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Abstract
The Anatolian peninsula otherwise known as Asia Minor is considered one of the centers that shaped grape (Vitis spp.) evolution and
domestication. This region with diverse ecological conditions also has a long history of viticulture and growing grapes has been a part
of the local culture since very old times. However, very little information is available on genetic analysis of Anatolian grape
germplasm. This study reports on genetic analyses of 88 grapevine cultivars from Central Anatolia using 17 microsatellite (SSR)
loci. The average number of alleles per locus was 9.18, ranging from 5 to 15. The highest heterozygosity rate was obtained for the SSR
loci “VVS2” and “VMC2H4.” Genetic distances between populations ranged from 0.056 to 0.207 and two cases of identical, seven
cases of homonymous, and nine cases of synonymous grape cultivar groups were identified. Based on comparisons with international
Vitis databases, it has been determined that “Moldova-Coarna Neagra” cultivar is synonymous with some Anatolian cultivars. In
addition, investigation of the genetic diversity of 20 genotypes of Anatolianwild germplasm revealed a higher level of genetic diversity
in wild populations than in cultivated ones at the studied microsatellite loci. The results reported here should not only contribute
towards better management of the grape germplasm of the region but also provide new insights into grape domestication.
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Introduction

The grapevine (Vitis viniferaL.) is one of themost widely grown
fruits worldwide owing to its high economic value. More than
10.000 cultivars are found in the genus Vitis. Vitis vinifera L. is
classified into two subspecies comprised of wild V. vinifera
subsp. sylvestris, and cultivated subspecies V. vinifera subsp.
sativa, which resulted from domestication of the wild relatives
(This et al. 2006). The main phenotypic traits that distinguish the
subspecies include: flower sex (dioecious for wild populations
and hermaphroditic with self-fertile flowers for most cultivated
grapevines); and the seed morphology (spherical seeds with a
small tip for wild type and pyriform seeds with a well-developed
tip for domesticated cultivars) (Terral et al. 2010).

The center of origin of the grapevine is the region called
Transcaucasia, which includes modern-day Georgia,
Armenia, and Azerbaijan. However, regions around
Transcaucasia such as Anatolia also played a significant role
in the domestication and spread of cultivated (Vitis vinifera
ssp. sativa) and wild (Vitis vinifera ssp. sylvestris) grapes
(McGovern 2003). For instance, Northeast Anatolia, which
partially overlaps with Transcaucasia, is known to have a rich
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grape germplasm of more than 1500 cultivars (Hizarci et al.
2012). In addition, Vitis vinifera ssp. sylvestris populations are
found in Western Anatolia, Mediterranean, Marmara, and
Eastern Anatolia regions, indicating the importance of this
region as one of the centers of grape domestication (Arroyo-
Garcia et al. 2006; Ergül et al. 2011; Karataş et al. 2014).

Historical evidences along with morphological data have
frequently been used for characterizing grape germplasm and
identifying relations among cultivars. Accurate identification of
grape cultivars is essential for effective germplasm manage-
ment. In addition, correct identification of homonymous and
synonymous cultivars is required to avoid misclassifications of
grape germplasm deposited into more than 130 grapevine col-
lection and preservation centers worldwide (Dettweiller et al.
2000; Labra et al. 2004). One of such centers is Turkey’s
National Collection Repository established by Tekirdağ
Viticulture Research Institute to conserve grape genetic re-
sources of Turkey. This repository currently contains more than
1200 grape cultivars (Ergül et al. 2006; Boz et al. 2011).

The SSRs (simple sequence repeats) are used primarily for
genetic characterization of cultivars, hybrid analysis, identifi-
cation of clones, parental analysis, and molecular mapping
(Ferrara et al. 2017). The PCR-based SSR markers are more
popular than other molecular markers due to their co-domi-
nance, high reproducibility, and rich polymorphism content.
SSRmarkers in Vitis have been used for molecular analysis of
evolutionary development, genetic mapping studies, charac-
terization of genetic resources, varietal identification of hom-
onymous and synonymous cultivars, marker-based selection,
pedigree analysis, and purity testing (Meneghetti et al. 2011;
Lacombe et al. 2013; Maul et al. 2015).

In this study, 17 SSR markers were used for genetic identi-
fication of a total of 88 grape cultivars from Central Anatolia.
Intra- and inter-population genetic relationships were
established, and different outcomes were obtained for the
pair-wise comparisons according to their names and genotypes,
including identical (same names and same SSR profiles), syn-
onymous (identical genotypes called by different names), and
homonymous (different genotypes called by the same name)
cultivars. In addition, SSR comparisons of this Central
Anatolian region with three different Anatolian wild popula-
tions has revealed intersubspecific genetic differentiation. Our
results, showing that Central Anatolian cultivars are genetically
close but relatively distinct from wild and European grapes,
will facilitate germplasm management efforts.

Materials and methods

Plant material

Shoots and young leaves from a total of 90 (88 Central
Anatolian and 2 reference cultivars) provided by the

National Collection Repository of Tekirdağ located at the
Viticulture Research Institute were used as plant material.
The Central Anatolian collection included 40 cultivars from
the Ankara province, nine cultivars from the Çankırı province,
24 cultivars from the Eskişehir province, and 15 cultivars from
the Kayseri province. Furthermore, a total of 20 wild (Vitis
vinifera ssp. sylvestris) genotypes (7 genotypes fromMuğla –
Fethiye province, 6 genotypes from Balıkesir-Kazdağı prov-
ince, and 7 genotypes from Çanakkale–Gökçeada province)
were used in wild germplasm studies (Figure 1) and two
French cultivars, Cabernet Sauvignon and Merlot, were used
as reference. The names, numbers, berry-and bunch proper-
ties, and ripening times of the grapevine cultivars studied here
are presented in Supplementary Table 1.

DNA isolation

DNA isolation was performed according to the method of
Lefort et al. (1998). One hundred milligrams of fresh leaf
tissue was ground in liquid nitrogen and the powder was then
transferred to 2-ml Eppendorf tubes and 1 ml of DNA extrac-
tion solution [50 mMTris-HCl pH 8.0, 50 mMEDTA pH 8.0,
4 M LiCl, 1% w/ v CTAB (hexadecytrimethyl ammonium
bromide) , 2% (w/v ) PVP 40 and 10% from 2-
mercaptoethanol (1% final concentration)] were added per
sample. The mixture was vortexed for 5 s and heated at
65 °C for 15 min. After incubation, equal volume of
chloroform/isoamyl alcohol (24:1) was added and incubated
on ice for 30 min. Afterwards, the samples were centrifuged at
14.462 ×g for 5 min and the supernatants transferred to a clean
Eppendorf tube. After adding 0.8 ml of cold (− 20 °C)
isopropanol and incubating on ice for 15 min and centrifuging
at 14.000 rpm for 5 min, the supernatant was removed. The
pellet was washed with 1 ml of 70% ethanol. Afterwards, the
added ethanol was removed and the alcohol was allowed to
evaporate completely. The pellet was dissolved in 50–100 μl
H2O (nuclease-free) and suspended at 4 °C. Subsequently,
1 μl of RNase-A was added for each 100 μl of reaction and
incubated at 37 °C for 30 min. DNA concentration and quality
were determined by the ND-1000 spectrophotometer (Nano
Drop Technologies, Wilmington, DE, USA) and agarose gel
electrophoresis.

SSR amplification and capillary electrophoresis

For the cultivars genetic analysis, the following 17 SSR loci
were used in the study; VVS2 (Thomas and Scott 1993),
VVMD5, VVMD7, VVMD24, VVMD25, VVMD27,
VVMD28, VVMD31, VVMD32 (Bowers et al. 1999),
VrZAG62, VrZAG79, VrZAG83 (Sefc et al. 2000),
VMC2H4, VMC2C3 (Goto-Yamamoto et al. 2006),
VVIB01, VVIH54 (Merdinoglu et al. 2000), and VRG1
(Regner et al. 2006). Nine core set loci (VVS2, VVMD5,
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VVMD7, VVMD25, VVMD27, VVMD28, VVMD32,
VrZAG62, VrZAG79) (Maul et al. 2012) were used in the
comparison of Central Anatolian cultivars and three wild pop-
ulations from Fethiye (Muğla), Kazdağı (Balıkesir) and
Gökçeada (Çanakkale) provinces. In addition for confirming
international synonymous and homonymous cases, genetic pro-
files of 88 cultivars with the nine core SSR loci were used and
compared with European Vitis database (www.eu-vitis.de) and
Vitis International Variety Catalog VIVC (www.vivc.de).

PCR optimization studies were done for DNA amplification
and D4 (blue), D3 (green), and D2 (black) applied as the fluo-
rescent colors for the forward primer of each locus. 15–200 ng
of DNA, 5 pmol forward (forward) primer, 5 pmol reverse
primer, 0.5 mM total dNTP, 0.5 unit of Go Taq DNA
Polymerase (Promega) (containing 1.5 mMMgCl2), 1μl buffer
(10×), and a total of 10 μl of PCR mix were prepared for each
PCR reaction. PCR program consisted in 3 min at 94 °C as
initial denaturation phase, followed by 35 cycles of 1 min at
94 °C, 1 min at 48–66 °C depending on the primers, 2 min at
72 °C, followed by the final extension phase for 10 min at
72 °C. Afterwards, the PCR products were subjected to elec-
trophoresis on 2% agarose gel for amplification control.

PCR products were then diluted with SLS (Sample
Loading Solution) in appropriate proportions (20 μl), then
Genome lab DNA Size Standard Kit-400 (0.4 μl) was added
to the mixture and electrophoresed in CEQ 8800XL capillary
DNA analysis system (Beckman Coulter, Fullerton, CA).
Peak sizes were determined by fragment analysis software of
the system. In the study, Cabernet Sauvignon and Merlot cul-
tivars were used as reference cultivars, and the reactions were
repeated at least twice to ensure the accuracy of the data. At
the end of electrophoresis peaks of each locus, types and
colors were taken into consideration to determine their hetero-
zygous and homozygous status.

Genetic analyses

SSR analysis Genetic parameters such as the number of alleles
(n), allele frequency, expected (He) and observed heterozy-
gosity (Ho), and probability of identity (PI) values were

determined using the IDENTITY 1.0 program (Wagner and
Sefc 1999). Also, “IDENTITY” was used to detect identical
genotypes. The ratio of shared alleles was determined by the
method of “ps” (option 1- (ps)) defined by Bowcock et al.
(1994) and the similarity ratio index was calculated by the
Microsat program (Minch et al. 1995). Pairwise genetic sim-
ilarities between the cultivars and wild genotypes were deter-
mined by the UPGMA (Unweighted Pair-Group Method
using Arithmetic means) method using the NTSYS (version
2.02, Exeter Software, Setauket, NY) program (Rohlf 1988).

Population genetic analysis Population genetic parameters of
Central Anatolia cultivar groups and wild-type groups and
also population genetic parameters between Central Anatolia
group and wild groups were estimated using the Arlequin
software program (version 5.3) according to Excoffier and
Lischer (2010). Hardy-Weinberg (HW) deviations and link-
age disequilibrium (LD) were tested using the same software
for each locus. The genetic relationships between the cultivars
were determined using the NTSYS-pc analysis program
(Rohlf 2004) based on the genetic distance data (Nei 1972).
Gene Flow (Nm) between Central Anatolia cultivar groups
and also between Central Anatolia cultivars and wild popula-
tions were estimated by Genetix 4.05. To determine the struc-
ture of the participating groups, the Bayesian Population
Structure Analysis (BAPS) software Version 6.0 was used
(http://www.helsinki.fi/bsg/software/BAPS) (Corander et al.
2005-2012, 2008).

Results

SSR analysis of grape cultivars

In this study, a total of 90 grapevine cultivars that included 88
Central Anatolian grape cultivars from Ankara, Eskişehir,
Çankırı, and Kayseri provinces (Fig. 1), and two reference
cultivars (Cabernet Sauvignon and Merlot), were analyzed
using 17 SSR markers. Allele sizes (bp) of Anatolian and
reference cultivars at 17 SSR loci are presented in

Fig. 1 Eco-geographical
distribution of Central Anatolian
grape cultivars and wild grape
populations characterized in the
study
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Supplementary Table 2. A total of 156 alleles were detected.
The average number of alleles identified for each SSR locus
was 9.18. The lowest number of alleles was 5 and observed for
VVIB01 and VMC2C3, while the highest number of alleles
was 15 and observed for the locus VVS2. The average number
of alleles per locus found in the present work is comparable to
those previously reported in grapes (Almadanim et al. 2007;
Boz et al. 2011; Karataş et al. 2014).

The meanHe andHo values were 0.713 and 0.704, respec-
tively. This shows that the SSR markers used in this study are
highly polymorphic, revealing high levels of heterozygosity.
In this context, VMC2H4 (0.093), VrZAG79 (0.099), and
VVS2 (0.103) with the lowest PI values were the loci that
revealed the strongest differentiations (Table 1).

Genetic relations between grape cultivars

In this study, 2 groups of identical, 9 of synonymous, and 7 of
homonymous grape cultivars were identified (Table 2).
Cultivars with similar genetic origins (3 different alleles,
91.2% similarity) and cultivars with clonal similarity (1–2
different alleles, 94.1–97.1% similarity) are presented in
Supplementary Table 3. The cultivars “Erkek Üzüm”
(16)–“Erkek Üzüm” (33) and “Gül Üzümü” (20)–“Gül
Üzümü” (34) from the Ankara province were identical: same
names and fully matched for the SSR genotypes (Table 2).

In comparisons with the European Vitis database (www.eu-
vitis.de) and Vitis International Variety Catalog VIVC (www.

vivc.de), it was found that the SSR genotype of two
synonymous cultivars (Balballı (1) –Erolan (2)) matches with
that of “Chaouch Blanc cultivar originated from Turkey
(Variety number VIVC: 10196, Accession number:
DEU098-1980-159) and the genotype of three synonymous
cultivars (Ayaş Üzümü (41)–Merzi Zirgesi (46)–Siyah
Hevenk (73)) matches with that of “Coarna Neagra” cultivar
originated from Moldova (Variety number VIVC: 2726,
Accession number: DEU098-2000-031).

Genetic relations between central Anatolian grape
cultivar groups

Various genetic parameters such as expected and observed
heterozygosity, polymorphic locus at 95% and 100% proba-
bility levels, and the average allele numbers for each locus
were calculated for Central Anatolian and the two reference
cultivars (Cabernet Sauvignon–Merlot) (Table 3). The num-
ber of alleles in each locus was the highest (8.0) for the culti-
vars from the Ankara province and the cultivars from the
Çankırı province had the largest difference between observed
and expected heterozygosity values.

Based on genetic differentiation (Fst) values presented in
Table 4, some grape groups are significantly different at 0.05,
0.01, and 0.001 significance levels. The analysis also showed
that there is a significant gene flow between some groups
(Table 4).

Genetic distance and neighbor joining analyses showed
high genetic similarities between the groups. In this con-
text, grapes from Eskişehir and Çankırı provinces, which
are geographically in close proximity to the Ankara prov-
ince (Fig. 1), showed a high degree of similarity to those
from the Ankara province with 25.23 and 37.04 gene flow
values (Table 4). The similarity value between grapes
from Ankara and Eskişehir was 94.4%. In addition, the
lowest genetic similarity (79.3%) was found between
Kayseri and Çankırı cultivars. Cabernet Sauvignon and
Merlot showed relatively low similarity (14.3–31.8%) to
local cultivars and cultivars from the Kayseri province
were genetically different from those of other provinces.
Cultivars from the Çankırı province were less similar to
those from Ankara and Eskişehir (data not shown). The
results of gene flow analyses revealed that the gene flow
between geographically distant regions was lower than that
between geographically closer areas (Table 4).

Although the most important factor causing linkage dis-
equilibrium (LD) in natural populations is natural selection,
the presence of a significant gene flow also can cause a sig-
nificant amount of LD in grape populations. The results pre-
sented in Table 5 illustrate the LD observed for the studied
loci and also indicated that there were deviations from the
Hardy-Weinberg equilibrium for some loci.

Table 1 Genetic parameters measured on Central Anatolian cultivars:
the number of alleles (n), expected heterozygosity (He), observed
heterozygosity (Ho), and probability of identity (PI) values

Locus n He Ho PI

VVS2 15 0.801 0.833 0.103

VVMD5 11 0.683 0.611 0.168

VVMD7 8 0.724 0.744 0.211

VVMD24 7 0.551 0.500 0.271

VVMD27 10 0.724 0.844 0.203

VVMD28 12 0.790 0.800 0.137

VVMD31 8 0.686 0.667 0.251

VrZAG62 9 0.704 0.878 0.204

VrZAG79 8 0.818 0.800 0.099

VrZAG83 6 0.611 0.789 0.382

VMC2H4 14 0.810 0.889 0.093

VMC2C3 5 0.654 0.778 0.308

VVIH54 12 0.723 0.556 0.196

VVIB01 5 0.521 0.611 0.572

VRG1 9 0.749 0.278 0.155

VVMD32 11 0.798 0.633 0.121

VVMD25 6 0.763 0.767 0.178

Mean 9.18 0.712 0.704 0.215
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Genetic structure and differentiation between central
Anatolian cultivars and wild grape groups

Heterozygosity is an important measurement of gene diversi-
ty. In this study, a relatively high level of genetic diversity was
detected at microsatellite loci in Anatolian grape cultivars and
especially in wild populations; He value was 0.739 for the
cultivated group whereas this value ranged from 0.765 to
0.781 for wild populations. Likewise, Ho value was 0.771
for the cultivated group while it varied from 0.841 to 0.963
for wild populations. Kazdağı showed the highest levels of
heterozygosity and it was identified as the most diverse wild
population (Supplementary Table 4). Similar values of He
were reported for wild grape populations of Anatolian in sim-
ilar provinces (He = 0.734–0.788) (Ergül et al. 2011) and in
Southeast Turkey (He = 0.791) (Karataş et al. 2014). The
geographic range of the population and other characteristics
(e.g., being perennial, outcrossing, and wind-pollinating) in-
fluence in the amount of genetic diversity in wild species and

high heterozygosity could be favored in wild grape as occurs
in other perennial plants (Wang et al. 2014). Moreover, the
increased level of Ho in cultivated and wild clusters in com-
parison with He in the Anatolian grape germplasm, indicating
artificial selection in the cultivars, while it could be due to the
small sample size in the wild set. However, reduction in Ho
has been observed in wild grapevine populations analyzed in
Spain, Portugal, and France (Grassi et al. 2003; Di Vecchi-
Staraz et al. 2009; Lopes et al. 2009) most likely due to the
reduction of these populations by human action. Moreover,
deficiency of heterozygosity in biparental wild species can be
explained as an effect of inbreeding due to limited pollen
dispersal among relatives (Veron et al. 2005). In this study,
V. vinifera ssp. sylvestris populations had fewer mean allele
numbers (between 5.33–6.00) than the cultivated one (9.44),
which could be due to the small number of samples used for
each population in the study (Supplementary Table 4).

The Fst analysis performed revealed a high genetic differ-
entiation level (Fst = 0.134, 0.147 and 0.169) (p < 0.001)

Table 3 Expected (He) and
observed (Ho) heterozygosity
values for different grape cultivar
groups from Central Anatolia

Grape population Number
of
cultivars
(n)

Heterozygosity Polymorphic
locus

Mean
number
of alleles/
locusHe Ho P(0.95) P(1.00)

Ankara 40 0.725 ± 0.089 0.735 ± 0.155 1.000 1.000 8.00

Çankırı 9 0.667 ± 0.073 0.752 ± 0.182 1.000 1.000 4.94

Eskişehir 24 0.655 ± 0.103 0.669 ± 0.188 1.000 1.000 6.00

Kayseri 15 0.653 ± 0.104 0.659 ± 0.257 1.000 1.000 4.71

Cabernet Sauvignon—
Merlot

2 0.500 ± 0.182 0.677 ± 0.393 0.941 0.941 2.47

Table 2 Identical, as well as synonymous or mutant and homonymous cultivars identified using the SSR analysis of Central Anatolian grape cultivar
groups

No Identical cultivars name
(cultivar no), province

Synonymous or mutant cultivars name
(cultivar no), province

Homonymous cultivar pairs name (cultivar no), province

1 Erkek Üzüm (16), Ankara–Erkek
Üzüm (33), Ankara

Balballı (1), Ankara–Erolan (2), Ankara Deve Gözü (32), Ankara–Deve Gözü (39), Ankara

2 Gül Üzümü (20), Ankara–Gül
Üzümü (34), Ankara

Kara Gevrek Üzümü (4), Ankara–Söbü
Kara (5), Ankara

Kalecik Karası (23), Ankara–Kalecik Karası (38), Ankara

3 Sungurlu (Hasandede) (6), Ankara Keskin
Üzümü (44), Çankırı

Gelin Üzümü (Gelin Parmağı) (3), Ankara–Gelin Üzümü
(18), Ankara

4 Ayaş Üzümü (41), Çankırı–Merzi Zirgesi
(46), Çankırı–Siyah Hevenk (73), Eskişehir

Tombak Ayaş (25), Ankara–Tombak Ayaş (Büzgülü)
(35), Ankara

5 Siyah Fesdiken (56), Eskişehir–Cıvıklık
(76), Kayseri

Amasya (11), Ankara–Amasya (29), Ankara–Amasya (61),
Eskişehir

6 Siyah Üzümü (57), Eskişehir–Koyun Gözü
(68), Eskişehir

Narinci (69), Eskişehir–Narinci (70), Eskişehir

7 Siyah Büzgülü (55), Eskişehir–Büzgülü
(63), Eskişehir

Koyun Gözü (54), Eskişehir–Koyun Gözü (68), Eskişehir

8 Hanım Dudağı (79), Kayseri–Kara Evlek (83),
Kayseri–Karalık (84), Kayseri

9 Cırt Üzümü (13), Ankara–Kokulu Göğcek
(85), Kayseri
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between the cultivated group and wild populations while a
moderate genetic differentiation value (Fst = 0.041–0.055)
was determined between Fethiye, Kazdağı, and Gökçeada
populations (Supplementary Table 5). This could be partly
justified by the geographical separation of the wild collecting
sites from the cultivated ones, as the high level of population
differentiation suggests a low level of gene flow among pop-
ulations. The lowest Fst values, on the other hand, were found
between the different cultivar groups from Central Anatolia
(Table 4). The genetic distance dendrogram revealed a clear
separation between cultivated and wild population in Turkish
germplasms (Supplementary Fig. 1). The genotypes from
Fethiye and Gökçeada provinces clustered together, while
Kazdağı genotypes made a separate branch (data not shown).
This coincides with the highest rate of gene flow and the
lowest genetic distance between the two groups
(Supplementary Table 5 and 6). FCA analysis results
(Fig. 2) agree with the moderate genetic differentiation ob-
served between Fethiye, Kazdağı, and Gökçeada wild groups.
Besides the proximity of the Fethiye and Gökçeada wild
groups, they show the largest genetic distance with the
Central Anatolia cultivars.

BAPS structure analysis performed based on populations
and individuals (Fig. 3) indicated five spatially distinct gene
pools (cultivated, Fethiye, Kazdağı, Gökçeada, reference

cultivars) (Fig. 3A). The Central Anatolia population, which
was analyzed as a single population, was found to be highly
heterogeneous (blue, red, and pink colored) in comparison to
wild populations. When individuals belonging to wild popu-
lations were examined, the individuals belonging to Fethiye
and Gökçeada populations were found homogeneous (mono
colored) while the individuals belonging to Kazdağı popula-
tion were found to be slightly admixtured (Fig. 3B).

Heterozigosity can tell us a great deal about the structure
and even history of a population. Also, it is known that if the
observed heterozygosity is higher than expected, we might
suspect an isolate-breaking effect (the mixing of two previ-
ously isolated populations). In this sense, this may be one
reason of the high level of Ho value and also high diversity
observed in the wild Kazdağı population which shows allele
interference from other (Fethiye-Gökçeada) wild populations.

Discussion

In this study, we genetically characterized a number of grape-
vine accessions from Central Anatolia using SSR markers.
The most informative loci we identified were VVS2 and
VMC2H4, displaying 15 (PI = 0.103) and 14 alleles
(PI = 0.093), respectively. Previous studies of grape cultivars
from different geographical regions of Anatolia also showed
that VVS2 was the most informative locus (Vouillamoz et al.
2006; Selli et al. 2007; Tangolar et al. 2009; Boz et al. 2011).
Moreover, VVS2 was reported to yield high number of alleles
in Italian (13 alleles) (Villano et al. 2014), and Azerbaijani
grapes (15 alleles) (Salayeva et al. 2010). Indeed, these two
loci with high polymorphism content have also been used in
other SSR studies in grapes (Goto-Yamamoto et al. 2006;
Vouillamoz et al. 2006; Guo et al. 2016).

We found VVIB01, VMC2C3, VVMD25, and VrZAG83,
which displayed 5–6 alleles, as the least informative loci. The
VVIB01, VMC2C3, and VrZAG83 loci were also found to be
the least informative loci in previous studies by Boz et al.
(2011), Stajner et al. (2014) and Eyduran et al. (2015). The
average number of alleles found in this study was 9.18.

Table 4 Genetic differentiation
(Fst, below diagonal) and gene
flow (Nm, above diagonal)
between the different grapevine
cultivar groups from Central
Anatolia

Grape population Ankara Çankırı Eskişehir Kayseri Cabernet
Sauvignon—Merlot

Ankara 37.04 25.23 10.23 1.76

Çankırı 0.006 19.10 5.13 1.21

Eskişehir 0.010* 0.012 14.52 1.15

Kayseri 0.024** 0.046** 0.017 1.16

Cabernet Sauvignon—Merlot 0.124* 0.163* 0.179*** 0.180***

*p < 0.05

**p < 0.01

***p < 0.001

Table 5 Hardy-Weinberg deviations and linkage disequilibrium values
measured in Central Anatolian grape populations

Grape population Linkage disequilibrium
out of 17 locus comparison
number of pairs in
disequilibrium

Number of locus in
HW equilibrium
Out of 17 loci

Ankara 97 6

Çankırı 20 15

Eskişehir 66 13

Kayseri 88 6

Cabernet
Sauvignon—
Merlot

0 17
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Similarly, using 19 SSR loci, Wang et al. (2015) reported
seven alleles per locus in 49 grape cultivars. However, differ-
ent numbers of alleles have been reported previously in dif-
ferent sets of grapevines. For instance, Karataş et al. (2007)
reported higher average allele numbers (14.6) in 16 Anatolian
grape cultivars using six SSR loci.

We found higher Ho values for VMC2H4, VrZAG62,
VVMD25, VVMD27, and VVMD32, implying high genetic
diversity, whereas the lowest Ho value (0.278) was recorded
for VRG1 (Table 1). In recent studies, high Ho values have
also been observed for SSR loci such as VVMD27 (Khadivi
et al. 2017; Riaz et al. 2018) and VrZAG62 (Stajner et al.
2014; Khadivi et al. 2017), in agreement with our results.
Additionally, the average Ho value (0.705) measured on
Central Anatolian grapes in this study is very similar to those
measured on Southeast and Eastern Anatolian grapes (0.714

and 0.739, respectively) (Boz et al. 2011; Eyduran et al. 2015)
and Western Balkans grapes (0.712) (Stajner et al. 2014).

Our population genetic analyses showed that, in general,
the average Ho value was high (Table 3). This indicates a
history of high level of cross and random pollination between
grape populations from different regions (Hvarleva et al.
2004), in agreement with the findings from various other stud-
ies on grapes (Gismondi et al. 2014; Yang et al. 2016).

Determination of identity in central Anatolian grapes

In this study, we identified several cases of synonymies and
homonymies. The prevalence of synonymous and homony-
mous cultivars within the Turkish grape germplasm had also
been reported by other researchers (Ergül et al. 2006;
Vouillamoz et al. 2006; Karataş et al. 2007). Furthermore,
morphological data available from these cultivars support
the conclusion that they are identical. We observed close mor-
phological similarities (e.g., berry properties) in synonymous
cultivars, such as Kara Gevrek Üzümü (4)–Söbü Kara (5)
(Supplementary Table 1). Indeed, morphological data were
often used to verify genetic identity based on SSR data as
was shown for Italian cultivars by Crespan et al. (2003).

We also identified synonymous cultivars such as Siyah
Fesdiken (56) and Eskişehir–Cıvıklık (76). In addition,
Siyah Üzüm (57) and Koyun Gözü (68) appeared to be somat-
ic variants or mutant cultivars, as they are similar for most
characteristics except berry color. However, alterations to ber-
ry color could be due to a single mutation in a key gene such
as the retrotransposon-inducedmutation inVvmybA1, a homo-
log of the VvmybA1-1 mutation shown to be associated with
the loss of pigmentation in white-berried cultivars of Vitis
vinifera (Walker et al. 2007; Cutanda-Perez et al. 2009; Jin
et al. 2016). However, morphological data in some instances
were not consistent with the SSR data. For instance, our SSR
data that indicated that Ayaş üzümü (41) and Merzi Zirgesi
(46) derived from the Çankırı province were synonymous

Fig. 2 Factorial correspondence
analysis (FCA) of Central
Anatolian cultivars, wild grapes,
and reference population. Yellow:
Central Anatolian cultivars, Blue:
Fethiye, White: Gökçeada, Gray:
Kazdağı and Pink: reference
cultivars

Fig. 3 Bayesian analysis of population structure (BAPS) of Central
Anatolian cultivars, wild grapes, and reference cultivars based on
populations (A) and based on individuals (B). Each vertical bar rep-
resents one individual genotype, populations are separated by black
vertical lines
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(Table 2, Supplementary Table 1) although these two cultivars
displayed various morphological differences.

Based on the international comparisons performed,
Balballı (1) and Erolan (2) cultivars matched with “Chaouch
Blanc (Beyaz Çavuş in Turkish) cultivar, which has func-
tionally female flowers and is empty seededness (Olmo
1935). Similar morphological-anatomical characteristics in
flower and seed were found in Balballı (1)–Erolan (2) –
Beyaz Çavuş (Chaouch Blanc) cultivars (data unpublished)
found in National Collection Repository of Tekirdağ and also,
similar bunch-berry properties of the three varieties support
these new synonyms.

The synonymous three cultivars (Ayaş Üzüm (41)–Merzi
Zirgesi (46)–Siyah Hevenk (73)) from different provinces of
Turkey which were also synonymous with “Coarna Neagra”
cultivar originating from Moldova, indicating that the grape
plant materials have been introduced (exchanged) due to the
close geographic proximity of the two countries. Detailed
ampelographic and molecular analyses and additional studies
on etymology and distribution of the cultivars would be re-
quired to determine the true-to-typeness of these cultivars. In
this study, we found that when synonymous cultivars with
100% genetic similarity were excluded from the analyses,
the highest similarity values (97.1%) observed between some
cultivars that can be considered clonal variation
(Supplementary Table 3). Similarity values between other cul-
tivars were below 90.0%. The lowest similarity was observed
between Central Anatolian cultivars and the reference culti-
vars Cabernet Sauvignon and Merlot. Their high similarity
with “Kara Gevrek Üzümü” from the Ankara province sug-
gests that the cultivars Ayaş Üzümü (41), Merzi Zirgesi (46),
Siyah Büzgülü (55), Büzgülü (63), and Siyah Hevenk (73) are
all different “Kara Gevrek Üzümü” clones. Furthermore, cul-
tivars Siyah Fesdiken (56) and Cıvıklık (76) are most likely
the clones of Siyah Buludu (87) from the Kayseri province.
Also, a close relationship seems to exist among Gül Üzümü
(20), Gül Üzümü (34), and Narinci (70) suggesting that these
two Gül Üzümü cultivars are Narinci’s (70) clones
(Supplementary Table 3). Unknown (49) did not display any
significant similarity to any of the other cultivars
(Supplementary Table 1).

Genetic structure and differentiation between central
Anatolian grape cultivars groups

Gene flow is an important mechanism for promoting genetic
diversity in populations. Our analysis also showed that there is
a significant gene flow (Nm) among some groups (Table 4)
and that the gene flow and Fst values display an inverse cor-
relation. In our study, moderate genetic differentiation values
(Fst values ranging from 0.124 to 0.180) were observed be-
tween Anatolian grapes and the reference cultivars (Table 4),
and as expected, they were the highest pairwise genetic

differentiation values. In other SSR studies, relatively low
genetic differentiation values (e.g., Fst = 0.0048) were ob-
served between Spanish and French cultivars (de Andrés
et al. 2012). Emanuelli et al. (2013) reported Fst values rang-
ing from 0.09 to 0.15 in a large collection of European grapes.
Limited genetic differentiations observed in Anatolian grape
groups may be a reflection of the area’s long history of grape
cultivation and material exchanges between provinces of
Turkey, as was already evidenced by a previous study which
analyzed the genetic structure of 84 Anatolian wild grape cul-
tivars (Ergül et al. 2011).

Gene flow values greater than “1” could be sufficient to
prevent substantial differentiation due to genetic drift (Slatkin
and Barton 1989). Therefore, estimated gene flow in this study
was sufficient to counteract the differentiation due to genetic
drift (Medhi et al. 2014) in the Vitis species. We found Nei’s
genetic distance values for Central Anatolian grape groups to
be relatively low (0.056–0.207) (data not shown). This is most
likely due to the close geographic proximity of the provinces
analyzed in this study while, as expected, genetic similarities
between Central Anatolian and the two reference cultivars
were relatively low. In addition, genetic distances we mea-
sured between Central Anatolian grapes were less than those
found in the Southeast Anatolia (Boz et al. 2011). A high
population differentiation value was observed between the
grapes from the Çankırı province and the two reference culti-
vars (0.857).

In a study conducted byGrassi et al. (2008), 301 wild grape
samples were analyzed via six nuclear SSRs and grapes from
Turkey were placed distantly from European grape cultivars.
In the same study, grape cultivars from the Caucasia were
found even more distantly related to Turkish cultivars than
to European cultivar groups. These findings suggest that rela-
tively low similarity values observed in this study between
Central Anatolian and reference cultivars are most likely due
to geographic distances. However, genetic similarity (31.8%)
between reference cultivars and the cultivars from the Ankara
province were high based on genetic similarity and gene flow
data (1.76).

Linkage disequilibriums (LDs), the nonrandom association
of alleles at different loci, can be affected by factors including
mating system, genetic drift, natural and artificial selection,
recombination rate, population size, and structure (Barnaud
et al. 2010). In this study, grapes from Ankara and Kayseri
displayed the highest deviations from the Hardy-Weinberg
equilibrium. Furthermore, the highest and the lowest linkage
disequilibrium values were found between grapes from
Ankara and reference cultivars, respectively.

Central Anatolian grape populations were also subjected to
BAPS analysis to distinguish population structures. Except
Cabernet Sauvignon and Merlot, all populations grouped into
one big cluster (Supplementary Fig. 2A). Both Central
Anatolian and the reference population formed homogeneous
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populations (mono-colored) within themselves. We repeated
the BAPS analysis using individual data from each province
(Supplementary Fig. 2B). The results of the BAPS analysis
showed that due to the large number of accessions, Ankara
appears to be the most heterogeneous (pink, red, and blue
colored eight different cultivars) population, which indicates
high gene flow to this region from other populations.

Genetic structure and differentiation between central
Anatolian cultivars and wild grape groups

Several studies have successfully used SSR markers to char-
acterize V. vinifera ssp. sylvestris and V. vinifera ssp. sativa
(e.g., Lopes et al. 2009; Di Vecchi-Staraz et al. 2009; Laucou
et al. 2011; de Andrés et al. 2012; Goto-Yamamoto et al.
2013; Riaz et al. 2018). Most of previous molecular studies
have shown that, V. vinifera ssp. sylvestris is less diverse than
the cultivated forms, which could be due to the scarcity of the
endangered wild form, small natural populations and the small
number of samples available in the collections (Arroyo-García
and Revilla 2013).

We found that wild grape populations were more diverse
than Central Anatolian cultivated grapevines. Previous studies
on the comparison of the genetic diversity values with the
autochthonous grape cultivars from Anatolia region also indi-
cated that diversity is greater in the wild grapes than in the
cultivated ones. In this sense, Karataş et al. (2014) reported
that cultivated populations had an average He value of 0.711
while wild populations had an averageHe value of 0.791. This
would be related with the outbreeding mating system of these
dioecious individuals (Grassi et al. 2003; Karataş et al. 2014).
Besides, in analysis by Ergül et al. (2011), relatively low var-
iation was observed in the Anatolian cultivated grape germ-
plasm (He = 0.712) whereas the highest value was obtained
for the Anatolian wild samples (He= 0.811), indicating higher
genetic diversity values at the wild Anatolian grape popula-
tions. Similar results have been found in other studies (Lopes
et al. 2009; Riahi et al. 2010).

In this study, the genetic diversity values found in wild
grape individuals from Anatolia region are higher than those
found in wild grape genotypes from other regions such as the
Mediterranean basin (Di Vecchi-Staraz et al. 2009; Lopes
et al. 2009; Zinelabidine et al. 2010; de Andrés et al. 2012;
Riaz et al. 2018).

Different genetic analysis of wild grapevine populations
detected genetic exchange between cultivated and wild grape-
vines (Cunha et al. 2007; Di Vecchi-Staraz et al. 2009; de
Andrés et al. 2012). Karataş et al. (2014) also highlighted a
clear separation between cultivated and wild genotypes in
Turkish germplasm, and wild accessions collected from dif-
ferent locations had different genetic profiles. However, the
possibility that some cultivars derived from local

domestication events or cross-hybridization with local wild
plants could not be excluded (Ergül et al. 2011).

Conclusions

In this study, we genetically characterized grape cultivars
from Central Anatolia. These findings reported here on the
traditional varieties of Anatolian V. vinifera L. germplasm
are the first microsatellite data to be available for international
Vitis databases for the genetic diagnosis and structure of vari-
eties belonging to this region. Therefore the findings present-
ed here should be informative for future genetic studies of
grapes from other regions. The SSR data reported here can
provide valuable information for grape conservation, selec-
tion, and breeding research as the genetic distinction observed
between wild and domesticated grapevines suggests that wild
germplasm could be used as a source of novel alleles.
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