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Inferring the agrobiodiversity of Vitis vinifera L. (grapevine) in ancient Greece by comparative shape analysis of archaeological and modern seeds
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Introduction

The economic significance of viticulture as well as the symbolism of Vitis vinifera L. (grapevine) for many ancient cultures has led to a proliferation of studies in the domains of biology, ecology, agronomy, agro-ecology, plant breeding, archaeology and history in the last decade [START_REF] Smith | Experiments on the effects of charring on cultivated grape seeds[END_REF][START_REF] Mangafa | A new method for the identification of wild and cultivated charred grape seeds[END_REF][START_REF] Aradhya | Genetic structure and differentiation in cultivated grape, Vitis vinifera L[END_REF][START_REF] Brun | Le vin et l'huile dans la Me ´diterrane ´e antique[END_REF][START_REF] Brun | Arche ´ologie du vin et de l'huile. De la pre ´histoire a l'e ´poque helle ´nistique, Errance Di Vora A, Castelletti L[END_REF][START_REF] Mcgovern | Ancient wine: the search for origins of viniculture[END_REF][START_REF] Arroyo-Garcı ´a | Multiple origins of cultivated grapevine (Vitis vinifera L. ssp. sativa) based on chloroplast DNA polymorphism[END_REF][START_REF] Bouby | Vers une approche bio-arche ´ologique de l'histoire de la vigne cultive ´e et de la viticulture : proble ´matique, choix me ´thodologiques et premiers re ´sultats[END_REF][START_REF] Bouby | La vigne sauvage (Vitis vinifera subsp. sylvestris) : une plante cultive ´e dans les e ´tablissements viticoles de Narbonnaise ?[END_REF][START_REF] Grassi | Evidence of a secondary grapevine domestication centre detected by SSR analysis[END_REF][START_REF] Margaritis | Beyond cereals: crop processing and Vitis vinifera L. Ethnography, experiments and charred grape remains from Hellenistic Greece[END_REF][START_REF] This | Historical origins and genetic diversity of wine grapes[END_REF][START_REF] Valamoti | Grape-pressings from northern Greece: the earliest wine in the Aegean?[END_REF][START_REF] Miller | Sweeter than wine? The use of the grape in early Western Asia[END_REF][START_REF] Myles | Genetic structure and domestication history of the grape[END_REF][START_REF] Bacilieri | Genetic structure in cultivated grapevines is linked to geography and human selection[END_REF][START_REF] Bouby | Bioarchaeological insights into the process of domestication of grapevine (Vitis vinifera L.) during Roman time in Southern France[END_REF][START_REF] Lacombe | Large-scale parentage analysis in an extended set of grapevine cultivars (Vitis vinifera L.)[END_REF][START_REF] Picq | A small XY chromosomal region explains sex determination in wild dioecious grapevines and the reversal to hermaphroditism in domesticated V. vinifera L[END_REF].

Grapes were gathered from the wild already during Palaeolithic and Mesolithic times in many areas of the Near East and in the Mediterranean region [START_REF] Hansen | Palaeolithic-Neolithic seed remains at Franchthi cave, Greece[END_REF][START_REF] Zohary | Domestication of plants in the Old World, 4th edn[END_REF]. Archaeological evidence of wine-making is the most ancient and substantial sign of a change in the nature of the use of grapes by humans. Based on chemical analyses, grape juice extraction and therefore probably wine making is reported in the 6th millennium BC in northern Iran [START_REF] Mcgovern | Neolithic resinated wine[END_REF], in Georgia [START_REF] Mcgovern | Ancient wine: the search for origins of viniculture[END_REF] and in Armenia about 4000 BC [START_REF] Barnard | Chemical evidence for wine production around 4000 BCE in the Late Chalcolithic Near Eastern Highlands[END_REF]. Archaeobotanical evidence of juice extraction from Dikili Tash in northern Greece [START_REF] Valamoti | Grape-pressings from northern Greece: the earliest wine in the Aegean?[END_REF]) could suggest independent events of grapevine use or the spread of cultivars and know-how. However wine making and cultivation do not necessarily occur together. Wine could have been produced from wild grapes and, on the other hand, cultivation could have been begun for other reasons [START_REF] Miller | Sweeter than wine? The use of the grape in early Western Asia[END_REF]). Yet, the Neolithic indications for wine making certainly correspond to early intensive use, management or incipient cultivation, but not necessarily leaving any morphological signs on the pips themselves [START_REF] Renfrew | The origins and ancient history of wine (Food and nutrition in history and anthropology, series 11)[END_REF][START_REF] Valamoti | Grape-pressings from northern Greece: the earliest wine in the Aegean?[END_REF]).

The possible contribution of local wild grapevines to the process of domestication outside the southwest Asian primary domestication area is still debated. Several studies of molecular diversity bear evidence of genetic relations between local wild grapevines and traditional cultivars in various areas of Europe. Such results are sometimes regarded as evidence of introgression from western wild germplasm into cultivars of eastern origin [START_REF] Myles | Genetic structure and domestication history of the grape[END_REF]). On the other hand, some authors propose the existence of secondary domestication events at various places [START_REF] Aradhya | Genetic structure and differentiation in cultivated grape, Vitis vinifera L[END_REF][START_REF] Grassi | Evidence of a secondary grapevine domestication centre detected by SSR analysis[END_REF][START_REF] Arroyo-Garcı ´a | Multiple origins of cultivated grapevine (Vitis vinifera L. ssp. sativa) based on chloroplast DNA polymorphism[END_REF].

Thus, despite the large amount of available information, the history of grapevine cultivation, the processes involved in its domestication and the underlying mechanisms remain to be elucidated. In particular, the timing, rhythms and rates of domestication that have contributed to establish an outstanding heritage of different varieties are largely unknown.

Vitis vinifera ssp. vinifera (domesticated grapevine) includes thousands of cultivars, which are classified according to their main uses, as wine, fresh fruit or dried raisins and sultanas. These cultivars derive from V. vinifera ssp. sylvestris (wild grapevine) [START_REF] Zohary | The origins and ancient history of wine (Food and nutrition in history and anthropology, series 11)[END_REF][START_REF] Sefc | Microsatellite variability in grapevine cultivars from different European regions and evaluation of assignment testing to assess the geographic origin of cultivars[END_REF][START_REF] This | Historical origins and genetic diversity of wine grapes[END_REF][START_REF] Zohary | Domestication of plants in the Old World, 4th edn[END_REF], which is a heliophilous liana growing generally on river banks, and in alluvial and colluvial deciduous and semi-deciduous woods [START_REF] Levadoux | Les populations sauvages et cultive ´es de Vitis vinifera L. Ann de l[END_REF][START_REF] Arnold | Situation de la vigne sauvage Vitis vinifera ssp. silvestris en Europe[END_REF]. Wild grapevine grows in an area ranging from western Europe to the Himalayas and around the Mediterranean basin. Its present distribution is highly fragmented, due to human activities and pathogens introduced from North America during the 19th century [START_REF] Olmo | The origins and ancient history of wine (Food and nutrition in history and anthropology series 11)[END_REF][START_REF] Arnold | Situation de la vigne sauvage Vitis vinifera ssp. silvestris en Europe[END_REF].

According to classical ampelographic criteria (morphological criteria from different parts of the vine, such as leaves and fruits), three main eco-geographic groups of grape cultivars are defined [START_REF] Negrul | Origin and classification of cultivated grape[END_REF][START_REF] Levadoux | Les populations sauvages et cultive ´es de Vitis vinifera L. Ann de l[END_REF]). The group Occidentalis is mostly composed of wine cultivars characteristic of western Europe; Orientalis includes mainly table cultivars from the Middle East and Near East; and Pontica is a group of cultivars from the area ranging from the Balkans to the Black Sea, which share characteristics with cultivars of the other two groups. Within each group, common morphological characteristics are recognized: cultivars clustered as Occidentalis have small fruits whereas Orientalis display bigger and oval fruits. This classification is today largely supported by genetic data, using microsatellite markers [START_REF] Sefc | Microsatellite variability in grapevine cultivars from different European regions and evaluation of assignment testing to assess the geographic origin of cultivars[END_REF][START_REF] Aradhya | Genetic structure and differentiation in cultivated grape, Vitis vinifera L[END_REF][START_REF] Bacilieri | Genetic structure in cultivated grapevines is linked to geography and human selection[END_REF].

Seeds of wild and domesticated grapevine display dissimilarities which allow the discrimination between both subspecies: wild grapevine bears small and roundish seeds with short stalks, while pips from cultivars are more elongated, with longer stalks (Fig. 1). These morphological traits have been used to discriminate archaeological pips since Stummer's work (1911;Di Vora and Castelletti 1995;[START_REF] Mangafa | A new method for the identification of wild and cultivated charred grape seeds[END_REF][START_REF] Jacquat | Vitis vinifera L.: wild or cultivated? Study of the grape pips found at Petra, Jordan, 150 BC-AD 40[END_REF][START_REF] Bouby | La vigne et les de ´buts de la viticulture en France : l'apport de l'arche ´obotanique[END_REF][START_REF] Terral | Evolution and history of grapevine (Vitis vinifera) under domestication: new morphometric perspectives to understand seed domestication syndrome and reveal origins of ancient European cultivars[END_REF][START_REF] Bouby | Bioarchaeological insights into the process of domestication of grapevine (Vitis vinifera L.) during Roman time in Southern France[END_REF]. The use of morphometrical criteria has been criticized because of the overlap between wild and domesticated seed shapes and because of seed deformation due to carbonization [START_REF] Smith | Experiments on the effects of charring on cultivated grape seeds[END_REF][START_REF] Renfrew | The origins and ancient history of wine (Food and nutrition in history and anthropology, series 11)[END_REF][START_REF] Zohary | The origins and ancient history of wine (Food and nutrition in history and anthropology, series 11)[END_REF]. Moreover, morphometric criteria and measurement values defined by [START_REF] Stummer | Zur Urgeschichte der Rebe und des Weinbaues[END_REF] and later by [START_REF] Mangafa | A new method for the identification of wild and cultivated charred grape seeds[END_REF] are based on a reference model which includes grape cultivars and wild individuals from a restricted area, which cannot be considered as representative of grapevine diversity [START_REF] Bouby | Vers une approche bio-arche ´ologique de l'histoire de la vigne cultive ´e et de la viticulture : proble ´matique, choix me ´thodologiques et premiers re ´sultats[END_REF][START_REF] Terral | Evolution and history of grapevine (Vitis vinifera) under domestication: new morphometric perspectives to understand seed domestication syndrome and reveal origins of ancient European cultivars[END_REF]. Morphometrical analyses based on a large reference sample have shown that pips from wild and domesticated grapevine can be discriminated [START_REF] Terral | Evolution and history of grapevine (Vitis vinifera) under domestication: new morphometric perspectives to understand seed domestication syndrome and reveal origins of ancient European cultivars[END_REF][START_REF] Bouby | Bioarchaeological insights into the process of domestication of grapevine (Vitis vinifera L.) during Roman time in Southern France[END_REF][START_REF] Orru | Morphological characterization of Vitis vinifera L. by image analysis and comparison with archaeological remains[END_REF]. A morpho-geometrical approach allows more exact identification, discriminating groups of varieties [START_REF] Terral | Evolution and history of grapevine (Vitis vinifera) under domestication: new morphometric perspectives to understand seed domestication syndrome and reveal origins of ancient European cultivars[END_REF]. It has been shown that the influence of environmental parameters is less on seed shape than on seed size. Furthermore, differences between cultivars are significantly higher than variation due to environmental conditions [START_REF] Terral | Evolution and history of grapevine (Vitis vinifera) under domestication: new morphometric perspectives to understand seed domestication syndrome and reveal origins of ancient European cultivars[END_REF][START_REF] Terral | Insights into the complex historical biogeography of date palm agrobiodiversity (Phoenix dactylifera L.) using geometric morphometrical analysis of modern seeds from various origins and Egyptian ancient material[END_REF]. Consequently, this approach allows an accurate characterization of every cultivar using shape descriptors of pip outlines.

In light of these elements, the aim of this study is to investigate the diversity of cultivated grapevines in ancient Greece using shape analysis of seeds. We used a reference collection of modern pips which was larger than the one used in former studies [START_REF] Terral | Evolution and history of grapevine (Vitis vinifera) under domestication: new morphometric perspectives to understand seed domestication syndrome and reveal origins of ancient European cultivars[END_REF][START_REF] Bouby | Bioarchaeological insights into the process of domestication of grapevine (Vitis vinifera L.) during Roman time in Southern France[END_REF]): we added 185 cultivated (cultivars) and 47 wild specimens, including a large number of wild and domesticated grapevines originating from central Europe, the eastern Mediterranean and south-west Asia (ESM 1). This allowed us to check whether wild and domesticated pips could still be discriminated at this large geographical scale, and to characterize diversity within wild and cultivated grapes. Particular attention was given to the organization of Greek cultivars in relation to local wild grapevines and to varieties from other regions. Then we applied the same morpho-geometrical method to archaeological pips in order to characterize their diversity compared to the modern reference collection. We considered waterlogged Vitis seeds from the sanctuary of Hera in Samos, Greece, dated to the 7th century BC. This archaeological site has provided plenty of waterlogged material and especially fruit remains and numerous wellpreserved grape pips [START_REF] Kuc ˇan | Zur Erna ¨hrung und dem Gebrauch von Pflanzen im Heraion von Samos im 7. Jhd v[END_REF][START_REF] Kuc ˇan | Rapport synthe ´tique sur les recherches arche ´obotaniques dans le sanctuaire d'He ´ra de l'ı ˆle de Samos[END_REF]. We used waterlogged remains because we postulate that waterlogged Vitis seeds have kept their original shapes, especially in comparison to charred remains. During the Archaic Period, Samos was a powerful city-state and a member of the Ionian League, which included city-states from the neighbouring islands and from Asia Minor. It was one of the important seafaring and trade centres in Greece. Indeed, the city-state had established trading colonies on the coast of Ionia, in Thrace, and even in the western Mediterranean. The island was thus in contact with areas located all around the Aegean Sea and due to its position near trade routes, it must have received various influences [START_REF] Shipley | A history of Samos[END_REF]. During the Archaic Period in the Aegean, cultivation of the grapevine was already under way, probably having started in the Bronze Age or even earlier [START_REF] Renfrew | The origins and ancient history of wine (Food and nutrition in history and anthropology, series 11)[END_REF]. At the same time, Greek cities imported wine from other regions and also exported their products to the Near East, Egypt and Italy [START_REF] Foxhall | Cargoes of the heart's desire: the character of trade in the archaic Mediterranean world[END_REF]. At that time, several cities or regions, especially the eastern Aegean islands, became famous for their wine [START_REF] Brun | Le vin et l'huile dans la Me ´diterrane ´e antique[END_REF][START_REF] Brun | Arche ´ologie du vin et de l'huile. De la pre ´histoire a l'e ´poque helle ´nistique, Errance Di Vora A, Castelletti L[END_REF].

Materials and methods

Modern reference material

The modern reference material used in this study consisted of pips from 269 European and Mediterranean cultivars (ESM 1) and from 83 wild grapevines (ESM 2). We selected cultivars which are reported in the literature to be typical of the regional viticulture during recent centuries in Greece, Italy, Turkey, Romania, Bulgaria, Cyprus and also from central and western Europe, from the Caucasus area, south-west Asia and also North Africa [START_REF] Lacombe | Contribution a `l'e ´tude de l'histoire e ´volutive de la vigne cultive ´e (Vitis vinifera L.) par l'analyse de la diversite ǵe ´ne ´tique neutre et de ge `nes d'inte ´re ˆt[END_REF]. Their main characteristics are given in ESM 1. This procedure intends to give the best image of the modern diversity among cultivars. All the cultivars have been sampled in the INRA Grape Germplasm Repository of Domaine de Vassal, Marseillan, France (http://www.1. montpellier.inra.fr/vassal). Whenever possible, the grapes were sampled from a single plant, but when the number was considered insufficient, further sampling was carried out from the neighbouring plants, which were in fact clones of the first specimen. This procedure was carried out for each cultivar.

Wild populations were collected from natural conditions in France, Spain, Italy, Greece, Turkey and Georgia, in order to cover the area where wild grapevine grows spontaneously. Generally it has been possible either during sampling or during former field trips or from the literature to assess that the sampled populations were composed of male and female plants. One of the main differences between wild and domesticated grapevine is related to sex: wild individuals are dioecious while most of the cultivars are hermaphrodite [START_REF] Levadoux | Les populations sauvages et cultive ´es de Vitis vinifera L. Ann de l[END_REF][START_REF] This | Historical origins and genetic diversity of wine grapes[END_REF][START_REF] Picq | Diversite ´et e ´volution chez Vitis vinifera L. de traits implique ´s dans le syndrome de domestication et dans la biologie de la reproduction[END_REF][START_REF] Picq | A small XY chromosomal region explains sex determination in wild dioecious grapevines and the reversal to hermaphroditism in domesticated V. vinifera L[END_REF]). However, it is not possible to ensure that there are only truly wild grapevines in our sample. Feral forms originating from seeds may also be present.

This wide set of references aims to be a representative sample of modern-day wild and domesticated grapevines.

Archaeological material

The archaeological plant remains came from a rectangular basin located in the southern part of the sanctuary which contained many well-preserved plant remains, which were associated with other finds of ceramics and wooden objects probably linked to the cult of Hera. Among the botanical material, numerous fruit remains were recovered, including typical Mediterranean species, Prunus dulcis (almond), Ficus carica (fig), Punica granatum (pomegranate), Olea europaea (olive) and V. vinifera (grape) as well as fruits possibly imported from regions further east, Citrullus lanatus (watermelon), Prunus persica (peach) and Morus nigra (black mulberry) [START_REF] Kuc ˇan | Zur Erna ¨hrung und dem Gebrauch von Pflanzen im Heraion von Samos im 7. Jhd v[END_REF][START_REF] Kuc ˇan | Rapport synthe ´tique sur les recherches arche ´obotaniques dans le sanctuaire d'He ´ra de l'ı ˆle de Samos[END_REF]. More than 2,000 grape pips were recovered. Among them, 197 whole and mature seeds, displaying no obvious deformation, were selected from samples rich in grape seeds for analysis.

Shape analysis of seed outline

The shapes of the seeds were studied using outline analysis based on the Elliptic Fourier Transform (EFT) method. According to the method developed by [START_REF] Terral | Evolution and history of grapevine (Vitis vinifera) under domestication: new morphometric perspectives to understand seed domestication syndrome and reveal origins of ancient European cultivars[END_REF][START_REF] Terral | Insights into the complex historical biogeography of date palm agrobiodiversity (Phoenix dactylifera L.) using geometric morphometrical analysis of modern seeds from various origins and Egyptian ancient material[END_REF], 30 seeds per modern individual (cultivars and wild individuals) and the 197 archaeological seeds were photographed in dorsal and lateral views (Fig. 1). Each seed was placed on modelling clay to be photographed. For seven wild individuals fewer than 30 pips were available (ESM 2). Using an image analysis system, 64 points were automatically and regularly positioned on each outline. Coordinates of those points were extracted and analysed by the EFT method under R software v2.13 (R Development core team 2011) using the Momocs package [START_REF] Bonhomme | Momocs: outline Analysis using R[END_REF]). This method is based on the separate Fourier decomposition of the incremental changes of the x and y coordinates as a function of the cumulative length along the outline [START_REF] Kuhl | Elliptic Fourier features of a closed contour[END_REF]. Each harmonic function corresponds to four coefficients defining an ellipse. The coefficient of the first harmonic is used to standardize seed size and orientation. According to [START_REF] Terral | Evolution and history of grapevine (Vitis vinifera) under domestication: new morphometric perspectives to understand seed domestication syndrome and reveal origins of ancient European cultivars[END_REF], five harmonics per outline (H2, H3, H4, H5 and H6) are considered, in order to optimize the efficiency of shape reconstruction and minimize measurement errors. Finally, EFT provided 40 coefficients (20 for both dorsal and lateral outlines) which could be used as quantitative variables in multivariate statistical analyses.

Number of seeds required for an optimal evaluation of shape variation

The sampling effort, the number of seeds to be used for an optimal evaluation of shape variation at the individual level, was assessed using principal component analysis (PCA) applied on 40 pips from one cultivar (Kypreiko) and 40 from one wild individual (Venetikos 14), and on the quantitative shape parameters retained during the preliminary analytical phase. The coordinates of the pip point cloud centroid (the consensus individual) in the multivariate PCA space were determined. Shape variation was then estimated by computation of the cumulative dispersion of points, from the first to the 40th, around the variety or wild individual centroid, and expressed as the mean distance separating each point from the centroid. The minimum number of points necessary for an optimal evaluation of shape variation at the individual level is estimated when the dispersion index reaches an asymptotic value.

Statistical analyses

Linear Discriminant Analysis (LDA) was performed on 10,518 seeds in order to test morphological differentiation between modern groups. The aim of the LDA is to evaluate the morphological variability of pips by maximizing differences between predefined groups (83 wild and 269 varieties) compared to the intra-group variation. This multivariate statistical method quantifies geometric differences between each of the wild grapes and varieties using a dissimilarity distance matrix and then tests their discrimination. Additionally, in order to interpret relationships among wild populations and cultivars, an UPGMA (unweighted pair group method with arithmetic mean) clustering analysis was performed using the Mahalanobis distance matrix between the centroids of wild and domesticated individuals. Statistical analyses were performed using R software lda() and dist() functions. This method allows identification of groups of modern individuals which are closely related according to their seed shape. Then archaeological seeds were compared to the reference sample as additional observations in the LDA in order to be assigned to a specific group with a probability of allocation. We considered the allocation reliable if p C 0.75, and very accurate if p C 0.9.

Results

Number of seeds required for an optimal evaluation of intra-individual shape variation

Shape variation of Kypreiko and Venetikos 14 evaluated by calculation of a dispersion index for an increasing number of pips (from 1 to 40 seeds) was constant from 23 to 25 pips (Fig. 2). Thus, we consider that inter-individual shape variation can be accurately assessed using 30 seeds per individual.

Reference material

The plot of the centroids of modern wild individuals and varieties on the first two axes of the LDA (explaining 38.08 % of the total variance) shows an obvious discrimination between wild and domesticated grapes. Overall, 95.79 % of the pips are correctly re-assigned (98.04 % for domesticated and 88.39 % for wild) (Fig. 3a).

In the UPGMA dendrogram, the branches are coloured according to subspecies (wild vs. domesticated) and to the putative geographical origin of the cultivars, each colour corresponding to a geographical area as defined in Table 1. 15 main groups and various sub-groups are distinguished (Fig. 4). The unrooted cluster tree confirms the strong discrimination between cultivars and wild grapevines. Wild grapevines are all clustered in Group 1, together with eight cultivars (in Groups 1B, 1F and 1G), except three individuals clustered with cultivars in Group 8. Most of the cultivars are clustered in 14 groups. The morphological diversity seems therefore higher in the domesticated group than among wild plants. Most of the groups and sub-groups contain cultivars from various countries. Greek cultivars are clustered in groups composed of cultivars from the Balkans, Caucasus and western Europe (3B, 5B, 9B, 13, 14). They are associated with varieties from Italy in Groups 5B, 7B and 9C, and with cultivars from the Maghreb, Near East and other origins in Groups 5B, 9C and 12.

Archaeological pips

Regarding the archaeological material, 131 pips can be assigned to one of the UPGMA clusters (p C 0.75) (Figs. 5, 6, ESM 3). 102 pips can be assigned to a modern individual (p C 0.75), including 86 at a high probability (p C 0.9) (Fig. 6, ESM 4). Most of them are allocated to domesticated forms (n = 81). They are mostly assigned to groups clustering cultivars from Greece, the Caucasus, the eastern Mediterranean and the Balkans (Groups 3B, 9B, 9C, 7B, 8) (ESM 3). 39 pips are specifically allocated to Greek and Turkish varieties and to one Bulgarian cultivar, which is clustered with some Greek and Turkish varieties (ESM 4). 20 seeds are assigned to Groups 1F and 1G, which include wild grapevines but also some cultivars. 30 seeds are allocated to Groups 1D and 1H, mostly composed of wild grapevines. 66 seeds cannot be classified, possibly Fig. 2 Evaluation of the number of pips to be used for an optimal evaluation of shape variation at the individual level assessed using principal components analysis (PCA) applied on 40 seeds of 'Kypreiko' variety and 'Venetikos 14 0 wild grape. Shape variation was appraised by computation of the cumulative dispersion of points, from the first to the 40th, around the individual centroid, calculated as the mean distance separating each point from the centroid. From 23 to 25 pips (level indicated by a dotted line), shape variation appears to be negligible but 30 pips were considered for more security Fig. 3 Linear discriminant analysis plot of axes 1 and 2 explaining 38.08 % of total variance. 3a, the centroid of each cultivar or wild accession is represented. Cultivated varieties and wild grapevines are discriminated according to the EFT method. 3b, each archaeological pip and the centroid of the archaeological sample are represented because no modern analogue is available in the reference model. They may correspond to morphotypes that have not been sampled or to extinct cultivars, but they may also be damaged or deformed pips, despite our cautious selection.

Discussion

Diversity of current varieties indicated by the evidence of distinct morphotypes

Wild grapevines are clearly distinct from cultivars on the basis of their seed shape. This confirms previous results from shape analysis [START_REF] Bouby | La vigne sauvage (Vitis vinifera subsp. sylvestris) : une plante cultive ´e dans les e ´tablissements viticoles de Narbonnaise ?[END_REF][START_REF] Terral | Evolution and history of grapevine (Vitis vinifera) under domestication: new morphometric perspectives to understand seed domestication syndrome and reveal origins of ancient European cultivars[END_REF] as well as from traditional morphometric analysis [START_REF] Bouby | La vigne et les de ´buts de la viticulture en France : l'apport de l'arche ´obotanique[END_REF][START_REF] Bouby | Bioarchaeological insights into the process of domestication of grapevine (Vitis vinifera L.) during Roman time in Southern France[END_REF]. Our results confirm the efficiency of the morpho-geometrical approach in discriminating morphotypes within the domesticated material.

From wild to domesticated, grape pips clearly display a phenotypic differentiation which consists of the elongation and the enlargement of the stalk, which is the basal part of the seed which is attached to the placenta. This morphological change may be considered as a sign of domestication. As we analysed pip outlines by standardizing size, we may assert that changes in seed shape are related to domestication, even if shape was probably not a direct target of selective pressures. The shape is more probably connected to other characters which may have been selected, such as size or shape of the grapes. A correlation between grape size, number of seeds per grape and seed shape has been shown in wild grapes, suggesting the existence of an allometric relationship between size and shape, so that larger grapes have more elongated pips with longer beaks [START_REF] Picq | Diversite ´et e ´volution chez Vitis vinifera L. de traits implique ´s dans le syndrome de domestication et dans la biologie de la reproduction[END_REF][START_REF] Bouby | Bioarchaeological insights into the process of domestication of grapevine (Vitis vinifera L.) during Roman time in Southern France[END_REF].

Furthermore, diversity of grape size and shape is stronger in the domesticated than in the wild material. This could explain the more homogeneous seed shapes in wild grapes than in domesticated forms. The morphological homogeneity of wild grape pips can be explained by differences in the type and intensity of selective pressures. In the wild grapevine, seed morphology is essentially subject to natural selection and developmental factors, while in the domesticated grape, morphological diversity reflects the strong constraints which occurred during its long evolutionary history, with human selection, diffusion, hybridization, adaptation etc. Grape size and shape have clearly been the target of repeated human selection during the process of domestication and diversification of the grapevine, according to diverse and changing needs related to uses, such as table versus wine varieties and tastes, and a complex historical biogeography.

There is no clear structure of cultivars according to their geographical origin. Generally, the groups (or morphoclades) are composed of cultivars from various origins but they often cluster together cultivars from nearby regions. Greek cultivars are for example more commonly found in some of the groups. Many of them are encountered in groups composed of cultivars from the Balkans, the Caucasus and western Europe, but they are less closely related to varieties from Italy and from the Near East and the Maghreb. Therefore a tendency exists for Greek cultivars to be associated with cultivars from neighbouring eastern and western regions. This is of course consistent with the geographical location and history of Greece, which received throughout its history influences from east and west and has played a key role in the diffusion of crop plants toward western areas. We can therefore suppose that seed morphological similarities partly reflect common phylogeographical origins. In order to test this hypothesis, it would be necessary to consider the parentage relationships between cultivars rather than their supposed geographical origins. Inheritance of nuclear microsatellite markers shows that many modern cultivars result from crosses between parents from different geographical origins [START_REF] Lacombe | Large-scale parentage analysis in an extended set of grapevine cultivars (Vitis vinifera L.)[END_REF]. For example, many varieties from the Balkans have been crossed with eastern and western European cultivars. Archaeological grape pips: a wide diversity ranging from wild to modern domesticated morphotypes

The archaeological seeds examined here have been allocated to many cultivars and wild individuals, which is consistent with the context they come from. The function of the basin is not clear. The variety of debris found may imply that the first use of the basin was later replaced by its use as rubbish dump. It contains objects linked with the cult of Hera, but they do probably not reflect one single event. As for every kind of remains, the grape pips probably do not constitute a homogeneous assemblage coming from a specific use. Archaeological samples from Samos originate from several events, therefore probably involving various varieties from various origins. Most of the grape pips from Samos have been allocated to 31 cultivars (Fig. 5, ESM 4), but they do not cover the whole range of domesticated morphotypes. The seeds allocated to Greek, Turkish and Bulgarian varieties may be evidence of local cultivars, whether they were introduced from nearby areas in mainland Greece, the Aegean islands and Asia Minor, or even domesticated on the island of Samos. Some archaeological seeds have been allocated to varieties from Azerbaijan (n = 5), Georgia (n = 3) and Afghanistan (n = 2), corresponding to some of the areas where grapevine may have been first domesticated. These seeds may reflect the arrival of varieties from the Caucasus in Samos, at some time between the Neolithic and the Archaic periods. At that time, grapes, grapevine shoots or grafts may also have been imported to Samos, especially as the sanctuary was frequented by pilgrims from Asia Minor, and as the island was in contact with the Aegean world and the Near East. For that matter, several products recovered from the archaeological site are considered as evidence of possible imports, such as plant species from eastern regions, pottery from Cyprus and Greece and animals or their products/remains from Egypt or the Near East [START_REF] Shipley | A history of Samos[END_REF][START_REF] Kuc ˇan | Zur Erna ¨hrung und dem Gebrauch von Pflanzen im Heraion von Samos im 7. Jhd v[END_REF][START_REF] Kuc ˇan | Rapport synthe ´tique sur les recherches arche ´obotaniques dans le sanctuaire d'He ´ra de l'ı ˆle de Samos[END_REF].

Some archaeological pips may correspond to ''less selected'' primitive cultivars, morphologically close to wild grapevines. This is the case for pips allocated to cultivars from central Asia (Georgia, Daghestan, Russia) and western Europe (n = 16) found in Groups 1F and 1G, which are part of the wild grapevines cluster, and for those assigned to Group 1G (n = 4) These ''primitive cultivars'' may have been domesticated locally or introduced from elsewhere.

The seeds allocated to wild individuals and to Groups 1D and 1H, mostly composed of wild grapevines (n = 30), may be the remains of grapes gathered in the wild: grapes are known to have been gathered in Greece in the Neolithic period (Renfrew 1966[START_REF] Renfrew | Carbonized grains and seeds[END_REF][START_REF] Sarpaki | Toumba Balomenou, Chaeronia: plant remains from the early and middle neolithic levels[END_REF]. It may be assumed that several plants identified in the Heraion assemblage are evidence of the gathering of wild fruits, especially Myrtus communis, Rosa sp., Rubus fruticosus and Pistacia terebinthus. Thus, wild grape may also have been gathered in the wild and consumed as an offering in the sanctuary. However, as previously suggested by [START_REF] Bouby | La vigne sauvage (Vitis vinifera subsp. sylvestris) : une plante cultive ´e dans les e ´tablissements viticoles de Narbonnaise ?[END_REF] and [START_REF] Valamoti | Grape-pressings from northern Greece: the earliest wine in the Aegean?[END_REF], wild grapevine cultivation cannot be excluded. Cultivation of ''morphologically'' wild grapevine is known in several places, especially in Roman wine-producing and urban sites in southern France [START_REF] Bouby | La vigne sauvage (Vitis vinifera subsp. sylvestris) : une plante cultive ´e dans les e ´tablissements viticoles de Narbonnaise ?[END_REF][START_REF] Bouby | Bioarchaeological insights into the process of domestication of grapevine (Vitis vinifera L.) during Roman time in Southern France[END_REF][START_REF] Figueiral | Archaeobotany, vine growing and wine producing in Roman Southern France: le site of Gasquinoy (Be ´ziers, France)[END_REF][START_REF] Figueiral | New insights into Mediterranean Gallo-Roman farming: a closer look at archaeological wells in Southern France[END_REF][START_REF] Terral | Evolution and history of grapevine (Vitis vinifera) under domestication: new morphometric perspectives to understand seed domestication syndrome and reveal origins of ancient European cultivars[END_REF]. Wild morphotypes could also correspond to ''primitive cultivars'', which had not sustained strong selective pressure.

Conclusion

Morphometric analyses applied to modern grape pips from various geographical areas allow us to characterize grapevine diversity. Wild grapes are clearly distinguished from cultivars, and the cultivated grapes are characterized by a wide diversity. This diversity is only partly structured according to the geographical origin of cultivars. However, the clustering of cultivars is far from being a simple image of their supposed geographical origins. Other biological characteristics are probably involved.

Shape diversity of the archaeological grape pips suggests the use of different grape varieties in the sanctuary. The pips recovered from the Heraion are probably evidence of viticulture carried out in Samos involving several varieties, ranging from wild grapevine or less selected to highly selected cultivars. Moreover, there are probably extinct and intermediate forms among grape pips which could not be classified as current cultivars (95 seeds), which is also evidence of the past diversity of grapevines involved in the economic and symbolic activities of Samos. This diversity is consistent with the period and the location of the island. In the 7th century BC, grapes had already been under cultivation for four millennia, and Samos was in contact with the whole Aegean world and probably with the Near East. Exchanges and, possibly, local experimentations must therefore have led to a high level of grapevine diversity. In addition to locally cultivated grapes, wild grapes could also have been gathered and offered. Fruits from other areas may have been imported, especially since other possibly imported fruit were recovered in the sanctuary. Moreover, such a sanctuary must have brought people from Asia Minor to Samos who may have imported products from eastern areas as offerings.

In further studies, material from other archaeological sites must be studied in order to understand the evolution and the geographic variation of Greek grapevine diversity more precisely. Moreover, comparisons with archaeological seeds from other areas may offer new insights into the history and spread of grapevine cultivation and domestication.

Fig. 1

 1 Fig. 1 Pips photographed in dorsal and lateral views, showing morphological dissimilarities in the shape and length of the stalk

Fig. 4

 4 Fig. 4 UPGMA dendrogram based on Mahalanobis distance among wild grapevine individuals and cultivars. The discrimination value for each group or sub-group is presented

Fig. 5

 5 Fig. 5 Number of archaeological pips allocated to the groups defined by UPGMA cluster analysis; the dendrogram is based on Mahalanobis distances among grapevine wild individuals and cultivars
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