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The sequencing of 3.726 kb of grape DNA genome among 44 local Tunisian grapevine
accessions has allowed the detection of 73 SNPs which gave an average of one SNP every
51 bp. Based on this set of SNP molecular markers, the analyzed samples exhibited
important levels of genetic polymorphism which confirms previous reports and highlights
the utility of Tunisian grapevine germplasm as a reservoir of genetic polymorphism which
can be exploited for breeding and conservation programs of the species. Moreover, these
results showed the efficiency of SNP molecular marker in genetic structure analysis. Thus,
our results suggest two probable origins for Tunisian cultivars which confirm previous
molecular studies and historical data. The set of 73 SNPs allowed the unambiguous
discrimination of all the studied accessions. Our analysis showed that a set of 27 SNPs were
able to identify all the analyzed cultivars. On the other hand, a set of 22 SNPs is shown
sufficient to discriminate all the wild accessions. Those two SNP sets could be taken into
consideration in further studies concerning cultivars identification and wild accessions
discrimination of the species Vitis vinifera L.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Single nucleotide polymorphisms (SNPs), defined as any single base substitution/indel in the genome of an individual
(Primmer et al., 2002), are among the current generation of molecular markers and have gained much interest in recent years
(Dong et al., 2010). SNPs are the most common class for the detection of the smallest unit of genetic variation among in-
dividuals within a species and are usually bi-allelic variations between individuals that occur in/or between genes (Rafalski,
2002).

Due to their higher availability and stability when compared to simple sequence repeats (SSRs), SNPs are the most
abundant type of DNA sequence polymorphisms which make them useful markers for genetic studies of plants such as
construction of genetic maps, the assessment of genetic diversity, the detection of genotype/phenotype associations or
marker-assisted breeding (Lijavetzky et al., 2007). Furthermore, SNP molecular markers have been used successfully to
fingerprint varieties of various plant species (Ganal et al., 2009) like olive (Reale et al., 2006), rice (Shirasawa et al., 2006),
citrus (Jiang et al., 2010), eggplant (Barchi et al., 2011) and Sweet Cherry cultivars (Ganopoulos et al., 2013).
. All rights reserved.
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Table 1
List and characteristics of the studied grapevine accessions.

Accession name Code in the manuscript Status Collection of origin

Beldi Baddar CT1 Cultivated CBBC
Hencha 1 CT2 Cultivated CBBC
Balta 1 CT3 Cultivated CBBC
Sakasly Djerba CT4 Cultivated CBBC
Razaki CT5 Cultivated CBBC
Amokrane CT6 Cultivated CBBC
Razegui CT7 Cultivated CBBC
Medina Gabès CT8 Cultivated CBBC
Akhal Mguergueb CT9 Cultivated CBBC
Asli Dar Slimane CT10 Cultivated CBBC
Blanc 3 CT11 Cultivated CBBC
Tounsi Djerba CT12 Cultivated CBBC
El Biodh CT13 Cultivated CBBC
Bezzoul el Khadem Rafraf CT14 Cultivated CBBC
Muscat d’Alexandrie CT15 Cultivated CBBC
Khedhiri 2 CT16 Cultivated CBBC
Khalt Bouchemma Gabès CT17 Cultivated CBBC
Marsaoui CT18 Cultivated CBBC
Bidh Hamem Rafraf CT19 Cultivated CBBC
Blanc 1 CT20 Cultivated CBBC
Khalt CT21 Cultivated CBBC
Jerbi Déguache CT22 Cultivated CBBC
Djebba WT1 Wild Prospection Tunisia
El berka WT2 Wild Prospection Tunisia
Feidja 2 WT3 Wild Prospection Tunisia
Khédhayria WT4 Wild Prospection Tunisia
Fernana WT5 Wild Prospection Tunisia
Cap Serrat WT6 Wild Prospection Tunisia
Zouaraa WT7 Wild Prospection Tunisia
Tebaba WT8 Wild Prospection Tunisia
Lambrusque Ain Draham 2 WT9 Wild Vassal Collection
Saniat Abdallah WT10 Wild Prospection Tunisia
Bellif B4 WT11 Wild Prospection Tunisia
Lambrusque Ain Draham 1 WT12 Wild Vassal Collection
Feidja 1 WT13 Wild Prospection Tunisia
Houamdia WT14 Wild Prospection Tunisia
Lambrusque Cap Negre 2 WT15 Wild Vassal Collection
Ouchtata B WT16 Wild Prospection Tunisia
Lambrusque Cap Negre 1 WT17 Wild Vassal Collection
Balta 1 WT18 Wild Prospection Tunisia
Bellif B3 WT19 Wild Prospection Tunisia
Lambrusque Tabarka 3 WT20 Wild Vassal Collection
Feidja 3 WT21 Wild Prospection Tunisia
Bellif B2 WT22 Wild Prospection Tunisia
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Accurate identification of crop accessions is required for conservation and sustainable use of plant genetic resources (Arif
et al., 2010). Among the most valuable horticultural crops in the world, is cited the species Vitis vinifera L. Two forms of this
species still coexist in Eurasia and in North Africa; the cultivated form, V. vinifera subsp. vinifera (or sativa) and thewild form V.
vinifera subsp. silvestris (or sylvestris) (This et al., 2006).

Identification of grapevine cultivars is complicated by the large number of varietal synonyms and homonyms, by the
intensive exchange of plant material and by the presence of clonal diversity within each variety. Therefore testing easy and
accurate cultivars identification molecular markers is a necessity to manage properly the rich variability of grapevine
(Cabezas et al., 2011).

In spite of all the effort dedicated to SSR genotyping and standardization of allele sizes and genotypes (This et al., 2004),
there are still frequent problems of allele identification among laboratories using different DNA fragment separation tech-
nologies. Moreover, SSR genotyping is difficult to multiplex (Lijavetzky et al., 2007).

Recently, the rapid application of partial or complete genome sequencing approaches is identifying different sets of
nucleotide polymorphisms (SNP) that can be very useful for such purposes. Although SNPmarkers are bi-allelic, and therefore
not as polymorphic as microsatellites, the high number of loci that can be multiplexed and the possibilities of automation as
well as their highly repeatable results under any analytical procedure make them the future markers of choice for any type of
genetic identification. Moreover, the more evolutionary conserved nature of SNPs makes them less subject to the problem of
homoplasy (Brumfield et al., 2003; Cabezas et al., 2011).

In this study, we address the question of whether the detected set of SNP molecular markers is efficacy in cultivars
identification and wild accessions discrimination for a representative sample of cultivated and wild grapevine accessions



Fig. 1. Variations of SNP frequencies (%) among the studied samples. CT: Tunisian cultivars, WT: Tunisian wild accessions.
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traditionally grown in Tunisia. On the other hand we assessed genetic polymorphism and relationships between the studied
samples based on the detected set of SNPs.

2. Material and methods

2.1. Plant material

This study is based on a representative sample of Tunisian grapevine accessions consisted of 22 autochthon cultivars and
22 indigenous native wild accessions. Characteristics of the studied samples are presented in Table 1. Among this sample
Tunisian cultivars were from the Centre of Biotechnology Borj Cedria Collection (Tunisia), five Tunisian wild accession are
sampled from the INRA Domaine de Vassal Grape Germplasm Repository (France, www.montpellier.inra.fr/vassal) and 17
wild accessions were prospected from Northwest part of Tunisia.

2.2. Molecular analysis

DNAwas isolated fromyoung leaves frozen in liquid nitrogen and ground in a mortar according to the protocol for DNeasy
Plant Mini Kit (Qiagen, Hilden, Germany). SNP molecular markers were detected by direct sequencing of the 4 genes
VvMYBA1, VvMYBA2, NAC4 and NCED1. PCR fragments were amplified, sequenced and analyzed as described by Le Cunff et al.
(2008). Primers used in amplification and sequencing of the four gene fragments were listed in Fournier Level et al. (2010) and
Riahi (2011).

2.3. Data analysis

SNPs were identified using the Staden Package (Bonfield et al., 1995) and coded according to international codes (Cornish-
Bowden, 1985). Haplotype reconstructions were carried out applying Phase software (Stephens and Scheet, 2005) using the
SNiPlay web-based tool for SNP and polymorphism analysis (Dereeper et al., 2011). This SNiPlay web-based tool was used to
Table 2
Genetic diversity parameters for the studied samples. nSNP: number of SNPs, MNHs: mean number of haplotypes, Pi: nucleotide genetic diversity, Hd:
haplotype genetic diversity. Genetic diversity parameters for the studied samples. nSNP: number of SNPs, MNHs: mean number of haplotypes, Pi: nucleotide
genetic diversity, Hd: haplotype genetic diversity.

nSNP MNHs Mean Pi Mean Hd

Wild accessions 61 10.25 0.00476 0.745
Cultivars 60 5.75 0.00329 0.480
Total sample 73 13.25 0.00486 0.689

http://www.montpellier.inra.fr/vassal


Fig. 2. AFTD analysis based on genotypic data of 73 SNP loci. Red: Tunisian cultivars; black: Tunisian wild accessions. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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achieve statistical analysis of SNP frequencies, mapping and annotation and polymorphism analysis. Haplotypic diversity (Hd)
and nucleotidic diversity (Pi) and their error estimates were calculated for each gene pool using DnaSP 4.0 software (Rozas
et al., 2003). Probabilities of identity PI for the studied loci (Paetkau et al., 1995) were calculated using IDENTITY 4.0 (Wagner
and Sefc, 1999).

Dissimilarity from allelic datawas calculated using the software DARwin v5 (Perrier et al., 2003) and used to perform AFTD
analysis and Neighbor Joining Trees in order to visualize genetic relationships among the analyzed accessions. The signifi-
cance of each node was evaluated by bootstrapping data for 1000 replications of the original matrix.

3. Results and discussion

3.1. Molecular polymorphism of the studied samples

The sequencing of 3.726 kb of grape DNA genome among 44 local Tunisian grapevine accessions has allowed the detection
of 73 SNPswhich gave an average of one SNP every 51 bp. According to our results SNP frequency vary between 1.1% and 46.6%
for the total studied sample (Supplementary Table S1). An important variation of SNP frequencies is observed between wild
and cultivated samples. SNP frequency varies from 0 to 50% for cultivated germplasm and from 0 to 45.5% for wild sample.
Among the total detected SNPs, 48 SNPs are shared between cultivated and wild accessions, 12 SNPs are specific to cultivars
and 13 SNPs are specific to wild accessions (Fig. 1).



Fig. 3. Neighbor joining tree showing the discrimination of the studied cultivars based on 27 SNPs.
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Fig. 4. Neighbor joining tree showing the discrimination of the studied wild accessions based on 22 SNPs.
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Expected heterozygosity He for the studied loci varies between 0.022 and 0.62 for the total sample. The sample of cultivars
presents He values varying from 0.044 to 0.644 whereas wild accessions highlighted He levels ranging from 0.044 to 0.628
(Supplementary Table S1). As amolecular marker, the SNP expected heterozygosity is usually lower due to its bi-allelic nature.
Our results are consistent with those of Cabezas et al. (2011) concerning the species Vitis vinifera L. who cited He values
ranging from 0.107 to 0.501 for SNP markers.

Comparable levels were recorded in others studies concerning plant species. In Actinidia chinensis, the expected hetero-
zygosities ranged from 0 to 0.500 for SNP molecular markers (Zhou et al., 2011). According to our results He values across all
studied loci vary from 0.2847 (cultivars) to 0.3123 (wild sample). This level is lower than results of Cabezas et al. (2011)
concerning the same species which cited a higher He value (0.404). Our results are higher than SNP expected heterozy-
gosity in Eurycoma longifolia (0.216, Osman et al., 2003), maize (0.263, Ching et al., 2002) and Populus nigra (0.24, Kaya, 2013).
However higher expected heterozygosity level (0.426) was observed in sunflower (Bachlava et al., 2012).

The observed heterozygosity in the studied sample varies from 0 to 0.59. A variation of this parameter according to the
studied sample was revealed. Thus, Ho values ranged from 0 to 0.545 in the sample of cultivars and from 0 to 0.636 for wild
accessions. Our results are comparable to those by Cabezas et al. (2011) who cited Ho levels ranging from 0.060 to 0.765 for
grapevine. This is comparable to results by Zhou et al. (2011) about the species Actinidia chinensis which showed observed
heterozygosities ranging from 0 to 0.875.

In this study, observed heterozygosities across all the studied loci range from 0.1873 (cultivars) to 0.2013 (wild accessions).
This level is lower than what is reported for grapevine by Cabezas et al. (2011) who reported an observed heterozygosity
average of 0.397. This level is comparable to results for the species Eurycoma longifolia which present a Ho value of 0.182
(Osman et al., 2003). Higher levels of observed heterozygosity were cited of SNPmarkers in olive tree (Olea europaea L.) which
vary between 0.292 and 0.708 (Rekik Hakim et al., 2010) and P. nigra (0.34) plant species (Kaya, 2013).

Important levels of genetic polymorphism are obtained for the studied sample. However, all genetic diversity parameters
indicate thewild accessions (nSNP: 61, MNHs: 10.25, Pi: 0.00476, Hd: 0.745) asmore polymorphic than the sample of cultivars
(nSNP: 60, MNHs: 5.75, Pi: 0.00329, Hd: 0.480), Table 2. This result is expected as wild genotypes generally showed more
polymorphism than cultivated or elite genotypes (Russell et al., 2004). This may be due to the presence of unique alleles
present in wild genotypes, which have been lost during the cultivation or adoption in case of cultivated and elite genotypes
(Russell et al., 2004).

However, according to the largest analysis of genetic diversity in grape based on nuclear SSRmolecular markers, V. vinifera
subsp. sylvestris is less diverse than the domesticated forms, which could be due to the scarcity of the endangered wild form,
small natural populations and the small number of samples available (Laucou et al., 2011). Our study confirms previous
reports (Riahi et al., 2010, 2011, 2012) and highlights the utility of Tunisian wild germplasm as a reservoir of genetic poly-
morphism for exploiting its remarkable genetic diversity for grapevine improvement programs. It is necessary to preserve
this phytogenetic resource to be used for breeding programs and to restore its destructed habitats by human different
impacts.

3.2. Genetic structure of the studied accessions

In order to analyze genetic relationships between the studied accessions, an AFTD analysis was constructed based on the
detected 73 SNPs. A genetic structure was observed among the studied accessions (Fig. 2). This analysis revealed a clear
classification of the analyzed accessions according to their taxonomic status (wild, cultivated) based on the axis 1. The axis 2
subdivides each sample of wild and cultivated sample in two groups, W1 and W2 for wild accessions and C1 and C2 for
cultivated sample. A clear separation between domesticated and wild accessions is shown by this analysis. However, an
overlap between the two groups is reported. Thus, we note the classification of the cultivars Balta 1 and Akhal Mguergueb
with Tunisianwild accessions in groupW1. Similarly, wild accessions Balta 1 have been classed with cultivars in group C2 and
wild accessions Lambrusque Ain Draham 2 and Lambrusque Cap Negre 2 in the group of cultivars C1. This can be explained by
the occurrence of outcrossing events between wild accessions and cultivated ones. These genetic relationships are likely
responsible in a part of the important genetic diversity level recorded for Tunisian grapevine even cultivated or wild
accessions.

These results highlight the efficiency of SNP molecular marker in genetic structure analysis. According to Osman et al.
(2003), SNPs in Eurycoma longifolia reflects the geographic origins of individual plants and can distinguish different natu-
ral populations. Moreover, our results suggest two probable origins for Tunisian cultivars. According to molecular data the
first origin of a part of Tunisian cultivars is attributed to the East region (Riahi et al., 2011, 2012). Indeed, viticulture was
introduced in Tunisia by the Phoenicians, the founders of Carthage, who brought with them their taste for wine (Greene and
Kehoe, 1991). The second origin of Tunisian cultivars may beWest Europe region. During the settlement of Roman civilization
in Tunisia, an import of European cultivars has been probably occurred. Moreover, an exchange of grapevine cultivars be-
tween North African region and Spain could be occurred.

3.3. Discrimination potential of the studied SNPs

The potential of the markers to yield different genotypes for as many cultivars as possible is of great interest, and
selection of the most informative markers reduces the number of loci to be investigated for reliable cultivar distinction
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(Sefc et al., 2000). In order to characterize the most informative markers among the set of 73 SNP loci assayed we have
calculated the probability of identical genotypes (PI) for each loci among the studied samples.

Probability to obtain identical genotypes (PI) for the investigated locus in the total sample ranged from 0.2240 (NCED-K11)
to 0.9558 (MA2-R308). For cultivated sample the most informative SNP marker was NCED-K11 (PI ¼ 0.1988) whereas the
locus MA1-Y477, MA1-M231, MA2- M226, MA2-W379, MA2-K124, MA2-R366, NCED-M516, NCED-Y657 are the least infor-
mative (PI ¼ 0.9141). Concerning wild accessions the locus MA2-K556 and MA2-S551 are the more discriminative
(PI ¼ 0.2153) while the locus MA2-R308 and NCED-Y949 have the lowest PI value (0.9141). Cumulative probability to obtain
identical genotypes is 9.12 � 10�22 based on the total sample, 7.909 � 10�17 for cultivars, and 2.433 � 10�18 for wild sample.
Our findings are comparable to those of Cabezas et al. (2011) who cited PI value for SNP markers in grapevine ranging from
0.375 to 0.804 with a cumulative probability of identity of 1.4$10�17 (Cabezas et al., 2011). This indicate that the whole SNP set
used in our study has a very high discriminating capacity for the studied grapevine accession even cultivated or wild ones.

The set of 73 SNP molecular markers allowed the unambiguous discrimination of all the studied cultivars and wild ac-
cessions. Based on PI, He and Ho parameters, we aimed to choose the minimal SNP sets able to discriminate grapevine
cultivars and wild accessions. Our analysis showed that a set of 27 SNPsmolecular markers is required for the identification of
Tunisian cultivars. However, a set of 22 SNPs is sufficient to discriminate the wild accessions. The lists of the twominimal sets
of SNP molecular marker sufficient to discriminate Tunisian wild and cultivated accessions are showed in Supplementary
Table S1. A phylogenetic trees constructed based on these two sets of SNP for cultivars and wild sample (Figs. 3 and 4
respectively) showed that the studied accessions were separated well and grouped differently in the entire dendrograms
derived from the SNP data. To the best of our knowledge, this is the minimal set of SNPs able to identify and discriminate
samples of grapevines cultivars and wild accessions which confirm the high efficiency and informativeness of the investi-
gated SNPs.

These results confirm findings by Dong et al. (2010) and show that single nucleotide polymorphisms could be an efficient
and powerful method for grapevine cultivar identification. In other studies an identification key was constructed indicating
that five SNPs were adequate to discriminate nine out of the 10 varieties olive (Bazakos et al., 2012). The two SNP sets selected
in this study could be taken into consideration in further studies interested to cultivars identification and wild accessions
discrimination of the species Vitis vinifera L.
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