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Abstract: The cultivated grapevine, Vitis vinifera subsp. vinifera L., is represented by an enormous
population of varieties and clones. They arise from the accumulation of gametic and somatic
mutations during centuries of sexual and asexual propagation. These varieties represent a vast
reservoir of traits/alleles that could be useful in improving the berry quality as well as against
environmental stresses. However, most of them are still unexploited. For this reason, an efficient
characterization system is essential to define the varietal identity, avoid cases of synonymy (identical
genotypes but different names) and homonymy (same names but different genotypes) and deepen
our understanding of the existing diversity within the grape germplasm. The plethora of DNA-
based high-throughput technologies currently available provides promising tools for the analysis
of diversity, overcoming many of the limitations of phenotypic-based diversity analyses. However,
the analysis of intra-varietal diversity remains challenging. In this scenario, after summarizing
the causes and consequences of grapevine genetic inter- and intra-varietal diversity, we review the
DNA-based technologies used for varietal genotyping, emphasizing those able to distinguish clones
within a variety. This review provides an update on the technologies used to explore grapevine
diversity, the knowledge of which is necessary for an efficient exploitation and conservation of the
grapevine germplasm.

Keywords: Vitis; biodiversity; genotyping; molecular markers; DNA-based technologies; NGS

1. Introduction

The cultivated grapevine (V. vinifera subsp. vinifera) has a considerable genetic com-
plexity expressed by an enormous varietal diversity. It is estimated that approximately
1200 commercial varieties are grown today solely for wine production (our focus here) [1].
Most of them derive from a single seed that probably germinated several centuries ago and
have been vegetatively multiplied since that time. Although sexual reproduction led to
a great level of variability between varieties (the so-called inter-varietal diversity), spon-
taneous somatic mutations have further contributed to shape the kaleidoscope of grape
diversity that, unlike other crops, is more heterogeneous than its wild relative [2,3]. For cen-
turies, growers have collected and propagated these different selections and labeled them
as “clones”. Thus, modern varieties consist of groups of different clones with genotypic,
morphological, physiological and stress resistance traits slightly different from those of the
original mother plant (the so-called intra-varietal diversity). Overall, the existing diversity
within the grape germplasm represents an invaluable resource for breeding purposes. In
there, it is possible to find traits that affect the fruit (and wine) quality and resistances to
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both biotic and abiotic stresses. For example, Arrizabalaga and collaborators [4] evaluated
the effects of an elevated temperature on the development and composition of a set of
clones of V. vinifera. cv. Tempranillo berries. Their results allowed the selection of two
clones with a marked thermal sugar:anthocyanin decoupling that were able to maintain
high concentrations of total skin anthocyanins, extractable anthocyanins and color inten-
sity under 28 ◦C/18 ◦C. Similarly, Kupe and collaborators [5] identified three clones of
Karaerik harvested in the Uzumlu district of Erzincan (Turkey) with a high antioxidant
activity, representing a great potential for grape breeders and the food industry as well as
health-conscious consumers. Unfortunately, wine market globalization, variety-oriented
wine labeling and the increasing demand for healthy plant material have led to a decline
of the richness of winegrape varieties [6]; many of the traditional and local cultivars have
almost disappeared and several of them are only found in germplasm collections [7]. In this
context, it is important to develop and use efficient strategies for the systematic analysis
of the diversity of germplasm collections (including, among others, ancient accessions of
traditional cultivars and old vineyards).

The assessment of Vitis genetic diversity is routinely carried out using molecular
markers. These tools offer innumerable advantages over conventional phenotype-based
alternatives. For example, developing a new grape cultivar using traditional breeding
techniques takes approximately 25–30 years but the use of genetic markers linked to
phenotypes of interest can decrease that time by up to 10 years. Marker-assisted selection
(MAS) in grapes offers the greatest potential for traits that are difficult or time-consuming
to phenotype such as a few fruit traits that are measurable after several years. The use
of MAS in grapevine breeding will not be discussed in the present review because it has
been already extensively reviewed [8,9]. So far, the applications of molecular techniques to
assess V. vinifera inter-varietal diversity have shed light on its domestication history [10,11],
including the origin of important grapes such as Cabernet Sauvignon [12], Chardonnay [13],
Syrah [14], Sangiovese [15], Merlot [16] and Nebbiolo [17]. These studies suggested that the
modern European varieties derive from a limited number of distantly related genotypes.
In addition, several DNA-based strategies have revealed intra-varietal diversity in grape
cultivars such as Chardonnay [18,19]; Sangiovese [20]; Manto Negro, Callet and Moll [21];
Nebbiolo [22]; and Pinot Noir [23], each comprising slightly divergent genotypes. Several
reviews have been published regarding the possible origins of grapevine intra-varietal
diversity linked to human selection and propagation [24,25]. However, the analysis of
intra-varietal diversity remains challenging. Therefore, our knowledge of the extent and
impact of this variation on the plant phenotype is still scarce.

Over the last few years, plant research has witnessed tremendous advancement in
technology, which has moved from single target analyses to simultaneous assays of multiple
targets. This progress has led to the characterization of a massive amount of not only the
V. vinifera germplasm but also of important related species (e.g., V. amurensis, V. labrusca,
V. riparia). Here, after summarizing the current knowledge of the genetic and genomic
diversity of the grapevine, we provide a comprehensive overview of the DNA-based
technologies used in grape genotyping, emphasizing those that may have a significant
impact on grape diversity analyses in the years to come. We discuss the relative merits,
pitfalls and cost of each genotyping procedure with the aim of providing a solid reference
in the choice of the proper tools, depending on the biological purpose, sample size, desired
resolution and available budget.

2. The Genetic Bases of Grape Inter- and Intra-Varietal Diversity

At the sequence level, the genetic diversity among varieties and clones consists,
typically, of microsatellite DNA or simple sequence repeat (SSR) single nucleotide polymor-
phisms (SNPs) and small insertions/deletions (InDels). In particular, the polymorphisms at
SSR loci arise from the expansion or contraction of the number of repeats by slipped-strand
mispairing during DNA replication. SSRs mutate from 10 to 100 thousand times more
frequently per generation than SNPs [26]. This is because SSRs are mainly located in
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non-coding regions whereas SNPs are widespread in the whole genome, including the
coding regions, and can cause a genic “gain of function”. In a grapevine, for example, an
SNP found in the coding region of the VvDXS (1-deoxy-D-xylulose-5-phosphate synthase) gene
was associated with a floral flavor typical of Muscat varieties and was used to develop
a digital PCR-based assay to target allelic variations in the gene [27]. In addition to the
small-scale variability, transposable elements (TEs) are a further source of mutations in
grapes. TEs may induce changes in single chromosomal sites or in the organization and/or
size of the entire genome and have a high potential to alter a plant phenotype. For instance,
as reviewed by Milovanov et al. [28], the Gret1 (Grapevine Retrotransposon 1) retroelement
played a pivotal role in generating berry color variations in grapevine clones; a transposable
element of the hobo, Ac, Tam3 (haT) family caused the multiplication and branching of flower
meristems in a clone of Carignan; and the Mila-flb inverted-repeat transposable element
was responsible for the fleshless berry (flb) somatic variant in the cultivar Ugni Blanc.
Moreover, mounting evidence recognizes a significant role of structural variations (SVs) in
making most of the selectable variations in grapevines [29]. SVs include presence/absence
variations (PAV), copy number variations (CNVs) and other miscellaneous rearrangements
such as inversions, insertions and translocations [30]. These variations often originate
from mistakes during DNA replication, repair or recombination processes. Examples of
SVs have been described in somatic variants that differ in berry color and ripening time
(reviewed in [25,31]). An additional layer of diversity within a species is provided by
epigenetic changes such as DNA methylation, histone modification and the action of small
RNA molecules. Epimutations associated with phenotypic traits have been described in
plants but there are no reports available for grapevines. However, Xie et al. [32] found that
epigenetic changes act as a form of memory of the environment of the vineyard that would
ultimately contribute to the uniqueness of the clones used for wine production. Therefore,
the concepts and techniques of classical and modern germplasm diversity assessments
should consider integrating recent progress in epigenetics, initially by identifying their
association with phenotypic variations and then by assessing their stability in subsequent
generations [33]. In summary, the variability of the grapevine genomes has a very complex
matrix comprising different elements that should be explored using the proper tools.

3. Genetic Technologies for the Characterization of Grape Diversity

The following section provides an overview of the main genetic techniques used
to study the rich genetic diversity of grapes (Figure 1) with the pros and cons of each
technology and examples of successful applications in grapevines. We first describe the
cytological techniques used to detect large-scale variations through the direct mapping of
DNA sequences on the genome. We then approach PCR-based techniques that analyze DNA
polymorphisms at single or multiple loci throughout the genome (i.e., SSR or SNPs). Finally,
we review high-performance sequencing techniques (NGS, next-generation sequencing)
and the chip-based marker platforms that have allowed the identification of thousands of
SNPs and high-throughput genotyping [34–36].
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has served to identify individual chromosomes, setting the basis for comparative analyses 
and the detection of large-scale SVs as well as differences in the distribution and/or abun-
dance of specific repeat elements [37–41]. In plants, typical cytological preparations for 
FISH consist of metaphase chromosomes, interphase nuclei, meiotic pachytene chromo-
somes and DNA “fibers”. On the other hand, repetitive DNA sequences and large insert 
genomic DNA clones (such as bacterial artificial chromosomes (BACs) and fosmids) have 
been the most common FISH probes in plants; see Jiang [42] for a review that includes a 
grapevine, for which only a few studies are available. This is likely because it is difficult 
to obtain good chromosome preparations from roots or anthers in a grapevine. In addi-
tion, a grapevine has a large number of small chromosomes for which there have been no 
efforts to develop a reliable identification system. Among the few studies available, FISH 
using ribosomal DNA (rDNA) probes has allowed the identification of four 45S rDNA 
[43,44] and two 5S rDNA loci [43,45,46]. FISH has also revealed that the retrotransposon 
Gret1 is inserted in the euchromatic regions of at least half of the grapevine chromosomes 
[47]. In addition to repetitive sequences, several BAC clones from the Pinot Noir PN40024 
library were mapped onto the chromosomes of various grapes to validate large SVs, in-

Figure 1. Overview of technologies currently used for analyzing grapevine biodiversity. The dis-
covery of DNA changes between and within varieties is possible, starting from DNA or cytological
preparations. The principle, average costs per sample, main advantages and challenges are summa-
rized for each technique.

3.1. Cytogenetic Techniques

Among modern cytogenetic tools, fluorescence in situ hybridization (FISH) is the most
used in the analysis of the diversity of several crop and model species (Table 1). It has
served to identify individual chromosomes, setting the basis for comparative analyses and
the detection of large-scale SVs as well as differences in the distribution and/or abundance
of specific repeat elements [37–41]. In plants, typical cytological preparations for FISH
consist of metaphase chromosomes, interphase nuclei, meiotic pachytene chromosomes
and DNA “fibers”. On the other hand, repetitive DNA sequences and large insert genomic
DNA clones (such as bacterial artificial chromosomes (BACs) and fosmids) have been the
most common FISH probes in plants; see Jiang [42] for a review that includes a grapevine,
for which only a few studies are available. This is likely because it is difficult to obtain good
chromosome preparations from roots or anthers in a grapevine. In addition, a grapevine
has a large number of small chromosomes for which there have been no efforts to develop
a reliable identification system. Among the few studies available, FISH using ribosomal
DNA (rDNA) probes has allowed the identification of four 45S rDNA [43,44] and two 5S
rDNA loci [43,45,46]. FISH has also revealed that the retrotransposon Gret1 is inserted in
the euchromatic regions of at least half of the grapevine chromosomes [47]. In addition to
repetitive sequences, several BAC clones from the Pinot Noir PN40024 library were mapped
onto the chromosomes of various grapes to validate large SVs, including duplications and
deletions [48,49], or to confirm the diploid state of specific chromosome regions [50]. FISH
allows the analysis of only few samples at a time and is considered to be a niche technique.
However, it could provide new insights into grape diversity by taking advantage of the
development of FISH probes based on synthetic oligos. Oligo-based probes can be designed
from repetitive DNA elements such as satellite repeats or from single-copy DNA sequences.
Indeed, thanks to the technical advances in DNA synthesis, it is now possible to synthesize
FISH probes made of pools of thousands of oligonucleotides, each ca. 40 nucleotides
long, which are complementary to single-copy sequences of a specific chromosome or
chromosome region [40,42,51] (Table 1). With the availability of several chromosome-level
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genome references for grapes, this approach could quickly provide chromosome-specific
painting probes for comparative studies in grapevines. Many companies synthesize such
oligo-paint libraries and several of them offer a complementary probe design. The cost
of the oligo-paint probes mainly depends on the number of oligos (and their length) in
the library. An unlabeled oligo-paint library of 20,000–27,000 oligos is approximately 1500
USD plus the cost of the reagents for labeling. However, unlabeled libraries are amplifiable
and represent a permanent resource of the designed probe [42]. Labeled, ready-to-use
oligo-paint probes are also an option. The cost for a labeled probe of 20,000 oligos is
approximately 1800 USD and the amount provided (700 pmol) should be enough for at
least 70 hybridizations/slides.

Table 1. Summary of the techniques used for grape clone genotyping. Further details are reported in
the text.

Technique Full Name Mutation Types Principle Involved Throughput

FISH Fluorescence In Situ
Hybridization SVs; repeat elements Hybridization Low

SSR Simple Sequence Repeat Repeat elements PCR; capillary
electrophoresis Low

SSR-HRM Microsatellite
High-Resolution Melting Repeat elements Real-time PCR Low

MSAP Methylation-Sensitive
Amplified Polymorphism Epialleles PCR; capillary

electrophoresis Low

HRM High-Resolution Melting SNPs Real-time PCR Low
Targeted PCR - SNPs PCR Low

Vitis9KSNP and
Vitis18KSNP - SNPs Hybridization Medium

GBS Genotyping By Sequencing SNPs Digestion;
hybridization High

RRS Reduced Representation
Sequencing SNPs; InDels Digestion;

hybridization High

WGR Whole Genome
Resequencing All NGS High

3.2. PCR-Based Techniques

The first revolution in grape molecular genetics took place with the advent of the
first PCR-based markers such as RAPD (Random Amplified Polymorphic DNA) and
I-SSR (inter-simple sequence repeats). These markers were successfully employed for
the molecular characterization of different grape varieties [52,53]. However, due to their
known limitations, RAPD and I-SSR have been rapidly replaced by SSRs and SNPs (see
below) (Table 1). The genome of grape varieties is marked by different SSR patterns that
have been used to reveal the pedigree of several varieties [54,55] and their historical ori-
gins [12,13,16,55,56] since the 1990s. SSRs have revealed unexpected synonyms [57–59] also
in grape varieties from distant geographical areas, as in the case of Malvasia delle Lipari,
Malvasia di Sardegna, Greco di Gerace (Italy), Malvasia de Sitges (Spain) and Malvasia
dubrovačka (Croatia) [60]. Owing to their extensive use worldwide, large international Vitis
databases containing SSR profiles are now available as references for cultivar identification
(http://www.eu-vitis.de/index.php (accessed on 23 January 2022); http://www.vivc.de
(accessed on 23 January 2022)). To standardize the molecular analysis protocols, a set of
nine SSRs has been established as a reference kit for grapevine genotyping [58,59] and sev-
eral public Vitis databases have been established, including the European [61], Greek [62],
Swiss [63] and Italian [64] Vitis databases. Interestingly, Kim et al. [65] developed a set of
21 SSR markers suitable for amplifying both vinifera and non-vinifera species and, therefore,
universal candidate markers for cross-species genotyping. However, SSR genotyping is
subject to technical variations and thus it requires precise calibration based on the reference
cultivars before comparisons can be made between laboratories [66]. An interesting and

http://www.eu-vitis.de/index.php
http://www.vivc.de
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powerful upgrade of the standard SSR technique is the SSR-HRM (high-resolution melting).
It is a post-PCR method in which the amplicon sequences are denatured and the pattern
of fluorescence lessens due to the release of an intercalating dye that is monitored [67,68].
The outputs of the data are melting (dissociation) curves that plot the reduction in fluo-
rescence against the increase in temperature. SSRs in amplicon sequences can result in
different melting curves. Despite the efficiency of this technique, few applications have
been reported for grapevine discrimination due to the complicated necessity of having
a good positive control [69–71]. Regarding the PCR-based tools dedicated to epigenome
profiling, MSAP (methylation-sensitive amplified polymorphism) [72] markers are the
most popular although scantily applied to grapevines. This method relies on the use of
restriction enzyme isoschizomers that recognize the same DNA sequence (CCGG) but are
differentially sensitive to cytosine methylation. In V. vinifera, Ocaña et al. [72] discriminated
37 out of 40 Pinot Noir clones using 9 MSAP primer combinations. This is the only example
of MSAP applications for grape fingerprinting, probably because of the time and intensive
labor required to set up and apply it.

Regarding the costs, there are many microsatellite genotyping service providers but
none for SSR-HRM and MSAP analyses, probably because SSR markers are preferred for
their simplicity and suitability for large-scale automation. The charges for SSR genotyping
depend on the level of multiplexing and the size of the assay. A survey of service providers
indicated that, on average, the cost per sample was approximately 10 USD, including DNA
extraction and quantification as well as PCR amplification and a capillary electrophoresis
run (personal communications). In the past, alternative strategies have been developed to
reduce the genotyping costs such as the use of SSR primers modified by a 19 bp extension at
the 5′ end identical to the M13 nucleotide sequence (M13-tailed primer). This method allows
multiplexing sequencing reactions of amplicons obtained using the M13 primer (reverse)
conjugated with a fluorophore and various modified SSRs (forward) [73]. Regarding the
SSR-HRM and MSAP, the cost per data point fell below 1 USD for combinations involving 10
or more markers and sample sizes above 100. Such estimations were calculated assuming
a conservative pricing for reagents. However, costs can undergo variations based on
laboratory protocols and can be significantly lower with the purchase of large amounts of
reagents at reduced prices.

3.3. Array-Based Technologies

The use of SNP molecular markers to study diversity in life has progressively increased
over the last few years. The reason why is linked to the high number of point mutations
and their generally low mutation rate, which make SNPs effective tools for germplasm
identification. Thanks to their use, it has been possible to determine the first-degree rela-
tionships between numerous vine varieties [74,75]. Although SNPs can be detected through
gel-based profiling, advances in array hybridization techniques have greatly facilitated
genetic diversity analyses at a high resolution. In plants, SNP arrays (a compilation of
thousands or even millions of polymorphic sites that allow the genotyping of many samples
at multiple loci simultaneously and at a low cost) have been developed primarily in species
for which large amounts of genomic data are already available such as Vitis (Table 1).

The first SNP array for grapevines, the Illumina Vitis9KSNP chip, was developed in
2010 by Sean Myles and collaborators and contained 9000 SNPs identified in 11 varieties of
V. vinifera and 6 wild Vitis species. In 2013, thanks to the availability of sequencing data
produced by the GrapeReSeq consortium, a new Illumina array (Vitis18KSNP) containing
approximately 18,000 SNP loci was produced by Marie-Christine Le Paslier from 47 varieties
of V. vinifera, 12 species of Vitis and 5 of Muscadinia rotundifolia. This array has been used to
genotype many cultivated and wild accessions with different geographic origins [76–78].
The limitations of SNP arrays (Illumina Vitis9KSNP and Vitis18KSNP arrays) fall back on
the use of the same panel of SNPs across all experiments and all germplasms as well as on
the specificity of the hybridization between the sequences that are allocated on the support
(probes) and those of the genotyped samples, which often differ significantly from them
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because they are distant from the reference genome on which the probes were designed.
Several factors contribute to reducing the hybridization, including the presence of indels,
CNVs and transposons. The average price to obtain 18.071 markers is approximately
60 USD per sample, which includes library preparation and sequencing; however, this is
subject to fluctuations over time and is volume-dependent (personal communications).

3.4. High-Throughput Sequencing (HTS) Technologies

As reported above, there are several limitations to genotyping grapevines using con-
ventional gel-based approaches such as a low genome representation, technical variations
between assays, the need for relative allele size values that are standardized across labora-
tories, manual sizing and processing and the necessity of having a good positive control as
well as, in a few cases, a lack of suitability for large-scale automation [79]. Recent advances
in DNA sequencing have revolutionized the field of genomics, allowing a high-throughput
identification of markers at low costs. HTS systems are already used in Vitis genotyping
such as genotyping by sequencing (GBS), which includes several reduced representation
sequencing (RRS) approaches and a whole genome resequencing (WGR) strategy [80,81].
Here, we provide an account of RRS and WGR methods that have enabled the measurement
of genetic diversity in grapevines (Table 1 and Figure 1). In addition, we propose the use of
RNA-seq as a cost-effective alternative for genotyping.

3.4.1. Reduced Representation Sequencing (RRS)

Reduced representation strategies leverage the massive sequencing of a small portion
of the genome to obtain a representative picture of a given sample and rapidly detect
DNA polymorphisms. The earliest RRS method, restriction site-associated DNA (RAD)
sequencing [82], used restriction endonucleases to cleave the genome into fragments. In this
and similar methods, each sample is assigned a unique barcoded adapter for multiplexed
sequencing in a single flow cell lane, enabling a cost reduction per analysis. RRS remains the
method of choice for biological diversity applications in which prior genomic information is
unavailable. NGS sequences (reads) can be processed bioinformatically to first cluster them
into loci and then identify polymorphisms across the samples even if a reference genome is
not available. This method is implemented in the STACKS pipeline [83], which is widely
used to analyze RRS data. In addition, RRS data can be used to genotype species with
an available reference genome by performing a standard variant calling analysis whereby
the reads are first mapped onto the reference genome and then the SNPs and InDels are
identified with specific algorithms, including Freebayes [84], Platypus [85] or GATK [86].
This technique has been used for genotyping wild and cultivated grapevines [87,88]. In ad-
dition to RADSeq, another innovative and cost-effective RRS method is the genotyping by
sequencing (GBS) technique developed by Elshire et al. [89], which has been applied to sev-
eral species, including Vitis [90–94]. It employs restriction enzymes and the next-generation
sequencing of genomic libraries for de novo genotyping of SNPs. With this approach,
Calderon et al. [94] distinguished 14 different clonal genotypes within the Malbec cultivar.
RRS approaches do not require the preselection of regions to be interrogated but need
extensive sequencing. The three main pitfalls of RRS are allele dropout, PCR duplicates and
a variance in coverage. In allele dropout, the sequence variations in the restriction enzyme
recognition site prevent cutting and can thus lead to genotyping problems [95]. Random
PCR duplication during the library preparation can also result in a mismatch between the
ratio of the PCR product allele and the original amount of starting DNA of each allele.
Finally, a variance in coverage between the loci can be caused by an amplification bias
toward fragments of a shorter length with a higher GC content. In addition to the potential
biases introduced during the sample preparation and sequencing, it is also worth noting
that the choice of the bioinformatic pipelines used to analyze the samples can have a huge
impact on the final results and conclusions [96].

Costs differ by methods and can undergo rapid changes. Many sequencing providers
calculate the price for RRS sequencing based on the average number of expected sequenced
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markers. The average price to obtain approximately 30,000 markers ranges from 75 to
100 USD per sample, which also includes DNA quality control and normalization, library
preparation and sequencing and a bioinformatics analysis (source https://genohub.com/
(accessed on 23 January 2022) and personal communications).

3.4.2. Whole Genome Resequencing Approaches

The use of WGR approaches in grapes started to increase in 2007 in concomitance with
the release of the first grape draft genome (referred to as the 8X genome) from a highly
homozygous accession (Pinot Noir, PN40024) and a highly heterozygous grapevine clone
(Pinot Noir, ENTAV115) [97,98]. Four years later, Adam-Blondon et al. [99] released an
improved version of the PN40024 genome (12X.v0), which was recently improved (12X.v2)
by a deeper gene annotation [100]. The availability of these resources paved the way
to resequence many individuals and delineate the inter- and intra-species genetic varia-
tions across the Vitaceae family [101]. In addition, it also facilitated large-scale genotyping
through NGS technologies at the clonal level, which is often not possible by using molecular
markers, even those belonging to different classes, as highlighted by several authors for
both SSRs and SNPs [35,102]. Nowadays, a few reports have been published on the use of
WGR approaches to characterize the extent of somaclonal variations that accumulate at the
genome level within given cultivars [22,25,103]. These have exploited the sequencing by
synthesis approach, an NGS method that detects the light emitted when nucleotides are
incorporated by a DNA polymerase in a strand complementary to the clonally amplified
and spatially separated DNA templates [104]. These so-called second-generation sequenc-
ing technologies (among the available ones, Illumina and Roche 454) have been used in
grapes and are powerful at detecting DNA variations due to their capacity to generate
millions of sequences at once. Carrier et al. [25] paved the way by comparing three Pinot
Noir clones (PN386, PN583 and PN777) with each other as well as against the available
sequences of the ENTAV115 and PN40024 reference genomes using 454 GS-FLX sequencing
technology. They found that TEs represented the most substantial proportion of the somatic
mutation types affecting those clones. Subsequently, Carbonell-Bejerano et al. [103] used
Illumina short-read sequencing to characterize the somatic mutations that led to white
berries in the Tempranillo cultivar, highlighting a catastrophic genome rearrangement
that caused the hemizygous deletion of 313 genes. In the same year, Gambino et al. [22]
resequenced the whole genomes of three phenotypically divergent clones of the Italian
wine cultivar Nebbiolo (CVT71, CVT423 and CVT185), exploiting an Illumina short-read
sequencing technology. They identified 12.886, 7.914 and 8.070 putative clone-specific
SNVs, respectively.

However, NGS technologies also have drawbacks. First, the reduced read length (from
35 bp to 450 bp, considering different technologies) can limit the accuracy of the analysis in
highly repetitive genomes as well as in genomic regions with a higher repetitive content
due to mapping errors. In addition, a limited read length leads to a lower accuracy in
the detection of large genomic variants, i.e., structural variants (SVs) with respect to short
InDels and SNPs [105]. Second, the library preparation can introduce biases linked to the
GC content of the DNA fragments, leading to uneven coverage distribution with regions
with higher coverage and others without reads [106].

Thanks to the development of third-generation sequencing (TGS) platforms, it is now
possible to produce reads spanning tens or hundreds of kilobase pairs (kbp), which can
be used to perform an in-depth analysis of SVs. Among the TGS technologies, Pacific
Bioscience (PacBio) uses a single molecule real-time sequencing (SMRT) approach in which
a DNA polymerase/template complex is physically bound on a chip and fluorescently
labeled nucleotides are detected as they are inserted into the replicating strand [107], allow-
ing the production of reads up to 40 kbp on average. On the other hand, Oxford Nanopore
TGS technology does not rely on DNA synthesis because the DNA molecules pass through
a nanopore that is surrounded by an electrolyte solution and the bases are identified by
detecting the changes in the conductivity induced by the different nucleotides [108]. In 2016,
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Chin and colleagues [109] generated a new reference sequence for the heterozygous cultivar
Cabernet Sauvignon by combining SMRT technology and FALCON, a new diploid-aware
long-read assembler, to assemble haplotype contigs or ‘haplotigs’ that represented the
diploid genome with correctly phased homologous chromosomes. The assembly produced
was significantly more contiguous (contig N50 = 2.17 Mb) compared with the original
PN40024 assembly (contig N50 = 102.7 kbp) and provided the first phased sequences of the
diploid V. vinifera genome (for a review, see [110]). In 2018, Roach and collaborators [111]
released a high-quality diploid-phased Chardonnay genome assembly using a combination
of PacBio and Illumina sequencing. Due to the use of stringent filters, they identified
a small set of fewer than 2 k markers able to distinguish Chardonnay clones. Recently,
Vondras et al. [19] showed the results obtained from PacBio whole genome sequencing of
15 Zinfandel clones and confirmed the results of Carrier et al. [25] in which the intergenic
space drove the clonal diversification. They also demonstrated that asexually propagated
plants accumulate deleterious mutations mainly in their introns and intergenic space. Two
main limitations affect the use of TGS for large-scale genotyping; a higher cost compared
with Illumina and a higher sequencing error rate. PacBio and nanopore technologies can
have a base error rate varying from 10% to 20%, respectively, against an average Illumina
error rate of 0.1% [111], which limits their application in the analysis of small variants,
especially in repetitive regions.

As with RRS, the costs of WGR change rapidly, varying with genome size, labora-
tory location, sequencing specifications and machines. Considering an average coverage
of 30 × per sample, the cost for a library preparation and Illumina paired-end 150 bp
sequencing on a NovaSeq 6000 could range from 300 to 550 USD per sample (source
https://genohub.com/ (accessed on 23 January 2022) and personal communications).
In order to achieve the same coverage with PacBio (SMRT 20 kbp library preparation
and two flow cells of Sequel I), an approximate cost of 3700 USD would be required
(personal communication). Regarding nanopore technology, a library preparation and
sequencing at a target coverage of 30 × with a MinION machine could have an approx-
imate cost of 550 USD per sample (excluding the markup of the sequencing companies;
https://nanoporetech.com/products/comparison (accessed on 23 January 2022)). Al-
though WGR is, therefore, still cost-prohibitive for smaller laboratories, it also benefits from
being mostly unaffected by the biases of RRS.

3.4.3. RNA Sequencing

RNA sequencing is a technology that allows the sequencing of the mRNA or total RNA
fraction of any given sample and it can be performed with any second- or third-generation
sequencing technology. The most frequent application of RNA-seq is the expression profil-
ing of the genes in tissues or genotypes of interest and, at the moment of this review, approx-
imately 200 papers have been published in which RNA-seq has been applied to Vitis vinifera
to study different aspects of the plant biology, including bud development [112–114], berry
development and ripening [115–117] and the response to disease or pathogens [118–120].
By combining TGS technologies and RNA-seq, Minio et al. [116] investigated expressed
gene isoforms (Iso-Seq) during berry ripening. The new approach allowed the authors to
capture the entire gene space of a plant and build a comprehensive reference for transcrip-
tional profiling even without a pre-defined reference genome. Comparing the new gene
space with other cultivars, the authors suggested that the transcriptome built with Iso-Seq
represented most of the expressed genes in the grape berries, including 1501 cultivar-
specific genes. In recent years, RNA-seq has become increasingly used in human studies
as a tool to identify small genomic variants such as SNPs and InDels [121,122]. In grapes,
there are only a few examples of RNA-seq-based variant calling. Royo et al. [123], using
a combination of quantitative genetics, fine mapping, RNA-seq differential expression
analyses and variant calling, were able to identify the causal mutation of the seedlessness
phenotype of the seed development inhibitor (sdi) mutant, which appeared to be an Arg197Leu
substitution in the seed morphogenesis regulator gene AGAMOUS-LIKE 11 (VviAGL11).
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Zenoni et al. [124], by comparing Pinot Noir 40024 and Corvina using RNA-seq data,
identified more than 85,000 variants in the coding regions, introns and unannotated regions.
Royo et al. [125] used RNA-seq variant calling to identify 14 variants in Corinto Bianco, a
parthenocarpic somatic variant of the seeded cultivar Pedro Ximenes. It is also intriguing
that, at the moment of this review, more than 6000 Vitis vinifera RNA-seq samples have
been deposited in the Sequence Read Archive (NCBI), representing an incredible source of
genetic information that could be accessed at virtually no cost beside the computational
costs required to perform the variant calling.

Using RNA-seq data to perform variant calling can have several clear advantages
and disadvantages compared with RRS and WGR. The first advantage is that RNA-seq
data come with intrinsic information regarding the gene expression in the samples, which
can be used to address multiple biological questions in addition to the identification of
variants. Due to the nature of RRS protocols, the distribution of the variants in the genome
is random, depending on the distribution of the restriction sites in the genome of the sample
and the efficiency of the digestion. As a consequence, most of the variants are located in
intergenic regions, reducing the possibility of associating traits with specific genes. On
the other hand, RNA-seq variants can be derived from coding- and non-coding-expressed
genes, thus providing not only enough information for genotyping but also to perform
association studies [126]. Compared with WGR, RNA-seq has the limitation of focusing
only on the expressed genes. Additional limitations of the use of RNA-seq data for variant
calling are due to more complicated bioinformatics processing. Specific pipelines must be
used to reduce possible false positives resulting from mapping errors induced by splicing
events, RNA editing and allele-specific expressions [127,128].

In terms of costs, RNA-seq is a cheaper alternative to WGR but it is generally more
expensive than RRS techniques. The actual cost per sample depends on the library choice,
i.e., mRNA-seq vs. Total RNA-seq (with rRNA depletion), sequencing technology and the
number and length of the reads. An mRNA-seq performed with an Illumina NovaSeq 6000
producing 15 M of fragments (30 M of paired-end reads) can have a cost ranging from 120
to 200 USD (source https://genohub.com/ (accessed on 23 January 2022) and personal
communications) with the cost approximately doubling for a Total RNA-seq.

4. Conclusions

The present review provides an update on the technologies used to explore grapevine
diversity, the knowledge of which is necessary for an efficient exploitation and conservation
of the grapevine germplasm. The rapid diffusion of high-throughput sequencing technolo-
gies is transforming our way of accessing biodiversity. However, the traditional molecular
technologies should not be summarily discarded. Indeed, each approach provides results
with a different resolution and accuracy and has different potentials for multiplexing
and a high-throughput. Therefore, the choice of the proper genotyping tool should con-
sider the biological purpose, sample size, desired resolution and accuracy as well as the
budget available.
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