliers (green for non-inoculated (C) and grey for inoculated plants (I)). The as-
terisks indicate significant differences (p < 0.05) by Tukey’s test between I and C plants at 21 WPL
(b) Percentage of artificially inoculated plants in which the bacterium was detected via RTi-PCR from
2 to 21 WPL

4. Discussion

As previously described, strains of Xff ST1, isolated for the first time in the Balearic
Islands, were able to cause disease in some of the main grapevine varieties planted in
different Spanish regions [29]. The 24 Cultivars studied in this work were found to be
susceptible. However, it was also possible to clearly establish different levels of resistance
among cultivars. The results obtained agree with those previously published, showing
different degrees of resistance in certain grapevine cultivars, most likely influenced by their
different pedigrees (linked to their shared centers of domestication) and xylem anatomical
features [33], or an engineered innate immune defense in grapevines [52].

Notably, the two determining factors of grapevine cultivar resistance to Xff in this
study were the bacterial genotype (Xff strain) and environmental climate. The virulence of
the Xff strain XYL 2055/17 was significantly higher than that of strain XYL 2177/18.

Plant—-pathogen interactions are multifaceted processes mediated by the pathogen-
and plant-derived molecules. Thus, the differential virulence between strains is well known.
In this work, we detected this condition in two strains of Xff isolated independently in the
same geographical area over consecutive years, which could corroborate the results of the
genetic variability of Xff isolated in the Balearic Islands recently presented by Dr. Landa’s
research team in 2022 [7]. Despite the differences in virulence found between the two strains
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in this study, resistance was highly correlated between cultivars. Thus, strain virulence
does not appear to modify the susceptibility profiles.

In the absence of a greater number of trials under different agroclimatic conditions,
this work established, for the first time, two significantly different groups of European
cultivars of Vitis vinifera, characterized as having high and low susceptibility to Xff. The
results indicate that Tempranillo and Tempranillo Blanco can be considered as a reference
cultivar (variety) (among others) with high susceptibility compared to Hodarrabi Zuri and
Cabernet Sauvignon with lower susceptibility.

The results obtained in this work demonstrate that the Rootstock commonly used to
graft commercial varieties of grapevine are also susceptible to PD caused by Xff European
isolates. However, the level of susceptibility was significantly lower than that of most
commercial Cultivars. Several studies showed that rootstocks affect scion responses in
many different ways. Rootstocks, for example, can influence scion vigor and phenology
and confer differential tolerance to drought and disease in various crops [53,54]. Recent
relevant studies [55] proposed that a low root mass may incite resource-limiting conditions to
activate carbohydrate metabolic pathways, which reciprocally interact with plant immune
system genes to elicit differential levels of cultivar susceptibility in bacterial pathogen-plant
interaction. However, the low susceptibility found in the Rootstocks studied was not
found to confer lower susceptibility among the cultivars. Our results indicate that the
susceptibility of one grapevine cultivar to PD could be independent of the rootstock on
which the cultivars were grafted.

To ensure higher control over environmental variables, it is common to evaluate
cultivars for their resistance to pathogens in growth chambers or greenhouses before the
evaluations under field conditions. However, the susceptibility ratings under these two
conditions were previously found to show either a significant correlation [56,57] or no
correlation [58]. Additionally, in certain cases, greenhouse evaluations tend to overestimate
susceptibility [59]. In the end, screening for resistance to pathogens could be more accurate
when conducted in open fields or greenhouses, depending on the expression of plant
defense-related genes after bacterial inoculation or the presence of climatic conditions more
conducive to bacterial growth [60]. Therefore, since inoculation with a quarantine pathogen
such as Xff is more practical in controlled facilities, we evaluated the correlation between
plant susceptibility to Xff among five cultivars and one Rootstock in a greenhouse and
in the field. The results showed that disease progression was significantly slower in the
greenhouse than in the open field. Consequently, the rAUPC found in grapevines grown in
this facility was no greater than 0.25 units from 2 to 4 months after inoculation. This result
is not surprising since in other pathogenicity models of Xff in greenhouses, disease severity
did not reach the levels found in the open field, as in the case of Xff in southern highbush
blueberry (Vaccinium sp.) [61] and almond [43].

Under the current disease scenario, investigators can handle tasks with Xf-infected
plant material only under confined, approved conditions to avoid the spread of the disease,
denoted as temporal confinement stations for quarantine pathogens (Regulation (EU)
2016/2031). Biosafety greenhouses are the only facilities that can be used for this purpose.
Taking into account our results, it would be possible to discriminate between highly and
moderately susceptible cultivars with reference to Tempranillo Cultivars. Tempranillo
grafted onto Rootstock R110 was able to reach a severity index of 4 after 16 WPI, as shown
by our results. Together with Tempranillo, Pinot Noir (both grafted onto R110) presented
the earliest symptoms. The first symptoms were recorded at 12 WPI. This result confirms
our selection of Chardonnay and Pinot Noir varieties as indicator plants in the pathogenicity
tests and suggests the inclusion of the Tempranillo and Garnacha varieties in standards for
the Diagnostic Protocol of Xff.

The differences in varietal susceptibility levels highlighted in this work under open
field conditions, together with previous work showing that disease incidence and sever-
ity may be related to agricultural management, suggest that PD in Europe could be, in
the future, managed as a chronic disease as it is now managed in American winegrow-
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ing areas [32]. Several scientific results support this theory, including crop management
(Moralejo, 2019 [39]), which found positive results when using innovative synthesized
chemical treatments [37,42], the efficacy of foliar-applied biological treatments [62], insect
vector deterrence [63], and others [9]. We should also consider the wide variety of bios-
timulants appearing on the fertilizer and agro-sanitary markets whose contributions to
vineyard health in different agroclimatic grapevine areas remain to be studied [64,65].

It is well known that PD in grapevine is related to a decrease in water conductance,
water potential, and hydraulic conductance [10,11,66]. Compared to healthy leaves devel-
oped under the same conditions, Xf-infected plants showed a reduction in available water
and nutrients, resulting in wilting and death due to stress. This result was corroborated
using the Scholander test in woody plants [12]. In this study, we were able to associate
this physiological effect with the onset of symptomatology and Xff infection. However,
based on our results, it is not easy to consider this parameter as an early detection test for
Xff infection prior to the symptomatic period. The differences in water potential started to
become significantly distinct between healthy and infected plants once the bacteria were
detectable via standard RTi-PCR. In addition, the results obtained show differences among
cultivars; thus, it was not possible to establish a significant relationship between infection
and potential water in all cultivars. This alternative technology would be discarded as
an alternative diagnostic measure unless further research is carried out to discriminate
its potential use for different cultivars, evaluation times, and agroclimatic conditions. We
cannot ignore these new and non-destructive technologies as they create the possibility to
survey, and potentially geo-reference, large numbers of plants in real time.

Undoubtably, grapevine agro-management in novel environments coupled with Culti-
var resistance will play a determining role in PD control in Europe. Indeed, such methods
are already being prioritized in other crops [67]. Considering the data presented in this
work, several agro-climatic parameters should be tested to enhance breeding programs
and establish a discriminative threshold for cultivar selection. At the same time, we should
explore new technologies for the early detection of differential physiological responses and
phenotyping of foliar disease severity under controlled conditions [68,69].

5. Conclusions

The 24 European Vitis vinifera cultivars studied in this work, representing more than
70% of the cultivated area in Spain, are susceptible to the PD caused by current Xff ST1
strains detected in Europe. After carrying out trials over three consecutive years, we
obtained consistent results indicating two significantly different groups of resistance which
may not be influenced by the rootstock upon which the plant is grafted. Importantly,
Cultivar susceptibility is clearly influenced by the environmental conditions under which
the plants are grown. The results of cultivar resistance evaluations may differ between the
field and the greenhouse conditions.

Tempranillo could be included as references in breeding programs for Xff as indicators
of highly susceptible Cultivars, since under field and greenhouse conditions, these variety
presented the largest SI and rAUDPC values four months after inoculation.
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Abstract: Knowledge about the growth vigor of grapevine rootstocks is required for scion-based
rootstock selection and rootstock breeding. We performed this trial aiming to evaluate the multi-
plication and growth vigor of several rootstocks. Thirty-one rootstock genotypes were compared
on their multiplication characteristics, phenological periods, and growth indicators across three
consecutive seasons. The results suggested that the cuttings of most rootstocks had callus-forming
indices (CFIs) over 0.5 except for ‘188-08" (0.28). The rooting rate of ‘420A” was 5%, while that of
the rest of the rootstocks was greater than 48%. The internode lengths of the one-year-old vines
were positively correlated with those (as well as cane lengths and pruning weights) of the adult
vines. These rootstocks were grouped into three clusters based on the growth measurements across
three seasons. Eight combinations of genetic backgrounds showed various effects on the growth
indicators. The high-vigor cluster includes ‘1103F’, ‘5BB’, “225Ru, etc.; the medium-vigor cluster
includes ‘Dogridge’, “101-14M’, ‘Fercal’, etc.; and the low-vigor cluster includes ‘Gloire’, ‘3309C’,
‘Ganzinl’, etc. The Vitis berlandieri parentage showed a higher vigor heredity, while the V. riparia
showed a lower vigor heredity. These findings would contribute to rootstock nursery construction
and provide references for vigor-based rootstock selection for grafts and parent selection for rootstock
breeding.

Keywords: Vitis; callus; internode; pruning weight; phenological periods; grapevine; genetic background;
meteorology

1. Introduction

Rootstocks have acted a vital role in grapevine (Vitis vinifera L.) cultivation, ever
since using them to protect against phylloxera infections in the European vineyards in
the nineteenth century [1]. After that, many grapevine rootstock cultivars have been bred
and the advantages of rootstocks such as nematode resistance, drought tolerance, salinity
tolerance, and lime tolerance have been recognized [2-5]. Furthermore, rootstocks can alter
the yield and berry composition of grapes [6,7] by affecting bud fertility, fruit set, berry
weight, and nutrition uptake [8-10].

Rootstocks were not taken seriously due to the absence of phylloxera attacks in the
viticultural history of China [11], until scientists realized their value in resisting environ-
mental stresses and improving fruit quality. Furthermore, numerous grapevine rootstocks
have been successively introduced [12]. In the meantime, several rootstocks have been bred
locally since 1984 by using native wild species like V. amurensis [11]. Grapevine grafting has
become a popular topic in both academic and commercial areas in recent years. Grafted
vine materials are also well-sold for their improved fruit quality or yield. And the grafted
plants are easy to survive and tend to grow vigorously after grafting tender shoots on a
vigorous rootstock. Some sayings in recent years, like the positive effects of a few rootstocks
on the popular fresh grape cultivar, ‘Shine Muscat’ (V. labruscana x V. vinifera), have driven
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the price to surge for cultivars ‘3309C’, ‘Kober 5BB’, and the unverified ‘3309M’. This should
be attributed to the limited planting area of these rootstocks before their value was noted.

The nursery industry in China mainly consists of individual households, cooperatives,
or small-scale companies, and very few of them have rootstock nurseries. The promising
market for grafts encourages them to construct their own rootstock nurseries, either to meet
their own rootstock demand, screen potential rootstocks, or even breed new rootstocks.
However, most rootstocks are just conserved as germplasm resources by research institutes
after being introduced, especially the lesser-known cultivars and the locally bred ones [13].
To better utilize these rootstocks, their features need to be investigated.

Terroir is critical to vine performance [14]; thus, regional rootstock screening is nec-
essary. Several rootstocks have been tested for nutrition uptake, cold resistance, virus
detection, and impact on scion yield and fruit composition in regions such as the Mediter-
ranean, Eastern Canada, and Algeria [15-18]. Recently in China, the primary core collection
of grape genetic resources was constructed based on plant phenotypic traits by the national
grapevine repository [13]. Responses to stresses like copper and sodium chloride have
been tested on many rootstock cultivars [19,20]. The tolerance to cold or waterlogging
has also been tested on the major cultivars [21-23]. However, essential knowledge of the
multiplication, phenology, and growth vigor of these rootstocks is rarely reported.

The native species V. amurensis has been well utilized in northern China for its good
cold-hardiness and perfect flowers, but V. amurensis is weak and hard to root [11]. Breeders
made intraspecific crosses and interspecific hybridizations with species like V. riparia to
overcome the weaknesses. The improved cultivars include ‘Shanhe’ lines (‘Shanhe 1,
‘Shanhe 2’, ‘Shanhe 3’, and ‘Shanhe 4’) [24], but their planting characteristics are still
required to be investigated. Those lesser-known rootstock cultivars can be good candidates
for specific viticultural purposes or be used as promising parents just as V. amurensis is used
to breed new cultivars. Thus, much detail on their growth and multiplication is required as
well. Some cultivars such as ‘5BB’, ‘SO4” and “1103P’ are recognized as easy to grow, even
in cold regions. However, their multiplication information, which is vital for a rootstock
nursery, has rarely been assessed publicly.

Urged by these questions, we multiplied 31 grapevine rootstocks and then investigated
their phenological periods and growth performances for three consecutive seasons. The
main objective was to evaluate the multiplication and growth characteristics of these
rootstocks. We also aimed to understand the role of genetic background in transmitting
vigor. We conducted this trial in Changli, northern China, a major region that produces
fresh grapes, wine, and planting materials. This is a first for most of the tested rootstocks.
The results would deepen our understanding of these rootstocks. Furthermore, the results
could help nursery growers in selecting rootstock cultivars.

2. Materials and Methods
2.1. Multiplication Evaluation of the Plant Materials

Healthy dormant canes of 31 grapevine rootstocks (Table 1) were acquired in the
winter of 2010. Canes in bundles were sprayed with lime sulfur solution (2%) and then
stored under one meter of moist soil (30-40% moisture content) until the spring, when
they were ready to propagate. Canes were cut into cuttings with two fully developed
buds (the schematic diagram of the test is shown in Figure 1). The desirable cuttings were
approximately 15 cm long and 0.7 cm thick. The basal end of the section was cut at a
sharp angle of about 30°, and the upper end was cut flat, and each end was 2 cm below
or above the closest bud (Figure 1). Every ten cuttings were tied up to form one bundle.
Four bundles of cuttings with tags were soaked in distilled water (20 &+ 2 °C) for 5 h, and
then their basal ends were dipped into a rooting solution containing 20% naphthylacetic
acid (NAA) and 30% heteroauxin (IAA) (Aibidi Biotechnology, Beijing, China) for 3 min
right before placing them on the nursery bed. The nursery bed was made of 10 cm of sand
with a controllable electric heating system at the bottom. Gaps between cuttings were filled
with sand, and the upper buds were exposed to the air. The bottom temperature was set at
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26 + 2 °C, and the air temperature was 15 & 2 °C. The moisture content of the sand was
kept at 50-60% by spraying water on the bed surface two times a day.

Table 1. Thirty-one grapevine rootstocks used in the trial and their abbreviations and parentage

information.

Rootstock Abbreviation Parentage

11?)411}111@“ et de Grasset 101-14M’ V. riparia x V. rupestris

‘Paulsen 1103’ “1103P” V. berlandieri x V. rupestris

‘Richter 110’ “110R’ V. berlandieri x V. rupestris

‘Couderc 1202 1202C’ V. vinifera x V. rupestris

‘Ruggeri 140 “140Ru’ V. berlandieri x V. rupestris

‘Couderc 1613’ 1613C’ (V. riparia x V. longii) x ‘Othello’

‘Castel 188-08" 188-08’ V. monticola x V. riparia

‘Ruggeri 225 225Ru’ V. berlandieri x V. riparia

‘Couderc 3309 ‘3309C" V. riparia X V. rupestris

‘Millardet et de Grasse 420A”  "420A’ V. berlandieri x V. riparia

‘Téléki 5 A’ ‘5A V. berlandieri x V. riparia

“Kober-Téléki 5BB’ ‘5BB’ V. berlandieri x V. riparia

‘Téléki 5C” '5C7 V. berlandieri x V. riparia

‘Téléki 8B ‘8B V. berlandieri x V. riparia

‘Berlandieri Rességuier No. 2°  “BR2’ V. berlandieri

‘Riparia Barrett 50 ‘Barrett50’ V. riparia

‘Riparia Beaumont’ ‘Beaumont’ V. riparia

Beta’ ‘Beta’ V. riparia x [(V. labrusca x V. vinifera) x V.
labrusca)

‘Dog ridge’ ‘Dogridge’ V. x champinii (V. rupestris X V. candicans)

Fercal INRA Bordeaux’ Fercal (V. berlunlfl.ieri x V. vinifera) x (V. berlandieri
x V. longii)

‘Ganzin 1’ (‘{AxR 1) ‘Ganzinl’ V. vinifera x V. rupestris

I\I/I{Lia’:;:lﬁiglre de ‘Gloire’ V. riparia

‘Rupestris du Lot’ ‘du Lot’ V. rupestris

‘Saltcreek’ (‘Ramsey”) ‘Saltcreek’ V. x champinii (V. rupestris x V. candicans)

‘Rupestris Scheele’ ‘Shadi’ V. rupestris

‘Shanhe 1 ‘Shanhel’ V. amurensis x V. riparia

‘Shanhe 2’ ‘Shanhe2’ V. amurensis x V. riparia

‘Shanhe 3’ ‘Shanhe3’ V. amurensis x V. riparia

‘Shanhe 4’ ‘Shanhe4’ V. amurensis x V. riparia

g;f;i‘;ﬁf;‘jilfhon 'SO4’ V. berlandieri x V. riparia

‘Wumao’ ‘Wumao’ V. berlandieri x V. riparia

After being nursed for 30 days, a total of four bundles (ten cuttings for each bundle
as one replicate) for each cultivar were randomly selected for multiplication evaluation.
The cutting with visible green tissue or shoot was defined as “budbreak”, and the bud
length was measured using a vernier caliper. The cutting with visible root(s) was defined
as “rooted”, and the root(s) number was recorded. We defined the callus-forming grade
(i) as the callus covering percentage on the section surface: 0, 0%; 1, 1-20%; 2, 21-40%; 3,
41-60%; 4, 61-80%; 5, 81-100%. One well-trained assistant rated the cuttings visually. For
each replicate, the budbreak rate, rooting rate, and callus-forming index [CFI, modified
from the salt damage index [19,25]] were calculated. CFI = (0 x Ny +1 x N1 +2 X Nj
+3 X N3 +4 x Ny +5 x N5)/(5 x 10), where N; represents the number of cuttings with
the corresponding callus-forming grade (i, i = 0-5), and one bundle of ten cuttings is one
replicate.

242



Horticulturae 2023, 9, 241

: 1-year-old plant

i
| Transplant the i Transplant the

| cuttings to the field plants to the field
' (Kongzhuang (Shigezhuang

' Station) Station)

]
i
| Nursery plants

faposstad
harvested

Multiplication evaluation for the cuttings Growth evaluation for Phenological periods Growth measurement at the end of each
the 1-year-old plant investigation growing season
(“young vine”) (“adult vine”) (“adult vine”)
2011 2012 2016-2018

Figure 1. Schematic diagram of the present trial. The multiplication of grapevine rootstocks was
evaluated after the cuttings were nursed for 30 days in 2011 and then the cuttings were transplanted
into the field at Kongzhuang Station. As the “young vines” grew in the field for 90 days, both above-
ground and underground growth were determined. Meanwhile, the nursery plants were harvested.
In late March 2012, the plants were transplanted to the germplasm repository at Shigezhuang Station.
During the years 20162018, the phenological periods including bud-break, initial flowering and
the end of flowering of the grapevine rootstocks (“adult vines”) were recorded; growth indicators
including trunk diameter, cane diameter, cane length, pruning weight, etc., were determined after
leaves fell.

2.2. Evaluation of Cutting Development

Well-developed cuttings were root-dipped in a mixture of water and bioagent (Agrobac-
terium vitis E26, 1/2 in volume) to prevent crown gall infections before being transplanted
in the field on April 17, 2011 (Figure 1). The plants grew at the Kongzhuang experimental
station (39°42/29"" N, 119°05'41"" E; altitude 14 m), Changli Institute of Fruit Research. All
the plants were managed uniformly, and only one stronger shoot was kept for each plant.
The pest and disease control followed the local standards. Vine materials were harvested,
and growth parameters were measured after leaves fell on November 30. Ten plants for
each cultivar were carefully dug out, and the soil was carefully washed off the roots. Shoot
basal diameter and root diameter were measured using a digital vernier caliper. Roots
with a diameter of over 2 mm were defined as thick roots and were counted. The thick
root proportion was calculated as the ratio of the number of thick roots to the number of
total roots in percentage. The lengths of the shoot and root were determined using a tape
measure. The lignified proportion of the shoot was defined as cane length/shoot length in
percentage. Total root length and average root length are the sum and mean of the lengths,
respectively, of the individual roots for each vine. The soil at the site is sandy loam.

2.3. Growth Measurements for the Vines

The vine materials were harvested with two buds retained (Figure 1). The plant
materials were preserved in a ditch, which was then covered with moist soil in the shade.
In the spring of 2012, they were planted in the grapevine repository at Shigezhuang
experimental station (39°45'01" N, 119°12/44"" E; altitude 20 m), Changli Institute of Fruit
Research. Vines were spaced at 0.7 X 4 m and trained on a pergola trellis at a height of
1.8 m. In the planting year, only one vigorous shoot was retained for trunk establishment
for each plant. In the first winter, the single cane was pruned at the lower cordon, about one
meter high. In the second growing season, the top 5-6 shoots on each plant were allowed to
develop until the winter, when each newly formed cane was pruned to two buds. Similarly
in the next season, only one shoot was retained on each spur, and around 5-6 new shoots in
total were kept. All the vines were generally unearthed several days before the traditional
Qingming Festival (4 or 5 April), specifically, 30 March 2016, 1 April 2017 and 1 April
2018. These management changes were repeated in the following years. Investigation
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and determination were conducted from the fifth to seventh growing seasons (2016-2018).
After leaves fell, for each plant, the trunk basal diameter (30 cm above the ground), cane
length, cane basal diameter, and shoot length were measured, and the internodes were
counted before canes were pruned and weighed. Internode length is defined as cane
length /internode number, and lignified proportion is defined as cane length/shoot length.
A total of ten plants for each rootstock cultivar were randomly selected and determined.
All the vines were managed uniformly and were buried with soil to overcome the cold
winter.

2.4. Phenological Periods Investigation for the Vines

During each growing season, the phenological periods for each rootstock cultivar
were investigated based on the modified E-L system for grapevine growth stages [26]. The
budbreak period is defined as when around 5% of the total buds show green tips (stage
E-L 4). Initial flowering is defined as when around 5% of the flower clusters show caps-off
(E-L 19). The flowering period ends when the caps fall off (E-L 26). Phenological period
recording started on the first day of the year (DOY).

Meteorological data were obtained from the local weather bureau and averaged
monthly from April to October (Figure S1 and Table S1). The soil is sandy loam, and its
composition was determined (Table S2).

2.5. Statistical Analysis

Data analyses were performed using SPSS 20 (IBM Corp., Armonk, NY, USA). Nor-
mality and homogeneity of variance were tested before analysis. A one-way or two-way
ANOVA followed by Tukey’s post hoc test was employed to compare the means at p < 0.05.
The nonparametric median test followed by multiple pairwise comparisons was adopted
to compare the medians at an adjusted p < 0.05 by Bonferroni correction. Principle compo-
nent analysis (PCA), correlation analysis, hierarchical cluster analysis (HCA), and figure
construction were conducted in OriginPro 2018 (OriginLab Corp., Northampton, MA,
USA).

3. Results
3.1. Multiplication Characteristics of the Cuttings

The status of cutting development varied largely among these rootstocks after being
nursed for 40 days (Table 2). The callus-forming indices (CFIs) ranged from 0.28 ("188-08")
to 0.97 (5C). Thirteen rootstocks, or approximately 42% of the total, achieved high CFIs of
over 0.9. “188-08" was the only one that attained a CFI less than 0.5, that is, other rootstocks
could form calluses in more than half the area of the cutting plane. The average rooting rate
of “420A" was 5%, markedly lower than those of other rootstocks, which were greater than
48%. Especially with ‘Fercal’ and ‘5A’, whose rooting rates reached 100%. The average root
number per cutting was found to be positively related to the rooting rate. It ranged from
0.2 to 10.2, with a median of 2.9. Correspondingly, ‘5A” produced the most roots, while
420A” and ‘BR2’ produced less than one root on average.

The budbreak rate and bud length lie in ranges of 37.5-100% and 0.42-3.58 c¢m, re-
spectively. The budbreak rates of two-thirds of the rootstocks reached 80%, especially for
‘Beta’” which got a rate of 100% and the largest bud length of 3.58 cm. Furthermore, buds of
225Ru’ and “Wumao’ germinated less than 50% and were the shortest in length.

3.2. Growth of the One-Year-Old Vine in the Field

Rootstocks performed diversely in both overground and underground growth-related
traits after growing in the field for 90 days (Tables 3 and 4). The shoot diameter of “225Ru’,
which reached 10.1 mm, was significantly larger than that of other rootstocks, which ranged
from 5.6 (“Saltcreek’) to 8.1 (‘Shanhe4’) mm. The shoot lengths ranged from 72.7 to 150.3 cm,
and 80% of those were longer than one meter (Table 3). Cultivars with longer shoots
generally had longer lignified parts, showing a positive correlation between the variables
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(Figure S2). Averagely, the lignified shoot length and total shoot length of “110R” were the
largest, more than twice those of ‘Gloire’, “1613C’, or ‘Shadi’. The variation in lignification
rates was relatively small, with a range of 73-100%. Shoots of ‘Gloire’, ‘Beaumont’, and
‘3309C” were less lignified, lower than 75%. The internode lengths ranged from 3.2 to 7.8 cm,
being higher on varieties with longer shoots and lower on those with shorter shoots.

Table 2. Multiplication traits of the grapevine rootstock cuttings after being nursed for 40 days.

Rootstock CFI Rooting Rate (%)  Root Number Budbreak Rate (%)  Bud Length (cm)
101-14M’ 0.94 £ 0.06 a—d 625+15.0d-g 1.3 £0.1no 85.0 £ 10.0 b—f 1.05 + 0.07 k—o
1103P” 0.54 £0.01 m 83.0 £17.0 abc 424+03de 92.8 £4.9a-d 1.17 + 0.08 jk1
“110R’ 0.72 £0.07 i-1 875+ 12.6 ab 3.7+ 04 ef 825+ 9.6 c-g 1.08 + 0.05 klm
1202C’ 0.92 +0.04 a—d 90.0 £ 8.2ab 58 £04Db 72.5 £ 9.6 ghi 0.95 = 0.03 mno
“140Ru’ 0.87 £0.05b-g 875+ 5.0ab 35+03fg 92.5+9.6a-d 1.35+0.05j
1613C’ 0.76 £ 0.04 h-k 83.3 £ 6.1 abc 2.6 £0.1h-k 71.8 £ 5.6 ghi 1.86 £ 0.16 d-g
188-08" 0.28 £0.07n 613 +13.7d-g 1.6 £0.21-0 973 +55ab 1.84 £ 0.15e-h
225Ru’ 0.88 - 0.05 a—e 90.0 £ 8.2ab 45+04d 37.5+9.61 0.45+0.03r
’3309C’ 0.94 £ 0.03 a-d 625+9.6d-g 23 £02i-1 92.5£5.0a-d 1.68 £ 0.09 ghi
‘420A 0.78 £ 0.08 f—j 50+£58h 02+03q 67.5 £5.0jj 0.74 £ 0.06 pq
‘5A 0.70 £ 0.04 jkI 100£0a 102 £0.7a 95.0 £ 5.8 abc 1.94 4 0.14 def
‘5BB’ 0.92 £0.04 a—d 67.5 £ 5.6 c—f 2.9 £0.2 ghi 85.3 + 5.0 b—f 1.24 £0.12jk
'5C 097 £0.03a 67.5 £ 5.0 c—f 22+0.1i-1 90.0 =82 a-e 1.22 +0.11 jk
‘8B’ 0.93 £0.02 a-d 80.0 £ 14.1 bed 57+19Db 60.0 £ 0jk 0.63 +0.03 q
‘BR2’ 0.77 £0.11 g5 480+222¢ 05£02pq 85.5 £ 17.1 b—f 0.87 &= 0.09 nop
‘Barrett50’ 0.86 £ 0.06 c-¢g 91.8 £ 84 ab 53 £0.7bc 92.8 £5.3 a-d 2.05+0.25cd
‘Beaumont’ 0.85 £ 0.05d-h 55.0 £10.0 fg 2.6 £02h-k 85.0 £ 5.8 b—f 1.05 + 0.09 k—o
‘Beta’ 0.68 £ 0.06 k1 77.5 £ 9.6 bed 3.7 £05ef 100+=0a 358 +0.26a
‘Dogridge’ 0.76 £ 0.02 h-k 75.0 £ 129 b—e 19+ 01k=n 90.0 =82 a-e 1.10 # 0.03 kIlm
‘Fercal’ 0.66 £0.031 100£0a 59+03Db 75.0 £ 5.8 f-i 228 £0.29b
‘Ganzinl’ 0.80 £ 0.08 e-i 77.5 +12.6 bed 33+£04fgh 95.0 + 5.8 abc 1.64 £ 0.12 hi
‘Gloire’ 0.96 + 0.03 ab 80.0 £ 8.2 bed 3.7 £03ef 92.5+5.0a-d 1.79 + 0.09 f—
‘du Lot’ 0.87 £ 0.09 a—f 85.0 £ 12.9 abc 49404 cd 70.0 £ 8.2 hij 0.87 &= 0.11 nop
‘Saltcreek’ 0.94 + 0.05a-d 85.0 & 5.8 abc 49+05cd 525+5.0k 0.85 £ 0.11 op
‘Shadi’ 0.93 £ 0.09 a-d 57.5 £ 15.0 efg 1.4+ 0.1 mno 80.0 £ 14.1d-h 1.07 £ 0.10 k—n
‘Shanhel’ 0.91 £ 0.06 a—d 77.5 £ 9.6 bed 2.6 £03h-k 875+ 5.0a—e 1.63 £0.111
‘Shanhe2’ 0.85 + 0.07 d-h 75.0 £ 10.0 b—e 1.9 £02k=n 95.0 + 5.8 abc 1.90 = 0.17 def
‘Shanhe3’ 0.78 £ 0.08 f 90.0 £ 0ab 2.8+ 0.3 g5 92.5+5.0a-d 2.02 £ 0.18 cde
‘Shanhe4’ 0.95 £ 0.05 abc 55.0 £ 129 fg 1.0 £0.10p 90.0 = 11.5 a—e 2.16 £ 0.18 bc
'SO4’ 0.94 £ 0.05 a-d 625+222d-g 21 £0.1jm 775 £5.0e- 0.98 £ 0.08 1-o
‘Wumao’ 0.90 & 0.05 a—e 725+ 154 b-f 494+04cd 40.0 +£3.31 0.42 £ 0.03r
Note: Data shown are means =+ standard error, n = 4. Different lowercase letters within each column represent
significant differences at p < 0.05 by Tukey’s test. CFI, callus-forming index.
Table 3. Growth indicators of the shoot 90 days after planting the grapevine rootstock cuttings in the
field (the young vine).
R Shoot Basal Cane Length Internode Length Shoot Length Lignified Proportion
ootstock .
Diameter (mm) (cm) (cm) (cm) (%)
101-14M’ 6.9 + 0.9 b-f 125.8 4+ 25.8 abc 6.5 £ 1.4 bed 126.2 +25.5 a—f 96+11a
‘1103P” 6.4 +£0.8 c—f 112.6 =299 b-g 6.6 £1.5bc 112.6 £29.9 c-g 100+ 0a
“110R’ 71+£14b-e 148.6 = 18.7 a 78+ 10a 150.3 £ 18.2a 989+26a
1202C" 74 £ 1.3 bed 124.8 +22.8 a—d 524 0.7 efg 143.0 £27.2ab 89.0 4 16.5 abc
“140Ru’ 6.5+ 0.8 c—f 120.3 £ 31.7 a-e 54+ 0.8 efg 126.1 £29.0 a—f 95.3 £10.0 ab
1613C’ 59 +12ef 72.7 £25.4jkl 3.7+ 09ij 727 £ 2541 100£0a
“188-08" 6.7 £0.6 c—f 91.8 +24.4 e-k 4.8 £0.6 fgh 100.2 + 25.0 fgh 91.6 4+ 13.1 abc
225Ru’ 101+ 26a 96.0 £ 23.9 d—j 6.1+13b-e 111.0 £ 31.1c-g 87.9 £ 11.8 abc
3309C’ 6.9 £1.7b-f 85.1 +26.7 g-1 3.8 £09ij 1132+ 243 c-g 747 £12.8d
“420A7 6.7 £12cf 135.8 + 30.6 ab 52+ 0.7 efg 137.3 £ 31.5 abc 99.1£3.0a
SA’ 74 £1.2bcd 119.8 £ 243 a—e 6.0 £0.8b-e 125.8 +24.7 a—f 95.5 £ 6.7 ab
‘5BB’ 7.3 = 1.3 bed 101.9 4 30.4 c—i 6.3 £1.0b-e 106.8 £33.2d-g 96.4 + 8.4 ab
'5C 6.4+11cAf 80.7 £23.2h-1 47+12f- 100.5 + 24.6 fgh 819 +214cd
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Table 3. Cont.

R Shoot Basal Cane Length Internode Length Shoot Length Lignified Proportion
ootstock .
Diameter (mm) (cm) (cm) (cm) (%)

‘8B’ 6.9 + 1.1 b-f 97.9 £16.8 ¢ 5.4+ 0.8 efg 121.0 £ 15.5 b—f 821 +£17.0cd
‘BRY’ 6.5+ 1.7 of 1103 + 42.6 b-g 6.0+ 1.3b-e 1155 +32.7 b—g 92,5 + 15.0 abc
‘Barrett50’ 6.8 £1.1b-f 127.4 +21.9 abc 54+11d-g 135.5 £ 14.2 a-d 93.6 & 8.7 abc
‘Beaumont’ 6.2 + 1.1 def 78.7 +32.4i-1 38+ 0.7 105.5 4+ 28.7 e-h 735+ 15.7d
‘Beta’ 70+ 0.6b-e 134.4 + 149 ab 6.1+04b-e 136.3 + 15.8 abc 98.7+27a
‘Dogridge’ 7.8+ 1.5bc 1163 4 28.4 b-f 4.6 + 0.8 ghi 116.3 +284b-g 100 £ 0a
‘Fercal’ 6.1 + 1.6 def 872+302g-k 4.1 £ 1.2 hij 98.1 +32.1f-+ 90.7 4 16.9 abc
‘Ganzinl’ 6.5+ 1.1 cf 107.8 + 37.5 b-h 55+ 15d-g 1169 +28.7b-g 89.7 4+ 15.8 abc
‘Gloire’ 72+£20b-e 57.8 £27.01 3.7+ 1.2ij 78.6 £29.2 hi 73.0+16.0d
‘du Lot’ 6.3 £ 0.5 def 86.7 +21.0 g-k 6.1+ 1.6b-e 88.4 4 22.5 ghi 985+41a
‘Saltcreek’ 56+05f 88.8 + 31.5 f-k 6.2 + 0.7 b-e 88.8 & 31.5 ghi 100 +0a
‘Shadi’ 6.8 £0.9b—f 63.7 £ 31.9kl 32+07j 78.7 £ 28.4hi 83.9 4 26.6 bed
‘Shanhel’ 7.0+ 12b-e 116.2 + 19.6 b—f 7.0+09ab 1222 +17.4 a—f 954 £10.3 ab
‘Shanhe2’ 6.1 £ 1.1 def 132.6 = 18.1ab 6.9 £0.7 ab 1326 £ 18.1a— 100+0a
‘Shanhe3’ 72+ 0.6b-e 116.7 £+ 18.0 b—f 57 £ 0.8 c—f 118.1 £ 18.1 b—f 989+27a
‘Shanhe4’ 81+1.0b 121.3 + 40.0 a—e 52 4 1.1 efg 125.9 + 39.0 af 958 +49ab
'SO4’ 6.5+ 0.6 c—f 1183 + 11.4b—e 55+0.6d-g 124.6 +11.9 a—f 952+ 6.8ab
"Wumao’ 6.2 + 1.0 def 137.2 +13.7 ab 6.9 +£09ab 142.7 +12.6 ab 96.2 £ 5.4 ab

Note: Data shown are means =+ standard error, n = 10. Different lowercase letters within each column represent

significant differences at p < 0.05 by Tukey’s test.

Table 4. Growth indicators of the roots 90 days after planting the grapevine rootstock cuttings in the

field (the young vine).
Rootstock Number of Roots  Thick Root Thick Roots Average Root Total Root

per Cutting Number Proportion (%) Length (cm) Length (cm)

101-14M’ 8.2 £2.66 k 34+ 18cg 41.9 +£16.3 bc 12.6 £3.8m 99.3 £34.1k
“1103p’ 13.3 £3.84 e+ 3.0+ 1.8e-h 249 +19.1d5 28.1 £6.8b-h 381.4 +156.1 d-h
“110R’ 13.9 £ 4.38 dj 53+ 17ab 39.9 &+ 12.5bcd 128 =21 m 178.5 £ 65.1 jk
1202C’ 10.0 = 2.49 ijk 33+16d-g 33.6 £13.3b-g 239 £4.515 241.8 £ 84.6 hij
“140Ru’ 14.7 £538 c-i 33+08d-g 26.5+13.2d 351+73ab 492.6 + 1424 a—d
1613C’ 15.6 +7.37 a-h 1.6 £1.3gh 15.6 £ 17.0 ijk 21.8 9.8 h-1 297.3 £160.1 f—
“188-08" 20.3 £ 4.52 ab 28+ 14e-h 14.6 + 89k 19.0 £ 2.8jm 381.7 £ 87.8d-h
225Ru’ 19.6 £ 5.13 abc 37+ 14b-f 21.1 £11.3 gk 30.8 £7.0a—f 5853 = 148.6 a
’3309C” 17.6 = 3.44 a—e 14+13h 82+ 68k 318 =74 a-e 558.9 + 181.5 abc
‘420A 13.3 £3.13 e 41+ 14b-f 30.5+ 5.6 b 244 +10.1f5 334.1 +208.4 e-i
‘5A 163 = 4.27 a-g 52+15a-d 342 +15.0b-g 349 +10.2ab 547.8 + 125.4 abc
‘5BB’ 207 £792a 4.0 £ 2.8 b-f 20.8 £12.5g-k 24.8 + 4.8 e 509.6 + 206.4 a—d
‘5C 18.7 = 1.63 a—d 42+ 12b-f 22.7 £79fk 26.9 & 4.2 c-i 500.8 £ 76.7 a-d
‘8B’ 16.4 + 3.95 a—f 4.0+ 1.8b-f 247 £125e 122 +£22m 198.8 £ 58.0 ijk
‘BR2’ 83 £2.63k 5.3 £+ 2.6 abc 61.3+10.6a 31.6 = 16.5a—e 271.8 £ 173.4 gj
‘Barrett50’ 17.8 £ 4.49 a— 43+ 1.6b-f 258 +11.8d+ 25.6 = 4.2 e 444.3 + 87.6 a—f
‘Beaumont’ 16.1 =426 a-g 27+1.0e-h 18.0 £ 7.8 h-k 16.1 £3.1Im 258.7 £ 74.6 g
‘Beta’ 11.5 +3.34 f-k 3.6 £1.3b-f 323 +£11.0b-h 33.8 £ 6.8 abc 386.9 +£128.8 d-h
‘Dogridge’ 14.4 £ 4.38 dj 40+£19b-f 28.6 + 13.5 b—j 17.1 + 4.6 klm 257.9 4+ 136.0 g
‘Fercal’ 119 £ 6.17 f-k 43 +24b-f 39.6 & 23.4b—e 28.6 = 4.4b-h 338.3 4= 168.0 e-i
‘Ganzinl’ 11.2 +5.51 gk 29+ 19e-h 304 £17.1b-i 29.9 £10.0b-g 331.7 £ 185.2 e
‘Gloire’ 152 £2.39b-h 33+17d-g 22.0+11.3g-k 20.3 £3.0i-1 306.9 £ 59.0 f+
‘du Lot’ 179 =514 a—e 3.6 2.1 b-f 22.0£16.7 gk 22.6 = 6.3 h-1 424.3 £ 215.0 b—f
‘Saltcreek’ 9.6 £2.72ik 2.4+ 1.0 fgh 27.9 & 14.8 28.2+7.0b-h 262.8 +74.1 g
‘Shadji’ 151 £3.81c-h 37+ 14b-f 261+ 11.4d+ 158 £2.0Im 239.4 + 67.5 hij
‘Shanhel’ 173 £ 4.24 a—e 44+21b-e 263 £11.4d+ 250E£6.7 e+ 431.9 £+ 153.3 b—f
‘Shanhe2’ 15.3 + 4.64 b-h 62+23a 43.0+ 145D 376 +6.0a 570.0 £192.4 ab
‘Shanhe3’ 15.7 =343 a-g 3.6+ 0.7b-f 23.6 4.9 {5 259 +6.3d 408.7 £136.0 c—g
‘Shanhe4’ 184 £599 a—e 33+17d-g 19.7 £ 135 g-k 26.8 £4.3d-i 479.9 + 133.0 a—e
'SO4’ 16.1 £4.72 a-g 39+ 12b-f 26.1+10.1d+ 32.7 £ 6.6 a-d 525.6 £+ 200.4 a—d
‘Wumao’ 10.6 = 3.41 h-k 3.7+ 12b-f 37.8 £16.3 b—f 23.5+4.8g-k 248.2 + 85.7 hij

Note: Data shown are means = standard error, n = 10. Different lowercase letters within each column represent
significant differences at p < 0.05 by Tukey’s test.
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The total number of roots per plant averaged 14.9 and varied largely among rootstocks
(Table 4). ‘5BB’, “188-08’, and “225Ru’ grew sufficient roots for approximately 20 per plant,
while “101-14M” and ‘BR2’ generated about eight roots for each plant. Root-rich cultivars
tended to have fewer thick roots than root-poor varieties, which resulted in a negative
correlation between total root number and thick root proportion (Figure S2). The total root
length ranged from 99.3 to 585.3 cm, to which the root number and/or average root length
contributed (Figure S2). The total root length of “101-14M" (99.3 cm) was far below the
average length of 370.8 cm, while those of 225Ru’, ‘Shanhe2’, “3309C’, ‘5A, etc., were far
over 500 cm.

3.3. Phenological Periods of the Rootstocks

Phenological periods are essential for grapevine breeding, and they varied among
31 rootstock genotypes (Figure 2). Budbreak occurred mostly between 98-110 days of the
year (DOY). Budbreak of the Shanhe series (Shanhel—4) occurred the earliest, 11 days before
that of “1613C’". The range of the budbreak period was smaller than that of the florescence
period which started at 127-145 DOY, indicating a maximum gap of three weeks between
the earliest varieties (Shanhe series, “BR2’, and ‘3309C’) and the latest ones (‘Saltcreek’
and ‘1613C’). Flowering lasted mostly for 7-8 days, but it lasted for only 4 days on ‘420A’,
‘Shadi’, and ‘Beaumont’, and over 10 days on “1202C’, ‘Shanhe4’, “110R’, etc. Furthermore,
the advanced flowering period in 2017 is evident in Figure 2.
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Figure 2. Phenological periods of 31 grapevine rootstocks in North China in 2016-2018. DOY, day of
the year. Male, female and hermafrotide indicate the sex of the flower of the rootstocks.

3.4. Growth of the Adult Vine

Growth-related indices varied significantly among rootstocks and seasons (Table 5).
Rootstock exerted a larger effect on lignified proportion and internode length, while the
season effect was larger on other traits. The interaction effect of rootstock by season was
also significant (Table S3).
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Table 5. Comparison of growth indicators among 31 grapevine rootstocks in three growing seasons
(2016-2018) (the adult vine).

Season Rootstock Trunk Diameter (mm) Cane Diameter (mm) Total Cane Length (cm) Total Shoot Length ngmﬁe}‘l o Internode Length (cm) Pruning Weight (g)
(cm) Proportion (%)

2016 ‘101-14M" 2498 +4.55a-d 1142+ 1.72ab 1901.8 + 863.0 a—e 2169.2 4 940.1 abc 86.3 £ 6.6 b—e 8.62 £0.85g-1 1051.0 £ 427.5 a—f
“1103P" 21.76 +2.17 bed 8.79 +1.05 e-i 2768.3 + 696.0 a 2836.0 +761.7 a 984+21a 10.84 £ 0.90 b—f 1033.1 + 203.8 a—f
“T10R’ 21.76 + 4.50 bed 9.87 +£1.20 b-i 1881.1 £ 784.2 a—¢ 2087.6 + 861.8 abc 893 +4la-e 1018 £1.10b-h 1189.0 + 471.6 a-d
1202C 21.11 + 2.98 bed 9.54 £+ 0.72b-i 1202.0 + 327.0b-g 1416.4 + 332.3 bed 84.0 + 8.1 cde 549 +0.87 m 711.0 £172.5b-i
“140Ru’ 25.69 + 2.10 abc 10.89 + 0.63 a-f 2102.3 4 534.3 abc 2262.9 + 563.7 ab 924 +34a-d 10.32 £ 0.47 b-h 1116.0 + 291.0 a-e
1613C’ 19.76 + 0.98 cd 10.29 + 1.00 a-i 4960 + 416 g 953.0 +75.6d 513+15g 7.57 +0.11j-m 433.3 + 202 ghi
“188-08 19.18 & 2.06 cd 9.09 4 0.90 c-i 1416.1 + 361.2 b-g 1511.7 + 400.7 bed 93.9 + 4.1 abc 8.80 £ 0.77 f-1 634.4 £ 1709 d-i
225Ru’ 23.62 4 2.16 bed 10.41 + 0.93 a-i 1584.2 + 397.2 bf 1828.9 + 3425 a—d 86.6 + 7.3 b-¢ 10.16 + 0.96 b-h 1228.0 + 320.9 abe
“3309C 20.86 - 4.02 bed 8.53 + 0.80 ghi 1694.9 + 369.6 b—f 1953.1 4 370.9 a—d. 86.1 + 84 b-e 7.02 + 0.69 Im 670.0 + 126.0 c-i
4204 23.96 + 6.35 bed 1053 + 071 a—g 1659.2 + 694.8 b—f 1859.4 + 711.6 a-d 889 +94a-e 9.81 +1.22 i 977.0 + 403.0 a-h
‘'5A 2214 +3.09 bed 1074 £ 1.82a-g 1533.3 £ 730.9 b-f 1644.7 + 736.2 bed 90.5+83a-d 10.76 £ 1.48 b-g 1000.0 + 461.4 a-g
‘5BB’ 25.74 + 4.56 abc 11.25 + 1.32 abe 1502.6 + 477.8 b—f 1734.7 + 511.9 bed 86.5+43b—e 1217 £1.07 ab 1027.0 + 303.8 a—f
'5C 21.27 +3.38 bed 9.68 £ 0.70 b-i 1724.8 + 1853 b-f 1798.2 + 2144 a—d 95.8 2.9 ab 10.28 +0.81 b-h 961.0 +261.5 a-h
‘8B 21.44 £ 3.72 bed 9.33 +1.01 b-i 1567.7 + 540.5 b—f 1698.9 + 553.2 bed 920+ 4.6a-d 11.09 £ 0.80 b-e 859.0 + 280.2 a-i
‘BR2’ 21.97 £ 2.03 bed 9.52 4 0.61 b-i 2184.5 4 497.4 ab 2265.2 + 534.0 ab 96.6 + 2.0 ab 11.79 =+ 0.66 abc 1364.0 £279.1a
‘Barrett50” 21.53 £ 0.59 bed 1093 £0.75 a—e 1331.4 £ 5274 b-g 1559.4 + 681.6 bed 872+ 4.0a-e 1128 £0.71 a-e 906.0 4 398.4 a—i
‘Beaumont’ 25.00 + 5.02 a-d 10.75 + 2.07 a-g 1774.3 4 728.0 a—f 2154.2 + 738.0 abc 78.0 + 15.2 of 929 +1.82 e-k 1238.0 + 482.0 abc
‘Beta’ 25.75 4 2.62 abc 11.16 + 1.84 a—d 1552.7 + 533.3 b-f 1695.2 + 554.3 bed 915 +5.6a-d 9.71 + 2.61 ¢ 1018.0 + 424.7 a—f
‘Dogridge’ 27.32 +2.67 ab 10.39 + 144 a—i 1419.2 + 2841 b-g 1715.8 4 362.1 bed 832 + 3.6 cde 7.12 + 0.52 klm 1028.0 + 186.0 a—f
‘Fercal’ 2331 + 5.36 bed 1053 £292a—g 1183.1 + 709.9 c—g 1359.0 + 806.6 bed 883+ 63a-e 9.48 + 1.63 d—j 514.0 + 381.1 f-i
‘Ganzinl’ 19.20 £ 4.74 cd 9.01 £1.22 ¢ 1293.7 +£159.9 b—g 1635.9 + 192.8 bed 783 £ 3.0 ef 685+ 0.53 Im 553.0 + 69.8 e-i
‘Gloire’ 19.43 £ 4.06 cd 821+ 0.82 hi 982.4 + 436.2 d-g 1183.6 +493.2 cd 81.8 +5.8 def 7.84 +0.71i-1 368.0+ 15331
‘du Lot’ 1823 £2.96 d 894 +1.13d-i 1570.3 + 659.8 b—f 1697.1 + 709.7 bed 923 +44ad 11.03 £ 1.66 b—e 814.0 £ 363.4 a—i
‘Saltcreek’ 18.05+3.23d 1049 £0.73 a-h 811.2 £ 606.0 fg 910.6 + 686.2 d 894 +48a-e 841+ 0.87 h-1 404.0 + 342.5 hi
‘Shadi’ 31.46 £ 590 a 1247 £1.25a 1172.0 + 339.7 c-g 1561.4 + 354.4 bed 728 £84f 7.09 + 0.74 Im 920.0 4 202.5 a—i
‘Shanhel’ 22,50 + 2.67 bed 8.16 = 0.46 i 1977.2 4 703.2 a—d 2099.3 + 774.5 abc 93.8 + 4.3 abc 11.61 + 0.37 a-d 867.0 + 322.8 a—i
‘Shanhe2’ 2442 + 418 a—d 10.26 + 059 a-i 1620.8 + 285.6 b—f 1715.4 4 305.7 bed 94.6 + 3.1 abc 9.96 + 0.96 c-i 779.0 + 133.0 b-i
‘Shanhe3’ 23.90 + 2.69 bed 8.62 + 0.86 f-i 1762.5 + 376.1 b-f 1881.4 + 3832 a—d 927 +4.8a-d 11.15 + 1.37 b-e 779.0 £ 172.3 b-i
‘Shanhed4’ 2447 +7.31 a-d 9.88 + 0.69 b—i 956.9 + 353.5 efg 1137.1 + 365.6 cd 832+ 6.5 cde 873 + 214 f-1 4333 + 1553 ghi
S04’ 2227 42,90 bed 10.31 + 1.04 a—i 1903.7 4+ 500.7 a—e 2151.4 + 567.7 abc 879 +38a-e 9.97 + 091 b—i 1267.0 + 319.1 ab
‘Wumao’ 23.65 +2.48 bed 11.52 +1.15ab 1722.0 + 470.3 b-f 1874.4 + 563.3 a—d 93.0+69a-d 13.39 £1.35a 1091.0 + 363.4 a—e

2017 “101-14M" 23.00 +5.29 ab 1010 +£191a-g 610.0 +417.5 cd 799.0 + 493.3 cd 722+ 142e 7.78 £1.38 f-k 3745 +274.1 cd
“1103P" 21.75 +3.22 ab 7.81 + 1.72 ghi 1523.8 + 730.3 ab 1673.8 =+ 785.3 abc 91.9 + 4.9 abc 10.21 £ 1.39 a—f 775.6 & 480.4 a-d
“110R’ 24.94 + 4.48 ab 10.73 £ 1.34 a—f 1079.7 + 340.7 a—d 1373.9 + 483.9 a-d 815+ 88b-e 9.88 +1.03a-g 683.0 & 244.7 a-d
1202C” 2551 + 3.21 ab 10.85 + 1.08 a—e 1077.0 + 312.1 a—d 1283.0 £ 399.6 a—d 85.0 £55b-e 7.03 £ 0.34 h-k 655.0 £ 187.0 a-d
‘140Ru” 26.94 + 6.26 ab 9.02 4 0.80 c-i 1254.0 + 397.8 a—d 1517.0 + 474.7 a—d 79.9 £9.0 cde 8.89 + 1.08 a-j 595.0 + 1833 a-d
1613C 25.23 4 4.50 ab 10.54 + 0.06 a—f 1115.0 + 233.3 a—d 1275.0 + 176.8 a—d 90.5 + 10.6 abc 7.29 +0.74 g-k 620.0 + 141.4 a—d
‘188-08" 29.18 £599a 10.83 + 1.17 a—e 1338.2 + 511.5 abe 1486.0 + 575.0 a—d 91.4 + 3.2 abc 8.47 £ 0.56 b-k 612.8 +244.6 a—d
‘225Ru’ 26.11 £ 3.80 ab 9.34 +0.90 a-h 1568.0 + 524.3 ab 1862.2 + 593.7 ab 851+ 3.7b-e 1077 £ 1.11 a-d 992.5 + 384.4 ab
'3309C 20.48 +2.80 ab 8.65 & 0.60 e-h 461.5+203.2d 616.5 +266.1d 75.7 £ 8.6de 6.85 + 1.22jk 2150 +927d
“420A 27.07 + 8.83 ab 11.58 £ 1.64 ab 9421 +423.0 a-d 1037.8 + 463.3 bed 91.4 +5.9 abc 8.63 +0.99 b 746.5 £ 399.0 a-d
‘'5AY 23.43 + 4.60 ab 10.90 + 1.65 a—e 9433 +£519.1a-d 1013.3 + 570.6 bed 95.0 5.3 ab 10.49 £ 0.59 a—e 590.8 +275.8 a—d
‘5BB’ 27.12 +3.48 ab 11.32 £ 1.05a-d 1634.2 £ 476.5a 20209 + 4982 a 813+ 6.0b—e 11.52+1.29a 1096.1 £473.2a
‘'5C 23.48 & 2.94 ab 10.76 £ 1.24 a-e 1380.0 + 330.3 abc 1512.0 + 413.1 a~d 92.6 + 5.3 abc 10.78 +1.33 a-d 802.5 & 215.7 abc
‘8B’ 24.24 + 4.35 ab 8.75 £ 1.50 e~ 1275.7 + 516.3 abc 1400.0 + 558.9 a—d 91.7 £ 4.7 abc 11.15 + 2.60 ab 685.0 + 357.6 a-d
‘BR2’ 2423 + 479 ab 9.13 + 1.45 b-i 837.7 + 353.1 bed 983.8 + 4283 bed 833+ 7.7 b-e 9.50 + 2.05 a—i 485.7 + 221.3 bdc
‘Barrett50 - - - - - - -

‘Beaumont’ 2894 £ 6122 10.61 + 1.50 a—f 1112.4 4 375.6 a-d 1264.0 4 390.9 a—d 875+ 62a-d 7.95 + 0.67 e~k 638.5 + 3362 a—d
‘Beta’ 30.04 +437a 11.74 + 128 a 895.7 + 595.9 a—d 941.4 + 620.3 cd 95.1+53ab 9.14 +1.03 a-i 750.0 - 476.6 a—d
‘Dogridge’ 2597 +2.84 ab 11.08 + 1.38 a— 1029.4 + 373.6 a—d 1095.4 + 414.0 bed 945+ 5.1ab 813 +1.48d-k 833.0 & 421.3 abc
“Fercal’ 29.33+731a 11.66 £1.92a 9124 +£ 3751 a-d 1113.7 + 415.1 bed 79.3 + 6.4 cde 7.77 £1.52 f-k 735.5 +476.3 a-d
‘Ganzinl’ 21.10 + 8.74 ab 891 +1.26 d-i 9439 + 3724 a-d 1252.9 + 435.0 a—d 720+91e 5.95 +0.66 k 450.0 + 232.8 bdc
‘Gloire’ 22.86 + 6.08 ab 9.69 +1.17 a-h 927.2 +£574.1 a-d 1120.2 + 666.8 a—d 82.1+63b-e 6.81 + 116 ijk 387.5 +236.9 cd

‘du Lot’ 21.60 =+ 3.68 ab 9.17 £+ 0.55 b-i 1516.6 + 495.5 ab 1648.4 = 506.7 abc 91.4 +5.7 abc 912+ 141 a-i 724.6 +299.7 a-d
‘Saltcreek” 17.65 £ 3.37b 11.48 + 2.08 abc 816.7 + 279.3 bed 816.7 +279.3 cd 100.0 £ 0.0 a 829 +0.84 c-k 790.0 + 236.4 a-d
‘Shadi’ 26.19 + 8.32 ab 10.70 + 1.28 a—f 1143.0 + 694.4 a—d 1452.5 + 7413 a—d 755 + 6.5 de 721+ 128 g-k 862.5 -+ 411.2 abe
‘Shanhel’ 2470 + 4.98 ab 6.73 + 0441 832.7 + 363.2 bed 1022.1 + 495.4 bed 83.0 + 9.7 b-e 887 +141a5 370.6  158.0 cd

‘Shanhe2’ 2523 + 494 ab 10.46 4+ 1.21 a—f 703.7 +230.1 cd 860.2 + 3233 cd 847 £ 59b-e 9.54 4 0.86 a-h 432.0 £ 170.9 bdc
‘Shanhe3’ 26.78 + 4.04 ab 755 + 1.06 hi 1059.0 + 301.6 a—d. 1222.6 + 339.8 a-d 875+ 11.0a-d 10.94 + 3.56 abe 4745 4+ 162.6 bdc
‘Shanhe4’ 27.92+898a 826 +0.73 f-i 783.8 £ 320.2 bed 944.5 + 356.3 cd 84.0+7.6b-e 639 +1.39 jk 400.0 +203.6 cd

‘S04 2337 +6.71 ab 9.40 +£1.28 a-h 959.0 +372.7 a-d 1175.0 + 512.1 a—d 824 +86b—e 9.89 +1.28a-g 615.5 +196.7 a-d
‘Wumao’ 24.02 +3.49 ab 1110 £ 144 a—e 9982 + 184.8 a-d 1086.4 + 208.9 bed 91.6 + 7.7 abc 10.32 + 1.41 a—f 749.5 +181.3 a-d

2018 “101-14M" 28.40 + 4.90 a-d 10.54 £+ 1.16 ab 1035.7 + 558.2 abc 1258.0 + 564.9 ab 782+16.5c-i 828 +1.15e-h 642.0 + 413.0 abc
‘1103P” 27.45 + 6.41 a—d 872 +1.91b-h 1101.5 + 699.2 abc 1237.5 £ 751.3 ab 64.0 £ 5.9 ijk 1212 £ 2.01 ab 712.5 + 410.4 abc
“110R 24.80 + 5.13 a—d 9.18 £ 1.30 a-h 1282.6 + 585.4 ab 14442 £ 637.6 a 89.1£59a-g 10.80 £ 0.95 a-e 864.0 & 394.4 ab
1202C” 19.31 +3.54 cd 738 £0.54h 833.7 + 288.7 abc 1205.5 + 403.6 ab 68.9 =+ 6.5 hij 8.53 + 148 d-h 490.0 4 174.6 abc
‘140Ru” 29.33 4 2.68 abc 9.31 + 1.06 a-h 1216.5 + 468.1 abe 1351.5 + 486.3 ab 89.6 £52a-f 10.23 +2.21 a—f 580.5 4 254.2 abc
‘1613C” 29.25 4 5.11 abe 9.29 +£0.71 a-h 615.0 £ 49.5 be 1115.0 £ 162.6 ab 56.5 +10.6 jk 6.77 £159h 405.0 £ 106.1 be
‘188-08" 27.66 + 4.45a-d 8.34+1.30c-h 1140.3 + 441.3 abe 1273.0 £ 518.6 ab 90.1 + 6.8 a—e 8.56 £1.09 d-h 484.0 & 283.6 abc
225Ru’ 3143 +288a 9.82+1.17a-g 1382.0 + 338.7 ab 1593.0 £ 427.8 a 877 +44a-g 12.64 £093a 979.5+326.2a
‘3309C 20.54 +3.30 bed 8.82+0.91a-h 821.5 £ 284.9 abc 906.0 +296.2 b 89.6 £5.9 a—f 8.01 +1.10 fgh 375.5 +129.6 be
“420A 29.80 +7.75 ab 8.97 +£0.98 a-h 1063.0 =+ 507.0 abc 1106.0 + 509.7 ab 955+57a 9.25+1.05c-h 658.5 & 248.3 abc
‘5A 26.74 + 3.74 a-d 9.83 + 1.89 a-f 1004.0 + 544.2 abc 1246.8 + 567.8 ab 76.6 +22.0 e-i 10.16 £ 1.92 a—f 750.0 & 416.1 abc
‘5BB’ 27.39 + 6.47 a—d 1024 £ 1.16 a—d 1317.0 + 431.1 ab 1408.0 -+ 457.2 ab 935 +2.3ab 12.29 £ 0.88 ab 883.0 & 335.9 ab
ey 27.61 + 4.86 a—d 8.39 £ 0.93 b-h 1199.2 + 524.7 abc 1457.3 + 603.0 a 80.9 £6.5b-h 11.20 £ 3.10 a—d 441.0 4 318.2 abc
‘8B’ 23.68 4 2.88 a—d 9.12 +£1.08a-h 1449.7 £ 4673 a 1608.8 = 521.4a 91.1 +44a-d 11.69 + 0.99 abc 781.7 + 285.3 abc
‘BR2’ 27.85+4.72a-d 9.21 £ 093 a-h 1286.3 + 492.3 ab 1322.3 £ 503.3 ab 97.6 +24a 11.21 £ 1.38 a-d 858.5 + 345.4 ab
‘Barrett50 24.27 +3.88 a—d 9.36 + 1.38 a-h 1119.5 £ 514.2 abe 1150.5 £ 533.1 ab 96.9 +4.0a 10.63 + 1.64 a—f 574.5 4 323.1 abc
‘Beaumont’ 29.43 £ 7.68 abc 941 +142a-h 974.0 £ 494.4 abc 1141.0 £ 491.0 ab 844+113a-g 8.36 £0.99 e-h 499.5 + 318.0 abc
‘Beta’ 2692 +341a-d 1092 +1.07a 1234.1 + 355.2 abe 1275.1 + 380.7 ab 975+ 18a 930 = 1.23 c-h 758.5 & 216.5 abc
‘Dogridge’ 26.62 +5.68 a—d 9.49 +0.92 a-h 1068.5 + 328.1 abc 1143.5 + 398.2 ab 963 +51a 7.34 £0.52 gh 716.0 & 300.5 abc
“Fercal’ 33.69+7.54a 10.36 & 1.41 abc 1154.5 + 558.6 abc 1272.0 + 689.8 ab 922 + 5.8 abc 9.07 £1.29 c-h 668.0 & 526.4 abc
‘Ganzinl’ 19.48 +3.47 cd 7.96 £ 0.84 e-h 747.9 £ 237.7 abc 968.9 + 303.7 ab 757 £4.5f- 7.95 £ 1.64 fgh 282.8 £ 209.0 ¢
‘Gloire’ 27.95 + 2.04 a—d 8.07 + 0.89 d-h 721.2 + 177.8 abc 11125 + 243.2 ab 88.0+41a-g 9.53 + 1.66 b-h 249.0 £ 858 ¢
‘du Lot’ - - - - - - -

‘Saltcreek” 1842 +4.33d 9.63 £ 1.16 a-g 810.0 + 213.4 abc 822.0 +£2243b 982+27a 9.79 £ 1.09b-g 624.0 + 424.0 abc
‘Shadi’ 31.96 +£13.92a 833 +1.31c-h 459.0 +243.0 ¢ 8529 +£3982b 526 +159k 8.00 £ 3.13 fgh 240.7 £150.2 ¢
‘Shanhel” 29.90 £+ 7.31 ab 7.82 £ 1.05 fgh 1242.8 + 486.2 abc 1277.8 £ 493.1 ab 96.7 +43a 11.01 £ 0.83 a-e 598.3 & 275.0 abc
‘Shanhe2’ 28.98 + 4.77 abc 9.35 +1.47 a-h 724.5 + 280.0 abc 927.1 + 346.6 ab 779 +8.6d-i 692+ 1.08h 509.8 + 225.1 abc
‘Shanhe3’ 29.52 +4.19 abc 7.84 +1.13 fgh 873.0 £ 402.5 abc 885.1 +405.9b 980+33a 1010 £0.91 a-g 447.5 + 243.8 abc
‘Shanhe4’ 28.07 +825a-d 8.07 +0.76 d-h 747.9 £ 210.7 abe 998.3 + 289.2 ab 75.0 = 7.0 ghi 694+101h 355.6 + 109.8 be
‘S04 27.74 +2.38 a-d 10.02 +1.39 a—e 1361.0 + 457.0 ab 1454.0 £ 440.1a 93.0 + 6.8 ab 10.09 £ 0.83 a-g 901.0 + 340.7 ab
‘Wumao’ 25.20 + 3.09 a—d 7.65 £ 0.49 gh 1219.1 + 334.3 abc 1383.5 + 360.7 ab 863 +83a-g 11.46 £ 1.62 abc 645.0 & 213.7 abc

Note: Different lowercase letters within each column for each season represent significant differences at p < 0.05
by Tukey’s test.

The trunk diameter increased by year, with the three-season average of these rootstocks
ranging from 18 to 30.4 mm. The trunk diameter remained the smallest on ‘Saltcreek’,
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followed by ‘Ganzinl’ and ‘du Lot’, and the largest on ‘Shadi’. Half of the rootstock varieties
produced canes with a diameter of over 10 mm, while ‘Shanhel” and ‘Shanhe3” developed
canes with a diameter of less than 8 mm. Total cane length, i.e., the lignified shoot length
per tree, ranged from 791.2 to 1861.1 cm with a mean of 1227.5 cm. Outstandingly, the
total cane length for each vine of “1103P” was much longer than that of the other varieties,
especially those of “1613C’, ‘Saltcreek’, ‘Shanhe4’, ‘Shadi’, and ‘Gloire’—less than half of
it. Furthermore, the canes produced in 2016 were much longer (Table S3). The total shoot
length shared a similar variation as the total cane length among rootstocks, of which the
coefficient of variations (CVs) were 17% and 20.7%, respectively. The lignified proportion
of these rootstocks was located at 64.6-96.1%, with a smaller variation than those of the
above-mentioned length attributes. Its variation among seasons was much smaller. The
highest lignified proportion of 96.1% was from ‘Saltcreek’, the shortest shoot producer; the
lowest was from ‘Shadi’, followed by “1613C’, another two of the varieties with the shortest
canes. The internode length averaged 9.4 cm, ranging from 6.9 cm for ‘Ganzinl’ to 12 cm
for ‘5BB’, and it was smaller in 2017 than in the other two seasons. The pruning weight, as a
final growth indicator, revealed the largest variance (CV = 25.3%) among tested rootstocks,
with a range of 334.8-1066.7 g. Each plant produced an average of 706.1 g of canes, while
‘Gloire” produced less than half of that. Annual pruning weight per plant for half of the
varieties was over 735 g, among which “225Ru’ produced the largest, followed by ‘5BB’,
‘SO4’, etc. In addition, a much higher pruning weight was obtained in 2016—nearly 900 g
per plant.

3.5. Correlations between Meteorological Data and Vine Growth

Considering the significant effect of the year on vine growth indicators, we summa-
rized the meteorological data and analyzed their correlation with the growth indicators.
The daily average temperature, as well as the relative humidity, changed similarly in the
three years (Figure S1 and Table S1). The local annual precipitation in 2016, 831.9 mm,
was 45% and 82% heavier than those in 2017 and 2018, respectively. Around 80% of the
precipitation occurred from June to August. In total, sunshine duration reached 2006.5 h
for the whole growing season in 2018, close to that in 2016, and nearly 180 h more than that
in 2017.

The correlation between meteorological data and growth data was not significant
(Figure 3). Despite that, the meteorological effects can be recognized on the figure. Rainfall
contributes largely to nearly all growth indicators. The temperature positively correlates
with cane diameter but negatively with other parameters, while the opposite is true for
humidity and sunshine duration.

3.6. Principle Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA) for the
Rootstocks Based on the Growth Indicators

The PCA for growth parameters (trunk diameter, cane diameter, cane length, total
shoot length, lignified proportion, internode length, and pruning weight) yielded seven
principal components (PC) to explain 100% of the variance (Table S4). The first two PCs
explained 73.6% of the total variance (Figure 4A). PC1 is highly influenced by longitudinal
growth parameters (cane length, total shoot length, and internode length), pruning weight,
and lignified proportion, while PC2 is highly influenced by lateral growth parameters,
including cane diameter and trunk diameter. Variables within longitudinal or lateral
parameters positively correlate with each other, and correlations between longitudinal
variables are significant. Pruning weight also donates a smaller loading to PC2 and is
highly correlated with cane diameter and longitudinal variables. No correlation exists
between longitudinal and lateral parameters.
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Figure 3. Heat maps of the correlations between growth-related traits of the adult vines and the
meteorological factors.
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Figure 4. Principal component (PC) analysis of seven vigor-related variables for 31 grapevine rootstocks
and hierarchical clustering (HC): (A) PC loading plot; (B) score plot; (C) dendrogram based on seven
PCs. A confidence ellipse (95%) is drawn on each cluster on the score plot in a corresponding color.

Calculated scores obtained by multiplying factor scores by eigenvalues were subjected
to hierarchical cluster analysis (HCA). The average linkage method and Euclidian distance
were used to separate the rootstocks. The dendrogram was separated into three clusters
at 50% similarity, and Clusters 1, 2, and 3 consisted of 12, 10, and 9 varieties, respectively
(Figure 4C). The classification was then used to group the varieties on the score plot, which
in turn revealed the relationship between these rootstocks (Figure 4B). Cluster 1, including
‘5BB’, 225Ru’, “1103P’, etc., lies in the positive direction of PC1, the largest component do-
nated by length- or weight-related parameters. Hence, varieties in cluster 1 are characterized
by high vigor. Those rootstocks composing Cluster 3, such as ‘Ganzin1’, ‘3309C’, ‘Gloire’,
etc., distributed in the negative direction of PC1, are characterized by low vigor. Cluster 2
lies between Clusters 1 and 3 and should be classified as the medium-vigorous cluster, in
which six rootstocks are scattered on the positive side of PC2, indicating their relatively high
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vigor in lateral growth. The confidence ellipse of Cluster 2 overlaps with that of Cluster 1 or
Cluster 3, while barely overlapping between Clusters 1 and 3. Regardless, according to the
figure, varieties in Cluster 1 are more vigorous than those in Cluster 3 (Figure 4B).

3.7. Genetic Background Effects on Tree Growth

Cultivars with the same parentage were grouped, and the groups containing one genotype
were excluded. A total of eight groups were then compared on growth parameters (Figure 5).
Raw data from each plant were used for the analysis. What stands out in the figure is the V.
berlandieri x V. riparia group (in red), in which all the growth-related parameters reach the highest
level. V. berlandieri X V. rupestris (in blue) is comparable to V. berlandieri x V. riparia on these
traits. V. x champinii produced the largest cane diameter and lignified proportion and yielded a
pruning weight as large as V. berlandieri x V. riparia. On the other hand, V. rupestris yielded the
lowest pruning weight and length-related indicators. V. vinifera x V. rupestris had a smaller trunk
and cane diameter. V. amurensis x V. riparia had the thickest trunk, but the thinnest cane.
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Figure 5. A comparison of the effects of eight parentages on the growth indicators of adult vines. Different
lowercase letters on each figure indicate significant differences at p < 0.05 (adjusted by Bonferroni correction)
by the nonparametric median test. Each data point corresponds to a single plant in one of the seasons.
IQR, interquartile range.

251



Horticulturae 2023, 9, 241

4. Discussion

Well-formed callus tissue from the cambium shows as a ring on the bevel section
of the cutting base where rooting can then occur, which ensures the nutrient uptake and
vegetative growth of the cutting once it is planted in the field. Thus, cuttings with less
callus may not generate adequate roots. However, the least-CFI gainer, ‘188-08’, had more
roots (1.6 roots per cutting) than some high-CFI genotypes such as ‘101-14M’, “420A’, or
'BR2’ (Table 1). The irrelevance between CFI and rooting performance (Figure S2) might
be attributed to the varying time requirements for callusing or rooting, i.e., some cultivars
can form callus quickly or easily but may need more time for rooting than others, and vice
versa. Waite et al. [27] reported excessive callus tissue impedes the xylem and phloem from
forming across the graft union. The same goes for the perspective from Hartmann et al. [28]
that callus tissue should not accumulate over 2-3 mm out from the graft union, and this
might occur on those cuttings with a well-formed callus but sparse roots. On the other hand,
cuttings rooted early tend to lose their roots when transplanted into the field, and re-rooting
will cost the plant’s stored reserves. In this case, more calluses but fewer roots may be the
desired status for cuttings to grow in the field. ‘Beta’, “188-08", “1103P’, and Shanhe series
gained larger bud lengths and budbreak rates but smaller CFIs or root numbers, while
the opposite occurred for rootstocks like ‘225Ru’, “Wumao’, ‘Saltcreek’, or ‘8B’ (Table 1),
indicating a likely vegetal balance between the upper and lower parts of the cutting. It
might be the reason for the slight negative correlation between CFI/root number and
bud-related traits, despite the correlation being unnoticeable (Figure S2).

The nature of multiplication seems independent of growth because it did not promote
vine growth in the field either in the current season or in adulthood (Figure S2). Even so,
no clear relevance was observed between the growth indices of young and adult vines. The
internode length could be a relatively stable trait because it showed a positive correlation
between young vines and adult vines. Interestingly, the internode length for the current
season is also correlated with the longitudinal growth and pruning weight of the adult
vines (Figure S2), so it could be used as one of the potential indicators of growth vigor.
A previous study by Kose et al. [29] on the current seasonal growth of grafted ‘Merzifon
Karasi’ grapevines on nine rootstocks showed that the root numbers of ‘5BB’, “140Ru’, and
'SO4” were 19.5, 15.5, and 16.1, respectively, which was surprisingly close to the related
results in the present study. Despite that, the roots of vines grafted on ‘8B” or “110R” are
longer than those of the corresponding rootstocks we investigated. Apart from the soil type
and regional climate, the effect of the scion on the rootstock could be one factor that caused
the difference.

Our growth-based vigor evaluation for three consecutive seasons confirmed that
“1103P’ is with higher vigor, while ‘Gloire’ is with lower vigor—which has been acknowl-
edged by many researchers [10,30,31]. This also enhanced the credibility of the vigor
estimation and classification for the tested grape rootstocks. Despite that, our vigor defi-
nition for some rootstocks differed from the vigor rating summarized by Zhang et al. [9].
Therein, “3309C” was rated as medium-vigorous, and ‘Dogridge” and ‘Saltcreek’ (‘Ramsey’)
were rated as highly vigorous. These rootstocks were identified as less vigorous, even
weak, in our observations. It seems that some rootstocks are more susceptible to growth
conditions than others. Soil texture could affect vine vigor indirectly through cation ex-
change capacity, water holding capacity, root penetration, etc., and vine vigor is considered
higher on gravelly soils than on silty loam soils [14,32]. The climatic condition is another
major factor affecting shoot growth [33]. As shown in a multi-year and multi-site study by
Dodson Peterson et al. [34], the conferred vigor (pruning weight) to Cabernet Sauvignon by
420A” in Mendocino La Ribera and Napa Rutherford was lower than that in the Sacramento
Delta. The study also suggested that in most trial sites, “1103P” conferred high vigor while
’3309C” conferred low vigor to the scion cultivars, which is consistent with our findings.

Based on the three seasonal growth performances, 31 rootstocks were finally classi-
fied into three groups (Figure 4B,C). Most rootstocks in Cluster 2 were also included in
the confidence ellipse of Cluster 1 or Cluster 3, except for ‘Dogridge’. Therefore, those
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rootstocks from Cluster 1 also covered by Cluster 2, for example, ‘140Ru’, ‘SO4’, “Wumao’,
“110R’, ‘5C’, and ‘Shanhel’, could be less vigorous than those uniquely from Cluster 1,
including ‘5BB’, '225Ru’, “1103P’, ‘BR2’, ‘8B’, and “du Lot’. Similarly, "Shanhe2” might be
more vigorous than the others in Cluster 3. Interestingly, the Shanhe series, hybrids from V.
amurensis and V. riparia, are distributed separately into three clusters. It might be a result of
progeny segregation on the quantitative trait, as suggested in the transgressive segregation
of ‘Ramsey’ x ‘Gloire’ progeny on canopy biomass [35].

The vigor comparison based on parentage suggested that genetic background did
affect the vines’ growth vigor. Vines with a V. berlandieri genetic background tend to be
vigorous, whereas the opposite goes for those with a V. riparia ancestry (Figure 4). This
corroborates the previous findings that rootstocks derived from the crosses of V. berlandieri
with other species confer a higher vigor to scion than those from crosses of V. riparia [36,37].
V. rupestris is generally a species with vigorous growth [38], which is contrary to the result
revealed in the present study. Apart from the environmental factors, a possible reason
could be the smaller sample size—only two rootstocks were included in this species, of
which du Lot showed a higher vigor and Shadi showed a lower vigor. Gautier et al. [39]
pointed out that the younger age of the vines could be the reason for the difficulty in
distinguishing the effects of the genetic background on conferring vigor to the scion. We
infer that their limited data—acquired from a single season, with fewer vines and fewer
genotypes included in the species could be another reason.

Relations between phenological periods and vine growth were not clear yet, or both
altered in response to meteorological changes, as evidenced by the subtle changes in their
relations across three seasons (Figure S3). Short-term weather changes, such as rising
temperatures, might affect the phenological periods, which could explain the advanced
flowering periods in 2017 (Figures 2 and S4). Meteorological factors even played a larger
role than rootstock genotype in affecting vine growth, and rainfall seemed to be the major
factor. The correlations between meteorological data and growth variables were high
but not significant. Further collections of more seasonal data could be helpful to better
understand the effect of each meteorological factor on vine growth.

5. Conclusions

The nature of multiplication or current seasonal growth varied largely among these
rootstocks and was less connected with the growth indices of adult vines. Interestingly, the
internode length of the new shoot developed on the cutting showed positive correlations
with not only the internode length but also the cane length, shoot length, and pruning
weight of the adult vines. Based on the growth measurements for three years, 31 rootstocks
were separated into three clusters. Rootstocks such as “1103P’, ‘5BB’, and ‘225Ru” within
Cluster 1 showed significantly higher vigor than those like ‘Gloire’, “3309C’, and ‘Ganzin1’
within Cluster 3. This study also indicated that V. berlandieri could confer high vigor to the

progeny.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/horticulturae9020241/s1. Figure S1: Summary of the monthly
average meteorological data in the growing seasons of 2016-2018; Figure S2: Correlations among
multiplication traits and growth parameters of grapevine rootstocks; Figure S3: Correlations between
phenological periods and growth parameters of grapevine rootstocks for three individual seasons;
Figure S4: Daily temperature changes before and after flowering in the growing seasons of 2016-2018;
Table S1: Meteorological data during growing seasons in 2016-2018; Table S2: Basic composition
of the soil; Table S3: Comparison of growth indicators among 31 grapevine rootstocks across three
growing seasons (2016-2018); Table S4: Summary of PCA for vigor parameters.
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