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Abstract

:

The aim of this study was to estimate the genetic diversity of Greek and Bulgarian grapevine varieties with the use of microsatellite markers. The studied samples were collected from various productive vineyards, consisting of eight Greek and nine Bulgarian native varieties. In order to create a genetic profile for each sample, a multiplex PCR reaction method was used amplifying simultaneously seven microsatellite loci. Statistical analysis of data showed that there was a high degree of genetic heterogeneity among most of the varieties studied, highlighting the discriminative power of the chosen set of markers. Moreover, the synonymy of (I) Greek Pamid and Bulgarian Pamid and (II) Greek Zoumiatiko and Bulgarian Dimyat was suggested, as each variety pair had identical allele profiles in all loci examined. Regarding the Greek Mavrud and Bulgarian Mavrud varieties, there was a close genetic relationship between them, however, they did not share common alleles in all microsatellite loci and, therefore, should not be characterized as synonyms. On the other hand, Greek and Bulgarian Keratsouda, which were supposed to be common varieties, were found to be genetically different, supporting that these two varieties should be considered as homonyms. Despite the genotypic assay performed herein, we believe that additional molecular work is needed for the efficient management of Greek and Bulgarian grapevine genepools, as well as to safely suggest any synonym or homonym annotation.






Keywords:


grapevine; genetic diversity; microsatellite markers; differentiation; Vitis vinifera












1. Introduction


Grapevine (Vitis Vinifera L.) is a major fruit tree widespread in temperate climates, which has been cultivated for more than 5000 years to produce wine and for consumption directly as a grape [1]. In Greece, grapevine has been cultivated since antiquity [2] and ampelographic collection accounts for 663 single cultivars, 300 of which are still cultivated for wine, table grapes and raisins [3]. Grapevine cultivation and winemaking in Bulgaria dates back to the times of ancient Thrace and, nowadays, the commercial varieties consist of old native varieties, widespread European cultivars and locally selected cultivars [4].



Greece and Bulgaria are neighboring countries and there has been an extensive exchange of V. vinifera germplasm for cultivation, mostly in the areas near the borders. This has resulted in the establishment of Greek and Bulgarian local varieties with similar morphological characteristics, called “common”. However, in order to confirm or reject any suspected synonymy between varieties coming from these two countries, ampelographic data should be evaluated along with molecular genetic data.



The existence of diverse geographical and climate conditions in the above two countries resulted in a range of local varieties that have been completely adapted to the local conditions, possessing unique properties for winemaking. These varieties have been somehow abandoned during the last decades and gradually replaced by international varieties, mostly due to their higher performance [5]. However, the neglected traditional varieties represent valuable genetic resources that can provide the material for making products with novel characteristics, which could be successfully promoted into international markets. The initial step towards this direction should be the precise characterization of the local grapevine genepool, using molecular methods, in combination with ampelographic data.



Simple sequence repeats (SSR) or short tandem repeats (STR) markers, also known as microsatellites, have been widely used since the early 1990s [6] and are nowadays considered to be some of the best methods for determining cultivar identity. Due to their high polymorphism, microsatellite markers have significantly improved the robustness of DNA profiling in parentage analysis [7,8,9,10,11] and in the molecular characterization of grape cultivars [12,13,14,15,16,17,18,19,20,21].



The aim of this study was to analyze the genetic diversity and differentiation of various local Greek and Bulgarian grapevine varieties, using microsatellite genetic markers. Besides that, our goal was also to clarify the putative relationship of varieties coming from the above two countries and characterized as common.




2. Materials and Methods


2.1. Sampling, DNA Extraction and Genotyping


Young leaves were collected from several locations in Bulgaria and Greece (Table S1, Figure S1) [22] and immediately stored in a freezer (−20 °C) until further analysis. In total, 384 samples were collected from both countries. Genomic DNA was extracted from 20–30 mg of leaf tissue using the “NucleoSpin Plant II” DNA extraction kit (Macherey-Nagel, Düren, Germany) and according to the manufacturer’s protocol.



The multiplex PCR reaction method amplifying simultaneously seven microsatellite loci was carried out. Six of the selected microsatellites are included in the nine-SSR panel recommended by the International Organization of Vine and Wine for identification of varieties (OIV 2019 Descriptor List for Grape Varieties and Vitis Species). The seventh chosen marker is a commonly used marker in grapevine DNA profiling [4,12]. All multiplex PCRs were performed in 10 µL volume containing 5.5 µL of 1X KAPA2G Fast Multiplex PCR Kit (KAPABIOSYSTEMS, Wilmington, MA, USA), 3.5 µL of primer mix (0.25 μM for each primer) and 1 µL (∼20 ng) of template DNA. Cycling conditions for the multiplex amplification consisted of an initial 95 °C denaturation step for 3 min followed by 30 cycles of 15 s at 95 °C, 30 s at 56 °C and 30 s at 72 °C, with a final extension at 72 °C for 15 min. Fluorescently labeled PCR products were separated on an ABI 3500 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Alleles were sized and samples genotyped using the STRand 2.4.59 software [23]. Detailed information for microsatellite markers is given in Table S2 [6,7,8,24,25].




2.2. Data Analysis


Regarding Bulgarian samples, we defined populations based on producer, location and variety information. As a consequence, we had (in some cases) populations belonging to the same variety but coming from different producers and sampling areas (locations). For example, we had a Tamyanka variety from BRATANOV WINERY (producer) and Shishmanovo (location) but we also had a Tamyanka variety from DIMITAR DJEMPERLIEV (producer) and Dimitrovche (location). These were treated initially as two different populations. However, according to preliminary results (Table S3), we noticed that all populations of the same variety were genetically similar (statistically undifferentiated) to each other, regardless of the producer and location of each population. This scenario was evident (with no exception) for all the Bulgarian varieties studied herein. Therefore, we redefined populations based exclusively on variety information (Table S4).



Genetic variation parameters (number of alleles (A), observed (Ho) and expected (He) heterozygosity, F-statistics fixation indexes (Weir and Cockerham [26])) were calculated using the FSTAT 2.9.3.2 and GENETIX 4.05.2 statistical packages [27,28]. The FSTAT software was also used to test for statistically significant differentiation between all possible pairs of the studied populations. A p-value for each pair was obtained after 136,000 permutations and the significance of the pairwise tests was checked after standard Bonferroni correction.



Graphic dispersion of varieties was carried out using factorial correspondence analysis (FCA) through GENETIX 4.05.2. Finally, the POPTREEW [29] package was used to construct an unweighted pair group method with arithmetic mean (UPGMA) dendrogram based on Nei’s standard genetic distance with sample size bias correction [30]. Assessment of support for clusters on the tree was performed through 1000 bootstrap resamplings of loci.





3. Results and Discussion


3.1. Genetic Variation


In total, 53 different alleles were found in the 384 samples analyzed with seven microsatellite loci. The polymorphism of the markers was low to medium, ranging from 4 (VvMD25) to 10 (VrZAG79) alleles, with a mean of 7.6 (Table S2) [6,7,8,24,25]. The Mishej Sandanski variety exhibited the highest mean number of alleles (4.71), while the lowest respective value was found in the Keratsouda(G) variety (1.57) (Table 1). The mean number of alleles per locus was lower than those reported by Lefort and Roubelakis-Angelakis [12], Hvarleva et al. [4] and Sefc et al. [31] for the common loci among studies, which can be attributed to the higher number of germplasm collections analyzed by the previous two studies.



The population Ho values ranged from 0.57 to 1 with a mean of 0.79, while the respective range for He was much lower (0.3 to 0.6) and averaged 0.45, indicating a heterozygote excess in our data. This is also supported by the mean (across loci and populations) Fis and Fit values (−0.78 and −0.036, respectively) as well as by the population Fis values that were, in all cases, significantly different from zero (Table 1). According to Sefc et al. [31], the selection for highly heterozygous plants has been intensified in the frame of domestication and cultivation of grapevines, when the genotypes were evaluated based on their agronomic performance. In addition, selfing (self-pollination) of grapevines decreases heterozygosity which may lead to inbreeding depression and/or occurrence of deleterious recessive traits. The excess of heterozygosity observed herein might be a consequence of both natural and artificial (human) selection against homozygosity in grape plants.



Finally, Hvarleva et al. [4], Lefort and Roubelakis-Angelakis [12] and Merkouropoulos et al. [17] reported Ho values of 0.77, 0.82 and 0.79, respectively, when analyzing Greek and/or Bulgarian cultivars, which are somewhat similar to the mean Ho value found herein (0.79).




3.2. Genetic Differentiation


Average FST over loci and samples was 0.41, showing that nearly half of the genetic diversity is explained between populations. According to the pairwise multilocus FST estimates (Table S5), the lowest values were observed between Pamid(G) and Pamid(B) (−0.0040), Zoumiatiko and Dimyat (0.0000) and Mavrud(G) and Mavrud(B) (0.0175), being statistically non-different from zero. All other FST values were quite high, ranging from 0.1835 to 0.6154, indicating that there is a high level of genetic differentiation between the remaining varieties. This finding is also supported by the population differentiation analysis through the FSTAT software, where all population pairs were found statistically different (at least at a 1% level of significance), except for the aforementioned three variety pairs that were not significantly different (Table S6). Biniari and Stavrakaki [32] and Merkouropoulos et al. [17] also reported a high degree of genetic heterogeneity when analyzing the same Greek varieties with random amplified polymorphic DNA (RAPD) and microsatellite markers. Finally, significant genetic differentiation was found for the Dimyat, Mavrud(B), Pamid(B), Τamyanka, Mishej Sandanski and Rubin varieties by Hvarleva et al. [4], with the use of SSR markers.



According to the factorial correspondence analysis (Figure 1a), there is an obvious genetic similarity for the Zoumiatiko and Dimyat and Pamid(G) and Pamid(B) variety pairs. Mavrud(G) and Mavrud(B) are also close to each other, though to a lower degree. On the other hand, Sefka, Limnio, Karnachalas, Bogialamas, Rubin and Tamyanka populations tend to isolate more compared with all the others. The UPGMA tree topology, comprised of two major clusters (I and II, Figure 1b), verified with high bootstrap values the close relationship of the three undifferentiated variety pairs mentioned previously. Cluster I includes three Greek and three Bulgarian populations. Cluster II is further divided in two subclusters of equal size to cluster I, with the first one containing a Bulgarian variety (Mavrud(B)) and all the rest Greek varieties, while the second one includes the remaining Bulgarian populations. The differentiation patterns observed in the FCA plot and the UPGMA dendrogram are, with minor exceptions, in agreement with the pairwise FST estimates and the population differentiation analysis of the studied varieties.



The genetic similarity of the variety pairs Zoumiatiko and Dimyat, Pamid(G) and Pamid(B) and Mavrud(G) and Mavrud(B) is supported by all methods of statistical analysis conducted in the present study. Looking at their genotypes, the Zoumiatiko and Dimyat varieties have identical alleles in all loci examined and, therefore, we suggest them to be considered as synonyms. The same goes for Pamid(G) and Pamid(B) populations, which is also reported in Hvarleva et al. [4], where Bulgarian and Greek Pamid were found to be synonyms, having identical allele profiles. Regarding the Mavrud(G) and Mavrud(B) varieties, there is a close genetic relationship between them, however, they do not share common alleles in all microsatellite loci and should not be characterized as synonyms. This finding verifies the results of Hvarleva et al. [4] and Stavrakaki and Biniari [33], where it was demonstrated that native Bulgarian Mavrud is a homonym to Greek Mavrud despite their genetic homogeneity. Finally, Keratsouda(G) and Keratsouda(B), which are suspected to be synonyms, are in fact different (1‰ level of significance) with a quite high FST value (0.4266), while their genotypes differ in all seven examined loci. In that case, we propose that these two varieties should be considered as homonyms.





4. Conclusions


From our point of view, the evaluation and promotion of traditional grapevine varieties from Greece and Bulgaria are urgent as they constitute native cultivars that demonstrate excellent adaptation to the microenvironment, favoring as well an environmentally friendly agricultural system of low inputs. These neglected varieties could provide the material for making wine products with exceptional characteristics and, subsequently, high economic value. Our study showed that Greek and Bulgarian local varieties form distinct genepools, with the exception of three pairs (Zoumiatiko and Dimyat, Pamid(G) and Pamid(B) and Mavrud(G) and Mavrud(B)) that were found to be genetically related. Despite the discriminative power of the chosen set of microsatellites, we strongly believe that additional work is needed with more varieties and representatives of them analyzed with a higher number of molecular markers. This, in combination with ampelographic description and historical data, will provide us with the reliable tools needed for accurate identification and discrimination of these valuable genetic resources, as well as for confirming or invalidating any supposed synonymy or homonymy among them.
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Figure 1. Factorial correspondence analysis of all Greek and Bulgarian grapevine varieties under study, using the Genetix 4.05.2 software (a); unweighted pair group method with arithmetic mean (UPGMA) dendrogram of all studied varieties constructed with the POPTREEW package, comprised of two major clusters (I and II). Numbers in nodes represent bootstrap values (b). 
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Table 1. Number of alleles (A), observed heterozygosity (Ho), expected heterozygosity (He) and inbreeding coefficient (Fis) (across all microsatellite loci) for populations under study.
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	Variety
	A
	Ho
	He
	Fis





	Pamid(G) (also known as ‘Pamidi’)
	3.0000
	0.7347
	0.4252
	−0.7780 *



	Keratsouda(G)
	1.5714
	0.5714
	0.3008
	−0.6915 *



	Zoumiatiko
	1.8571
	0.8571
	0.4511
	−0.9080 *



	Limnio
	1.8571
	0.8571
	0.4511
	−0.9080 *



	Sefka
	1.8571
	0.8571
	0.4511
	−0.9080 *



	Mavrud(G) (also known as ‘Mavroudi’)
	2.1429
	1.0000
	0.5481
	−0.9440 *



	Bogialamas
	2.0000
	0.7143
	0.3931
	−0.7638 *



	Karnachalas
	2.0000
	1.0000
	0.5238
	−0.9775 *



	Τamyanka
	4.5714
	0.8736
	0.5930
	−0.4880 *



	Mavrud(B)
	4.1429
	0.9725
	0.5952
	−0.6550 *



	Rubin
	2.2857
	0.8500
	0.4533
	−0.9190 *



	Pamid(B)
	2.8571
	0.7143
	0.4726
	−0.5690 *



	Dimyat
	1.8571
	0.8571
	0.4403
	−0.9325 *



	Ruen
	1.8571
	0.7214
	0.3734
	−0.9800 *



	Shizoka Melnishkaloza
	2.7143
	0.5807
	0.3258
	−0.8020 *



	Mishej Sandanski
	4.7143
	0.6554
	0.4835
	−0.3650 *



	Keratsouda(B)
	4.5714
	0.5946
	0.3580
	−0.6660 *



	Mean
	2.6975
	0.7889
	0.4494
	−0.7797







* significantly different from zero (p < 0.05).
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