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Plastid genomics of vitis vinifera L. for the understanding the molecular
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Abstract. Over the past decade, numerous scientific studies have utilized advanced next-generation plastid
DNA technologies to assess the genetic diversity of grapevine (Vitis vinifera L.) worldwide, aiming for a deeper
understanding the possible molecular mechanisms of domestication process. For such studies, it is essential to
include both cultivated varieties (Vitis vinifera subsp. vinifera) and their wild ancestors (Vitis vinifera subsp.
sylvestris) from all potential distribution and domestication sites, as only by comparing the genetic profiles of
cultivated and wild specimens can the potential sites of domestication be identified. The main goal of the
presented research was the next-generation sequencing (NGS) of complete plastid genomes mainly from
European and Mediterranean wild grapevines, as well as cultivated varieties from Europe and Georgia (South
Caucasus), and American and Asian Vitis species, followed by in silico genome assembly and phylogenetic
analyses. The results revealed that plastomes of European and Mediterranean wild grapevines predominantly
exhibit the so-called GTA haplotype; Portuguese wild grapevines exhibit a new type of ATA plastid haplotype;
Plastomes of Asian and American species are distinct from those of European and Mediterranean grapevines and
the Rkatsiteli haplotype (AAA) remains genetically unique among the plastomes sequenced to date.
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1. Introduction

The molecular basis of the grapevine domestication
process remains incompletely understood. For the
geographic origin of grapevine domestication and
beginnings of winemaking, the South Caucasus, eastern
Taurus (in present-day Turkey) and the Zagros Mountains
(in modern-day Iran) are considered, along with evidence
supporting multiple origins of cultivated grapevines, with
one in the Near East and another in the Western
Mediterranean region [1-4].

In the past decade, numerous scientific studies have
utilized advanced next-generation plastid DNA
technologies to assess the genetic diversity of a global set
of cultivated and wild grapevines [5-12]. Plant’s plastid
genomes, which follow maternal unisexual inheritance, are
is much smaller than the nuclear genome, and their
genomic organization and structure are relatively
conserved. An important feature of plastoms is their low
rate of point mutations. All these characteristics are make
plastoms extensively used for accurate studies of
systematic phylogenetic lineages [13]. The main findings
of the aforementioned studies can be summarized as
follows: worldwide set of cultivated (Vitis vinifera subsp.
vinifera) and wild grapevines (Vitis vinifera subsp.
sylvestris) share four identical plastid haplotypes, which
are defined by single nucleotide polymorphisms (SNPs)
located in non-coding plastid DNA regions (the trnH-psbA
intergenic spacer, the rpl/l6 intron, the accD-psal
intergenic spacer). Each haplotype contains a number of
grapevine samples and is named after the most well-known
cultivar within that haplotype: Chkhaveri-Pinot Noir
haplotype  (GTA), Meskhuri Mtsvane-Chardonnay
haplotype (ATA), Saperavi-Cabernet Sauvignon haplotype
(ATT), and Rkatsiteli haplotype (AAA) [5, 8]. All above
mentioned haplotypes were detected in Georgian (South
Caucasus) cultivars of V. vinifera subsp. vinifera and only
three of them (GTA, ATA, ATT) in worldwide cultivars,
including Georgian ones. Remarkably, some coincidences
were found between the chlorotypes identified by Arroyo-
Garcia et al., and the haplotypes GTA, ATA, and ATT.
Nothing can be concluded about the possible overlap of the
Rkatsiteli haplotype with any chlorotype due to the absence
of Georgian grapevine samples in the chlorotype studies [4,
12]. The dominance of the GTA haplotype was observed in
most wild grapevine samples from Europe and
Mediterranean basin (i. e. France, Germany, Italy, Spain,
Portugal, Morocco, Tunisia, Algeria, Turkey). Only the
ATA haplotype was discovered in Greece [8, 11-13]. These
findings are significant because identifying a potential
domestication center for grapevines requires evidence of
genetic diversity in a specific geographic region and shared
haplotypes between wild and cultivated varieties. The
Rkatsiteli haplotype (AAA) deserves special mention. This
haplotype was found only in Georgian cultivated and South

Caucasian wild grapevines what makes it a genetically
unique haplotype with no analogue in the world [8, 11-13].

Our previous researches (in which numerous plastomes
were subjected to Next generation sequencing (NGS), with
most deposited in NCBI) indicate that to achieve a more
refined understanding of the genetic diversity and linkages
of Vitis plastomes, and to uncover potential molecular
mechanisms of domestication, it is essential to analyze as
many plastomes as possible. To this end, for a deeper look
into the plastid genome diversity of Vitis, the presented
research involved next-generation sequencing (NGS) of
complete plastid genomes mainly from European and
Mediterranean wild grapevines, as well as cultivated
varieties from Europe and Georgia (South Caucasus), and
American and Asian Vitis species, followed by in silico
genome assembly and phylogenetic analyses.

2. Materials and methods

Cuttings, dried and fresh leaves of the Vitis samples used
in this research were obtained from the Grapevine
Collection of Vassal-Montpellier at the National Research
Institute for Agriculture, Food and Environment (INRAE),
France, the National Clonal Germplasm Repository at the
University of California, Davis, USA and National Centre
for Grapevine and Fruit Tree Planting Material
Propagation, Georgia. Genomic DNA extractions were
performed by using the CTAB-based protocol [15]. Next-
generation sequencing, including the construction of
shotgun genomic DNA libraries and sequencing on an
[llumina HiSeq, was conducted
at the Roy J. Carver Biotechnology Center, University of
Illinois at  Urbana-Champaign = (UIUC), USA.
For the assembly of the plastid genomes,
the SOAPdenovo genome assembler
(http://soap.genomics.org.cn/soapdenovo.html) was used.
Each assembled plastom was referenced against the
genome of the same haplotype (e.g., for GTA haplotype
plastom of Maxxa, GenBank DQ424856.1; for ATA
haplotype plastom of ‘Meskhuri Mtsvane’, GenBank
ABS856291; for ATT haplotype plastome of ‘Saperavi’,
GenBank AB856290.1; for AAA haplotype plastome of
‘Rkatsiteli’, GenBank AB856289.1). For the phylogenetic
analyzes different approaches of comparative genomics
were used (i.e. Mafft, Blast).

3. Results and discussion

Table 1 presents the detailed list of the analyzed
grapevine plastomes sequenced in the framework of the
presented work.
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Table 1. List of all analyzed grapevine plastoms for this study.

Sample Country, region Sex
V. silvestris Montagnella 4 (8500Mtp438) Italy Male
V. sylvestris Valletta Drago (8500Mtp444) Italy Male
Lambrusque Delta Stabiaccie E (8500Mtp512) France, Corsica Male
V. sylvestris Portugal 110104 (T) (8500Mtp412) Portugal Male
V. sylvestris Portugal 110504 (3) (8500Mtp425) Portugal Male
Vitis vinifera
subsp. V. sylvestris Portugal 110505 (3) (8500Mtp426) Portugal Female
sylvestris )
Lambrusque Grésigne 6 (8500Mtp126) France Male
Vitis silvestris Gmelin (8500Mtp41) Germany Female
Lambrusque Ul'any nad Zitavou A38 (8500Mtp200) Slovenia Male
Lambrusque Ul’any nad Zitavou A46 (8500Mtp205) Slovenia Male
Lambrusque de semis Tekkale Kilisi 13-5 (23429Mtp13-5) Turkey -
Muscat d’ Alexandria Egypt -
Muscat Petite Blanc Greece
Vitis vinifera Ojaleshi Georgia -
subsp.
vinifera Tavkveri Georgia -
Aladasturi Georgia -
Tsitska Georgia -
V. romaneti Asia -
Amerlcan & V. thumbergii Asia -
Asian species
V. californica America -

3.1. Haplotype affiliations

At the first step of the research the complete chloroplast
genome reads of all analyzed plastoms were subject of in
silico genome assembly by SOAPdenovo genome
assembler. It was determined that the each analyzed
chloroplast genome is mainly 160.928 bp long. In some
genomes, the length varied by up to £ 50 bp due to
observed SNPs and InDels (not discussed in this paper).
After the in silico genome assembly, haplotype definitions
for studied plastomes were determined. The haplotypes
were defined based on SNPs found in the trnH-psbA
intergenic spacer at position 205 bp and at two positions,
86715 and 86721 bp, within the rp/l6 intron of the
chloroplast genome. In the three-letter name of each
haplotype, the first letter corresponds to the SNP found in
the #rnH-pshA genome region and the remaining two
letters correspond to SNPs in the 7p/16 intron region. Table
2 presents distribution of haplotypes among all studied
grapevine chloroplast genomes and the approximate age of
plastid haplotypes adopted from the paper of Zecca et al.,
[7].

It had been shown that in European and Mediterranean
wild grapevines (Vitis vinifera subsp. sylvestris), the GTA
or Chkhaveri-Pinot Noir haplotype is prevalent. This
haplotype is also found in two Georgian cultivars -
‘Aladasturi’ and ‘Tsitska’ (‘Cicka’). The other two
haplotypes, ATA and ATT, appearing only in wild
grapevines from Turkey and Corsica (France), also in
varieties ‘Muscat d’ Alexandria’ and ‘Muscat Petite Blanc’
(Vitis vinifera subsp. vinifera). Haplotype AAA or
Rkatsiteli haplotype is characteristic only of Georgian
cultivated varieties ‘Ojaleshi’ and ‘Tavkveri’. It should be
emphasized that the haplotype detected in ‘Muscat
d’Alexandria,” ‘Muscat Petite Blanc,” ‘Ojaleshi,’
‘Tavkveri,” ‘Aladasturi,” and ‘Tsitska’ was previously
identified through sequencing of only the aforementioned
non-coding plastome regions [5]. In this study, these
plastomes were completely sequenced, confirming the
haplotypes of the mentioned varieties and providing
information about similarities throughout the complete
chloroplast genomes.

The described results align with our previous works,
showing the GTA haplotype is dominant in European and
Mediterranean wild grapevines; cultivated and wild
grapevines globally share plastid haplotypes; and the
Rkatsiteli haplotype is genetically unique among
sequenced plastomes [5, 8-13].
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Table 2. Distribution of haplotypes among all studied grapevine chloroplast genomes (Vitis vinifera subsp. sylvestris, Vitis vinifera subsp. vinifera) along
with the approximate age of plastid haplotypes. An asterisk (*) indicates that the haplotype matches those reported in our earlier studies [5, 7, 11, 12].

Geographic region Country Plastid haplotype | The approximate age of
plastid haplotypes
European and Mediterranean wild grapevines Italy *
Portugal *
France *
GTA 5-4 Ma
Germany *
Slovenia
Georgian varieties ‘Aladasturi’ and ‘Tsitska’ Georgia
Mediterranean wild grapevines Portugal
Turkey * ATA
Variety ‘Muscat d’Alexandria’ Egypt *
Mediterranean wild grapevines France, Corsica 3-1 Ma
Variety ‘Muscat Petite Blanc’ Greece * AT
Georgian varieties ‘Ojaleshi’ and ‘Tavkveri’ Georgia * AAA

The presence of all four haplotypes (GTA, ATA, ATT,
AAA) simultaneously in the same geographic location, as
demonstrated by our previous and current works, has been
reported only for Georgia and the South Caucasus, in both
cultivated varieties and wild grapevines to date [8-13].
Haplotype diversity is a crucial factor in the development
of new forms and the domestication of plant species. Based
on the experimental data provided above, the South
Caucasus is principally noteworthy in this regard.
According to the analyses conducted in the scope of this
work, some biodiversity of chloroplast genomes was also
detected in Portuguese wild grapevines, as they display the
presence of two wild plastid haplotypes - GTA and ATA.
Interestingly, the ATA haplotype detected in two samples
of Portuguese wild grapevine (V. sylvestris Portugal
110504 (3) (8500Mtp425), V. sylvestris Portugal 110505
(3) (8500Mtp426)) could represent a new and potentially
older variant of the ATA haplotype. This hypothesis is
supported by the fact that the newly detected ATA
haplotype features a 33 bp length duplication but lacks the
54 bp length deletion commonly associated with the ATA
haplotype. We suggest that this new variant may represent
an ancestral form of the ATA haplotype, from which the
general ATA haplotype evolved through the acquisition of
the 54 bp length deletion (Fig. 1).

Based on SNPs at three non-coding regions of the
chloroplast genome, Asian and American species of Vitis
might be attributed to the ATA haplotype. However, this
attribution may not be accurate, as the plastomes of these
species do not match other characteristics (especially
InDels) of complete chloroplast genomes associated with
ATA haplotype.

3.2. Phylogenetic analyzes

To demonstrate the possible genetic linkage between the
plastomes of European, Mediterranean and Georgian wild
and cultivated grapevines, a phylogenetic tree was
constructed by using the Neighbor-Joining method [16].
On the tree of Fig. 2, two main clades can be distinguished.
One clade includes plastomes from European and
Mediterranean wild grapevines and Georgian cultivars
(‘Aladasturi’, “Tsitska’), all representing the GTA
haplotype. The second clade contains sub-clades of ATA,
ATT and AAA haplotypes and is primarily composed of
plastomes of FEuropean and Mediterranean wild
grapevines, cultivated varieties (‘Ojaleshi’, ‘Tavkveri’,
‘Aladasturi’, ‘Tsitska’, ‘Saperavi’, ‘Meskhuri Mtsvane’,
‘Rkatsiteli’ — all Georgian) and ‘Muscat d’ Alexandria’.
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Fig. 1. Phylogenetic scheme based on single nucleotide polymorphisms (SNPs) and InDels showing the order of grapevine chloroplast DNA haplogroups. The
ATA! haplotype, representing Portuguese wild grapevines, lacks the 54 bp deletion characteristic of the general ATA haplotype. Hypothetical ancestral
haplotypes are designated as x, y, and z.
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Fig. 2. Complete chloroplast genome phylogeny of genus Vitis constructed by Neighbor Joining tree using Jalview version 2. An asterisk (*) indicates the

plastoms of the presented work, other ones are taken from our earlier studies [9-13]. Plastoms of wild grapevines are mention by country of origin. Superscripts
show the sample counts for each specific country. ‘Meskhuri' refers to the Georgian cultivar 'Meskhuri Mtsvane,' while 'Muscat' refers to 'Muscat d’ Alexandria'.
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Fig. 3. Phylogeny of general plastid haplotypes of Vitis vinifera L. and Asian and American species. The tree was constructed by Neighbor Joining tree using
Jalview version 2.
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The genetic linkage between general plastid haplotypes
of Vitis vinifera L. and Asian and American species is
presented in Fig. 3. The phylogenetic tree was constructed
by using the Neighbor-Joining method and include
materials of the presented work (V. romaneti, V.
thumbergii, V. californica) as well as our previous research
[7, 16]. Signs ‘Vitis GTA’, ‘Vitis ATA’, ‘Vitis ATT” and
“Vitis AAA’ correspond to the general plastid haplotypes,
which were delivered to the program as one general
plastome from each haplotype (for GTA — Maxxa
[GenBank# DQ424856.1], for ATA Meskhuri Mtsvane
[GenBank# AB856291], for ATT Saperavi [GenBank#
AB856290.1], and for AAA Rkatsiteli [GenBank#
ABS856289.1]). It had been shown that all four general
haplotypes (GTA, ATA, ATA, AAA) form an isolated
clade, with the GTA haplotype as the ancestral one. Close
to this clade is the group of Asian species, V. flexuosa, V.
amurensis, V. romaneti, V. coignetiae, V. thumbergii, V.
ficifolia. American species make separated from the
mentioned two clades group, including V. aestivalis, V.
champinii, V. rupestris, V. berlandieri, V. cordifolia, V.
candicans, V. cinerea, V. monticola. Surprisingly, that
American species V. californica is positioned on the tree
not near the American specimens but close to the Asian
ones. One additional American species, V. acerifolia,
appears to have a distinct plastome with no significant
genomic similarities to other plastomes of American Vitis,
as it is positioned separately on the phylogenetic tree.

4. Conclusions

To summarize the data from NGS and comparative
genomics studies of grapevine plastomes, the following
conclusions can be made:

— Plastomes of European and Mediterranean wild
grapevines predominantly show the presence of
GTA haplotype;

—  Portuguese wild grapevines exhibit a new type of
ATA haplotype alongside the GTA haplotype;

— Plastomes of Asian and American species are quite
distinct from general plastid haplotypes. At the
same time Asian species show a closer genetic
distance to the plastid haplotypes of Vitis vinifera
L.

— The Rkatsiteli haplotype (AAA) remains
genetically unique among the plastomes sequenced
to date, as it has been found only in Georgian and
South Caucasian wild grapevines and cultivated
varieties.
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