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Abstract

:

Seed shape descriptions of species of Vitis have traditionally been based on adjectives comparing overall shape with geometric figures, such as oval, elongated oval, and pear-shaped, corresponding to higher values of the Stummer index (lower aspect ratio) for oval, and lower values of the Stummer index for pear shape (or elongated seeds, with a higher aspect ratio). Analytical, quantitative descriptions of shape have recently been applied to diverse genera of Vitaceae and cultivated varieties of Vitis. Here, we present the application of three quantitative methods to the seed shape description of ten species of the genus Vitis and three species of related genera (Ampelopsis, Cissus and Parthenocissus). First, general seed shape was described through comparisons using geometric models. For this, the average silhouettes of representative seed populations were used as models for shape quantification. Two additional quantitative methods were based on the measurement of bilateral symmetry and curvature analysis in the apex. Quantitative methods for shape description based on similarity with the models give an accurate account of the relationships between Vitis species. The resulting dendrogram is like the dendrogram obtained from a combined analysis using the data from general measurements and curvature and symmetry analyses. The original methods presented here for seed morphology are useful for analyzing the phylogenetic relationships between species of Vitis.
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1. Introduction


Grapevines are economically important fruit crops produced from hundreds of varieties traditionally cultured worldwide and belonging to the genus Vitis L. (Vitaceae Juss.), which comprises eighty-one species of climbers and shrubs of wide distribution in America, Africa, Asia and Europe [1,2,3,4,5]. Although the European varieties of Vitis vinifera L. were traditionally considered to proceed from the domestication of V. vinifera subsp. (or var.) sylvestris, recent work presents a more complex panorama, with most of the wild European specimens of grapevines belonging to a complex group of foreign invader taxa, including true and hybrid species of V. riparia Michx., V. rupestris Scheele, V. berlandieri Planch. and others [6,7,8], whose rootstocks, mostly coming from North America, were used as graftstock to defend the European grapevine against the phylloxera disease that invaded European cultures in the late decades of the 19th century [6,7,8].



The morphological description of Vitis seeds may contribute to the taxonomy of species in this genus, as well as to the description of its varieties. As for other plant species, seed morphology has relied traditionally on diverse measurements as well as on the qualitative appreciation of overall seed shape based on adjectives reflecting similarity with geometric forms, such as cordate, globose, oval, pear-shaped, rounded, squat or triangular [9,10,11,12,13,14,15,16], assuming generally smaller and more rounded seeds in wild specimens and more elongated, pear-shaped seeds in cultivated varieties [17]. Quantitative analytical methods include those based on the Fourier transform [18,19,20,21,22,23], and also the direct comparison with reference images, and to this end, a series of geometric models have been applied for the seeds in the Vitaceae [24,25], and more specific models have been adjusted to define seed shape in varieties of Vitis representative of the biodiversity in the Spanish germplasm collection stored at the Instituto Madrileño de Investigación Agraria y Desarrollo Rural, Agrario y Alimentario (IMIDRA), Finca “El Encin”, Alcalá de Henares, Madrid [25].



In addition to overall seed shape description, other quantitative aspects in the analysis of seed morphology comprise the measurement of symmetry and curvature in the apex. Both aspects have been recently applied to seeds of representative species of the Cucurbitaceae [26]. The curvature of a plane curve is a magnitude that measures the rate at which the tangent line turns per unit distance moved along the curve. To determine curvature in the curve formed by the image of a natural organ, such as the root or the seed apex, first, Bézier curves are obtained, representing the corresponding silhouettes. Curvature was measured in the root apex of Arabidopsis Heinh. (Brassicaceae), showing reduced values in ethylene-insensitive mutants (etr1-1 and ein2-1) [27], as well as under hydrogen peroxide treatment [28]. In addition, curvature analysis allowed for the differentiation of morphotypes in wheat kernels [29] and the definition of three groups of seeds in cultivated grapevine varieties, depending on the shape of the seed apex [30]. While in most cultivars, the seed apex is plane, others have an acute seed apex, with a single maximum of curvature, or intermediate types. The variation found in curvature types, together with the similarity to models, may contribute to the establishment of relationships in the taxonomy of Vitis. Increases in the sizes of berries and seeds, a consequence of the process of domestication, are accompanied by increased carbohydrate accumulation, cuticle deposition and seed thickening, resulting in a broader seed apex. The original methods reported here for seed morphological analysis can be an interesting complement in the description, identification, and classification of the species of the genus in the study of phylogenetic relationships between the species and varieties of Vitis, which are currently being investigated via molecular analysis.




2. Materials and Methods


2.1. Seeds of Vitis Species and Relatives


Table 1 presents a list of the species analyzed in this work. These include Ampelopsis aconitifolia Bunge, Cissus verticillata (L.) Nicolson and C.E. Jarvis, Parthenocissus quinquefolia (L.) Planch, nine species of Vitis L. and the hybrid Vitis x doaniana Munson ex Viala, resulting from the cross V. acerifolia × V. mustangensis [5]. Seeds were obtained from plants grown at IMIDRA, except for Cissus verticillata. Seeds of C. verticillata were collected at Pastaza (Ecuador) in disturbed areas and, after being photographed, the seeds were returned to the wild.




2.2. Photography


Photographs were captured using a Sony ILCE 5100 digital camera equipped with an AF-S Micro NIKKOR 60 mm 1:2.8 G ED objective (Nikon, Tokio, Japan). They were organized in groups of 20 seeds per species as JPEG images (300 ppp). Color photographs were converted to grayscale silhouettes and kept as images of 20 seeds per species for the analyses of general morphological characters and symmetry, and comparison with models. Both the seed images and silhouettes are available in Zenodo (See Supplementary Materials).




2.3. General Morphological Descriptors


Photographs were used to derive data on seed area (A), perimeter (P), length of the major axis (L), length of the minor axis (W), aspect ratio (AR is the ratio L/W), circularity (C), roundness (R), and solidity (S). These measurements were conducted using the Image J program (version v1.8.0) [32]. The seeds were vertically oriented, with length and width corresponding, respectively, with the vertical and horizontal Feret diameters. Feret, or caliper diameters, are the distances between two parallel planes restricting the object. The circularity index and roundness were calculated as described [33,34,35].




2.4. Average Silhouettes for Each Species


Average silhouettes represent the typical shape of each set of 20 silhouettes of every species. The protocol used to extract average silhouettes from a set of images has been described by Cervantes et al. [25] (See Supplementary Materials). Average silhouettes were used as models for comparisons with images of all species. Models were denoted with the initial “M” followed by the first four letters corresponding to genera or species such as Maest, Mamur, Mberl, etc., for Vitis species and MAmpe, MCiss, and MPart for the models corresponding to Ampelopsis aconitifolia, Cissus verticillata and Parthenocissus quinquefolia, respectively.




2.5. Quantification of Seed Shape by the J Index


Average silhouettes were used as models for shape quantification. For this purpose, the average silhouette for each species was compared to 20 seed silhouettes of all species.



The J index was calculated as the percentage of similarity between each seed image and the corresponding model. To perform this calculation, the model was superimposed upon the seed image, and two copies of the combined image were created: one with the model in white and the other with the model in black (Figure 1). The areas of both regions were quantified with Image J. The area with the model in black is the total area, and the area with the model in white is the area shared between each image and the model. J index is the percent of similarity between the seed image and the model and is calculated as follows:


  J   i n d e x =   S h a r e d   a r e a   T o t a l   a r e a   × 100  











The images used for J index calculations are available at Zenodo (See Supplementary Materials).
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Figure 1. Figures resulting from the superposition of models to seed images and treatment with Image J. In the three seeds above, the models are stored in white, and only the common region between seed and model is measured (shared area), while in the seed images below, the models are stored in black (red after thresholding), thus the area measured is the sum of the area occupied by the seed and that occupied by the model (Total area). The image corresponds to three seeds of V. aestivalis with the average silhouette of this species. J indices for these seeds are 90.0, 88.1 and 88.3, respectively. 
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2.6. Symmetry Analysis


Similar to the calculation of J index, the quantification of bilateral symmetry involved comparing two images. In this case, the model used was the silhouette of the horizontal reflection of each seed. The images used for symmetry calculations are available at Zenodo (See Supplementary Materials).




2.7. Curvature Analysis


Maximum and mean curvature values, along with the ratio between maximum and mean curvature, were determined for the apical side of seeds for each species following established procedures [27,28,29,30] (see Supplementary Materials). Curvature measurements were conducted automatically with the function Analyze line graph of Image J. Between 20 and 25 representative seeds were analyzed for each species. Vertically oriented images (JPEG) were opened in Image J and converted to 8-bit, and threshold values were then adjusted. The curve corresponding to the seed apex was selected from the outlines, and a new threshold was defined before the corresponding line graph was analyzed to give the x and y coordinates. The coordinates served as the basis for calculating the Bézier curves and the corresponding curvature values in Mathematica according to published protocols [27,28,29,30]. Curvature was given in micron−1 × 1000; thus, a curvature of 20 corresponds to a circumference of 50 microns (1/50 × 1000) and a curvature of 2 corresponds to a circumference of 0.5 mm. A quotient from the maximum and mean curvatures close to 1 indicates a curve approaching the arc of a circumference with radius equal to the inverse of mean curvature value.




2.8. Statistical Analysis


Due to heterogeneity in sample sizes or in their distributions, Kruskal Wallis test was used to analyze differences between populations for the measurements. Statistical analyses were conducted with IBM SPSS statistics v28 (SPSS 2021). Coefficients of variation were calculated according to [36].





3. Results


3.1. General Morphological Measurements


Table 2 contains a summary of the mean values for area (A), perimeter (P), length (L), width (W), circularity (C), aspect ratio (AR), roundness (R) and solidity (S) for seeds of the species analyzed. There were significant differences in all measurements and, as reported in the analysis of seed shape in other plant families [37], the lowest coefficients of variation were found in solidity. With the exceptions of V. amurensis, V. californica, and V. rupestris, the species of Vitis were larger than those of the other three genera. The lowest values of size measurements (A, P, L, W) corresponded to Ampelopsis aconitifolia, followed by Cissus verticillata. The largest size was found for V. labrusca, followed by V. doaniana. The lowest circularity was observed in C. verticillata and V. aestivalis, followed by a second group including V. labrusca and V. riparia. The aspect ratio varied between 1.14 (Parthenocisus quinquefolia) and 1.69 (Vitis aestivalis). Among Vitis species, V. amurensis, V. californica, V. candicans, V. doaniana, V. labrusca and V. rupestris had similar aspect ratio values between 1.29 and 1.35. The values of aspect ratio are inverse to those of the Stummer index, a traditional measurement used in Viticulture. For the Vitis species used in this study, the Stummer index is indicated in the footer of Table 2. Significant differences were found in the variable solidity with the highest values corresponding to the group formed by Parthenocisus quinquefolia, V. californica, and V. candicans, whereas the lowest value was found for V. labrusca.




3.2. Average Silhouettes of Representative Species


Figure 2 shows the average silhouettes for each species. A total of twelve average silhouettes were compared with 20 seeds representative of each species.




3.3. Comparison of Seed Shape between Species by the J Index


The average silhouette for each species was used to calculate the mean J index values against the 20 seed images of each species, and the results are shown in Table 3. Despite all models showing the highest value for the species, some models display maximum values for other species. In the case of the model derived from the average silhouette of V. californica, maximum values resulted from all the combinations except for that with V. aestivalis. This is the result of a large variation in seed shape in this species. The difference between the value given by a model for its own species and the value for another species indicates species-specific shape, and this was remarkable in A. aconitifolia, C. verticillata, P. quinquefolia, V. aestivalis, and V. riparia. This difference did not appear in the other species. In particular, the models of V. berlandieri, V. californica, V. candicans, V. doaniana and V. rupestris gave relatively high values of J index with different species. The dendrogram resulting from the comparisons is shown in Figure 3. A similar dendrogram resulted from the combined analysis with data resulting from general measurements, as well as curvature and symmetry analyses.



The dendrogram in Figure 3 shows the hierarchical relationship between species. The species of Vitis are categorized into two main groups, with five and three species, respectively. The position of V. aestivalis outside of these two groups requires further confirmation. In the major group, V. riparia and V. berlandieri appear closely related, while V. amurensis and V. doaniana are close together in another branch.




3.4. Curvature Analysis


3.4.1. Curvature Measurements


Table 4 presents the maximum and mean curvature values and maximum to mean rate for 12 species. The maximum curvature was between 2.16 and 5.07 and distributed in the species forming five groups with significant differences between them. The highest values were observed in Ampelopsis aconitifolia, Cissus verticillata and V. berlandieri, followed by V. amurensis and V. doaniana; a third group included Parthenocissus quinquefolia, V. labrusca and V. rupestris. Intermediate low values were found for V. aestivalis, and the lowest values were found in V. californica. V. candicans had values between those of V. aestivalis and V. riparia, and this species had values close to that of P. quinquefolia. Mean curvature values were between 0.35 (V. labrusca) and 0.65 (Cissus verticillata), and split the species into five groups, with some intermediate values between them. The highest mean curvature corresponded to Ampelopsis aconitifolia and Cissus verticillata, followed by V. aestivalis. A third group was formed by V. berlandieri and V. doaniana, followed by V. riparia, and finally the lowest mean curvature values corresponded to V. labrusca. Ratio max. to mean curvature values were between 4.57 (V. californica) and 10.08 (V. berlandieri), indicating that the mean curvature values were considerably lower than the maximum values.




3.4.2. Seed Morphological Analysis


Depending on the shape of the apex, the seeds were divided into three groups: seeds with one point of maximum curvature (acute), seeds with two peaks (plane) and seeds of a mixed type with one or two peaks, variable among the seeds. The first group (see Section 1) includes A. aconitifolia, C. verticillata, P. quinquefolia and three species of Vitis: V. amurensis, V. doaniana, and V. labrusca. The second group (see Section 2) is composed of four species of Vitis: V. aestivalis, V. berlandieri, V. candicans and V. rupestris. The group of species with mixed types of seed peaks includes V. californica and V. riparia; see Section 3. The following sub-sections contain images with a representative example of each of these three types. The remaining are given in Appendix A.



Section 1: Genera and Species with One Point of Maximum Curvature at Their Seed Apex (Acute)


Figure 4 shows the images of four seeds of A. aconitifolia with the Bézier curves representing their apex and the corresponding curvature values. Similar figures were obtained for the other species in this group (Figure A1, Figure A2, Figure A3, Figure A4 and Figure A5 in Appendix A).




Section 2: Species with Two Points of Maximum Curvature at Their Apex (Plane)


This group is composed of V. aestivalis, V. berlandieri, V. candicans and V. rupestris. Seed images, Bézier curves and curvature values for V. aestivalis are shown in Figure 5, and for the other three species they are shown in Figure A6, Figure A7 and Figure A8 in Appendix A.




Section 3: Species of an Intermediate or Mixed Type at Their Apex (Acute and Plane)


The intermediate-type seeds included those of V. californica and V. riparia, as shown in Figure 6 and Figure 7, respectively.






3.5. Symmetry Analysis


The results of symmetry quantification in nine species of Vitis and three related species are presented in Table 5. The highest values of symmetry were found in P. quinquefolia, and the lowest were found in V. labrusca. Among the Vitis species, significant differences were found between V. labrusca and all the other species, as well as between V. rupestris (with higher values) and V. aestivalis and V. amurensis (with lower values).





4. Discussion


Seeds within the Vitaceae family exhibit a diverse range of shapes, often featuring protrusions of varying sizes and shapes on their surfaces across different genera [38]. In genera such as Vitis and its relatives, seeds typically possess a slightly compressed, rounded shape with a discernible polarity in length. This polarity distinguishes an apical side, where they attach to the berry pedicel, from a free basal side, which tends to be more rounded. Variable bilateral symmetry is observed along the major axis, while in the third dimension (height), the dorsal side tends to be more rounded compared to the ventral side, which may contain a rib. Consequently, seeds may exhibit characteristic forms, ranging from a water drop to a heart shape [24,25,38].



An often-overlooked aspect in seed shape analysis is the stability of shape within populations, whether within defined populations at specific stages or across populations of the same species grown under different geographical or climatic conditions. Low J index values for seeds within a population, when tested against the average silhouette of the same population, indicate significant shape variation. This phenomenon was observed in populations of V. californica and V. aestivalis in this study, with respective J index values of 86.5 and 87.5, and, to a lesser extent, in V. riparia, V. rupestris and V. labrusca (88.1, 88.3, and 88.6 respectively). High coefficients of variation for general morphological measurements in these populations further support the notion of shape variation. Other populations corresponding to different species exhibited J index values close to or over 90, indicating shape homogeneity within those populations. Another significant aspect concerns the similarity of seed shapes between different populations of the same species. For instance, seed images of V. aestivalis shown on the University of Michigan website [39] are different from those in our study (see later). Similarly, the seeds of V. labrusca in Ardeghi et al. [40] are also slightly different than those here and in our previous work [24]. It remains to be investigated whether these variations are due to environmental factors and the extent of shape variation between populations of each species. Considering the scarcity of recent morphological studies compared to molecular analyses, further research is warranted to enhance our understanding of shape variation in seed populations.



The results of shape comparison with models derived from average silhouettes have been expressed in terms of J index, representing the percentage of similarity between seed images and the average silhouette of each species. These relationships were visualized in a dendrogram. Phylogenetic dendrograms of Vitis and related species have been elaborated using various DNA sequence-based methods, generally indicating clear separation between genera such as Cissus, Ampelopsis and Parthenocissus from Vitis species [41,42,43,44]. In our dendrogram, the species of different genera, Ampelopsis aconitifolia, Cissus verticillata, and Parthenocissus quinquefolia, were dispersed among the species of Vitis. From the point of view of shape analysis, it may be interesting to note the increased similarity with Ampelopsis, Cissus or Parthenocissus in the different species of Vitis, as was recently observed in Cucurbitaceae [26]. However, as observed in Cucurbitaceae, these results underscore the limitations of using the J index with geometric models in taxonomy beyond the genus level. The application of seed shape analysis to taxonomic categories higher than genera results in a high degree of homoplasy, where a parallel evolution of a given character in different groups does not necessarily reflect a phylogenetic relationship [45]. Nevertheless, the dendrogram based on the J index was very similar to the dendrogram resulting from the analysis performed using data from the general measurements, as well as curvature and symmetry analysis, indicating the applicability of J index as a general measurement for taxonomic purposes at the infra-generic level. Additionally, our results align with the relationship between Vitis species observed in dendrograms based on molecular analysis, particularly the associations between V. riparia and V. berlandieri, as well as between V. amurensis and V. doaniana [43].



In the dendrogram, species of Vitis could be grouped into two distinct clusters. One included V. rupestris, V. californica and V. candicans, associated to Ampelopsis aconitifolia, and the other was formed from the remaining species, associated with Cissus verticillata. The first group (associated with Ampelopsis) had, in general, lower curvature values, while species with higher curvature values (V. berlandieri, V. amurensis, V. doaniana, V. labrusca, V. riparia) were found in the second group. The species with the highest value of aspect ratio, V. aestivalis, gave lowest values of J index when compared to other species. In consequence, this species was clearly divergent in the dendrogram based on all J index values.



An intriguing aspect is the comparison of seed morphology between Vitis species and varieties and cultivars of V. vinifera. Most species described here displayed low aspect ratios between 1.28 and 1.5 (Stummer index between 0.74 and 0.78). In archeobotany, the seeds found with these values are sometimes described as V. sylvestris [17], and in fact, their average silhouettes resemble the model described for this species [25]. On the other hand, lower values of Stummer index are attributed to cultivated V. vinifera varieties. However, the values observed for V. aestivalis seeds in this study, corresponding to a Stummer index of 0.54, indicate elongated seeds in some species other than V. vinifera, at least under cultivation. Nevertheless, this finding contradicts data from other sources [39,43], where V. aestivalis seeds had a higher Stummer index, and must be interpreted with caution, until the results of further analysis with other populations of V. aestivalis are available.



It is widely accepted that most European Vitis cultivars originated from the domestication of V. vinifera ssp. sylvestris (C.C.Gmel.) Hegi (wild grape) [46,47,48]. Nevertheless, the possibility that some cultivated varieties had their origin in other species remains open as a subject of further investigation. Among the species assessed in this work, V. aestivalis, V. berlandieri, V. labrusca, and V. rupestris have already been recognized as allochthonous and naturalized in Europe [49]. The adscription of a given shape to a Vitis species, variety or form requires the analysis of many seeds with multiple origins and diverse growth conditions.




5. Conclusions


The comparative analysis of seed shapes across genera within different tribes of the Vitaceae family indicates a high degree of homoplasy in this family that probably prevents taxonomic application in categories higher than genus. Nevertheless, within the same genus, there can be a quantitative application, as demonstrated here in the case of Vitis. As Vitis is a genus with species both wild and domesticated in the Mediterranean area, with hard seeds and frequently found in archeological sites, the use of seed morphological methods based on shape quantification and comparison is a promising technique in paleobotany and archeology, as well as for the phenotyping of varieties. The protocols developed here contribute to establishing relationships between Vitis species and varieties, and allow us to check hypotheses, such as whether the origin of the cultivated varieties was within V. vinifera var. sylvestris, as is currently accepted, or whether other species of Vitis may be at the origin of some cultivars.








Supplementary Materials


The following are available at Zenodo (https://zenodo.org/uploads/10628169; accessed on 18 February 2024): (1) Seed images of all species analyzed (JPEG, color, used in curvature analysis; JPEG, black and white, used for general morphological measurements, symmetry and J index calculation). (2) Images used for J index calculation. (3) Images used for symmetry analysis. (4) Mathematica files for curvature analysis. The protocol to derive average silhouettes is described in: https://zenodo.org/record/4478344#.YBPOguhKiM8; accessed on 18 February 2024.
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Appendix A


Figure A1, Figure A2, Figure A3, Figure A4 and Figure A5. Curvature analysis in seeds representative of the acute type (one point of maximum curvature). Figure A1, Figure A2, Figure A3, Figure A4 and Figure A5 contain four representative seeds of C. verticillata, P. quinquefolia, V. amurensis, V. doaniana and V. labrusca, respectively, with the Bézier curves representing their apex and the corresponding curvature values.
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Figure A1. Four representative seeds of Cissus verticillata with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature. 






Figure A1. Four representative seeds of Cissus verticillata with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature.



[image: Horticulturae 10 00285 g0a1]







[image: Horticulturae 10 00285 g0a2] 





Figure A2. Four representative seeds of Parthenocissus quinquefolia with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature. 






Figure A2. Four representative seeds of Parthenocissus quinquefolia with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature.
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Figure A3. Four representative seeds of Vitis amurensis with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature. 






Figure A3. Four representative seeds of Vitis amurensis with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature.
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Figure A4. Four representative seeds of Vitis x doaniana with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature. 
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Figure A5. Four representative seeds of Vitis labrusca with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature. 
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Figure A6. Four representative seeds of Vitis berlandieri with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature. 
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Figure A7. Four representative seeds of Vitis candicans with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature. 
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Figure A8. Four representative seeds of Vitis rupestris with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature. 
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Figure 2. Average seed silhouettes of species analyzed. Bar represents 1 cm. 
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Figure 3. Dendrogram showing the relationship between species analyzed based on their similarity with the models from average silhouettes of each species. 
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Figure 4. Four representative seeds of Ampelopsis aconitifolia with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature. 
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Figure 5. Four representative seeds of Vitis aestivalis with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature. 
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Figure 6. Four representative seeds of Vitis californica with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature. 
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Figure 7. Four representative seeds of Vitis riparia with their respective Bézier curves representing their apex and the corresponding curvature values. Bar represents 5 mm. Solid lines in blue: Bézier curve. Solid lines in green: curvature. Dashed lines: mean curvature. 
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Table 1. Species analyzed in this work. Tribes are major clades in the Vitaceae as recognized in [31].
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	Species
	Tribe





	Ampelopsis aconitifolia Bunge
	Ampelopsideae



	Cissus verticillata (L.) Nicolson and C.E. Jarvis
	Cisseae



	Parthenocissus quinquefolia (L.) Planch.
	Parthenocisseae



	Vitis aestivalis Michx.
	Viteae



	Vitis amurensis Rupr.
	Viteae



	Vitis berlandieri Planch.
	Viteae



	Vitis californica Parry
	Viteae



	Vitis candicans Engelm. ex A.Gray
	Viteae



	Vitis x doaniana Munson ex Viala
	Viteae



	Vitis labrusca L.
	Viteae



	Vitis riparia A. Gray
	Viteae



	Vitis rupestris Scheele
	Viteae










 





Table 2. Results of the comparison (Kruskal–Wallis test) of general morphological measurements, indicating the mean values (coefficients of variation between parentheses) for area (A), perimeter (P), length (L), width (W), circularity (C), aspect ratio (AR), roundness (R) and solidity (S) of the seed images for 10 species of Vitis and three related species. P, L and W are given in mm; A is given in mm2. Different super index letters indicate significant differences between numbers in each column.
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	Species
	A
	P
	L
	W
	C
	AR
	R
	S





	Ampelopsis aconitifolia Bunge
	9.71 a

(6.4)
	12.37 a

(4.4)
	3.90 a

(4.1)
	3.17 a

(3.7)
	0.80 efg

(4.0)
	1.23 b

(4.5)
	0.81 e

(4.5)
	0.975 e

(0.8)



	Cissus verticillata (L.) Nicolson and C.E. Jarvis
	11.65 b

(5.5)
	14.44 b

(3.6)
	4.55 b

(3.1)
	3.26 b

(3.1)
	0.70 a

(5.5)
	1.40 d

(2.8)
	0.72 c

(2.7)
	0.957 b

(0.6)



	Parthenocisus quinquefolia (L.) Planch.
	14.84 d

(6.3)
	15.24 c

(3.2)
	4.64 b

(4.9)
	4.07 f

(5.0)
	0.80 fg

(2.8)
	1.14 a

(7.6)
	0.88 f

(7.6)
	0.982 f

(0.4)



	Vitis aestivalis Michx.
	17.92 f

(8.5)
	17.87 f

(4.3)
	6.21 gh

(6.0)
	3.68 c

(6.4)
	0.70 a

(4.1)
	1.69 f

(9.4)
	0.60 a

(9.8)
	0.961 bc

(1.62)



	Vitis amurensis Rupr.
	13.95 c

(4.90)
	14.73 b

(3.0)
	4.85 c

(3.3)
	3.66 c

(3.4)
	0.81 g

(2.6)
	1.32 c

(4.4)
	0.76 d

(4.4)
	0.973 de

(0.42)



	Vitis berlandieri Planch.
	17.40 ef

(5.2)
	15.95 e

(3.0)
	5.70 e

(4.2)
	3.89 de

(4.7)
	0.76 c

(3.0)
	1.47 e

(7.2)
	0.68 b

(7.2)
	0.971 d

(0.5)



	Vitis californica Parry
	14.67 cd

(10.0)
	15.19 c

(5.5)
	4.99 c

(7.7)
	3.75 cd

(7.7)
	0.80 defg

(3.7)
	1.34 c

(12.1)
	0.76 de

(11.7)
	0.981 f

(0.5)



	Vitis candicans Engelm. ex A.Gray
	16.85 e

(7.9)
	16.62 de

(4.4)
	5.26 d

(4.2)
	4.08 ef

(7.1)
	0.77 cd

(7.1)
	1.30 bc

(8.9)
	0.78 def

(8.7)
	0.981 f

(0.46)



	Vitis doaniana Munson ex Viala
	22.21 h

(5.3)
	18.46 g

(2.5)
	5.96 f

(3.4)
	4.54 g

(4.3)
	0.78 cdef

(2.7)
	1.32 c

(5.8)
	0.76 d

(5.6)
	0.975 e

(0.4)



	Vitis labrusca L.
	23.81 i

(6.6)
	20.25 h

(5.1)
	6.39 h

(5.0)
	4.75 h

(3.9)
	0.73 b

(5.9)
	1.35 c

(5.9)
	0.75 d

(5.9)
	0.949 a

(1.4)



	Vitis riparia A. Gray
	19.35 g

(7.4)
	18.09 f

(3.8)
	6.07 fg

(4.5)
	4.06 f

(5.0)
	0.74 b

(3.4)
	1.50 e

(6.1)
	0.67 b

(6.1)
	0.963 c

(0.8)



	Vitis rupestris Scheele
	15.62 d

(13.8)
	15.90 cd

(7.7)
	5.05 c

(9.0)
	3.93 def

(6.0)
	0.77 cde

(3.8)
	1.29 bc

(6.4)
	0.78 de

(6.2)
	0.965 c

(0.9)







Values of aspect ratio are inverse to those of Stummer index (SI). The SI for 9 species of Vitis was as follows: V. aestivalis, 0.59; V. amurensis, 0.76; V. berlandieri, 0.68; V. californica, 0.75; V. candicans, 0.77; V. doaniana, 0.76; V. labrusca, 0.74; V. riparia, 0.67; V. rupestris, 0.78.













 





Table 3. Results of the comparison (Kruskal–Wallis test) of J index values in the seed images of different species with average silhouettes as models (coefficients of variation between parentheses). Different super index letters indicate significant differences between numbers in each column. Detached in bold are the values corresponding to seeds of a given species with their average silhouette included as the model. Abbreviations refer to the average silhouette of each species.
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Species

	
Model




	
MAac

	
MCve

	
MPqu

	
MVae

	
MVam

	
MVbe

	
MVca

	
MVcan

	
MVdo

	
MVla

	
MVri

	
MVru






	
A. aconitifolia

	
90.0 f

(1.6)

	
83.9 abc

(3.2)

	
88.7 e

(1.9)

	
73.2 b

(4.3)

	
88.5 cdef

(2.8)

	
86.5 bcd

(2.7)

	
87.3 cde

(1.5)

	
90.9 e

(1.7)

	
89.1 cd

(2.2)

	
84.6 bc

(3.3)

	
81.7 b

(3.8)

	
90.4 e

(1.7)




	
C. verticillata

	
86.1 cd

(1.8)

	
89.3 g

(0.9)

	
82.1 c

(2.0)

	
80.1 d

(2.0)

	
89.3 ef

(1.3)

	
89.8 fg

(1.2)

	
87.9 de

(0.9)

	
89.1 c

(1.1)

	
89.6 d

(1.2)

	
88.6 f

(1.0)

	
87.6 f

(1.0)

	
90.0 e

(1.6)




	
P. quinquefolia

	
87.5 de

(2.4)

	
80.5 a

(5.6)

	
90.2 f

(1.9)

	
66.6 a

(5.2)

	
84.2 ab

(5.5)

	
79.2 a

(6.3)

	
83.6 b

(4.7)

	
88.6 cde

(4.6)

	
85.7 b

(4.9)

	
81.6 a

(4.4)

	
77.7 a

(5.6)

	
85.2 b

(3.9)




	
V. aestivalis

	
76.9 a

(6.2)

	
83.5 abc

(3.8)

	
71.7 a

(6.7)

	
87.5 f

(4.3)

	
81.8 a

(5.6)

	
84.0 b

(4.8)

	
80.6 a

(5.3)

	
79.9 a

(6.0)

	
81.6 a

(5.3)

	
83.1 ab

(4.7)

	
84.9 cde

(3.8)

	
81.0 a

(5.2)




	
V. amurensis

	
87.8 e

(2.1)

	
87.1 f

(1.2)

	
85.4 d

(2.8)

	
77.1 c

(2.9)

	
91.1 g

(1.1)

	
89.3 efg

(2.1)

	
88.3 e

(1.0)

	
91.2 e

(1.7)

	
91.2 e

(1.0)

	
87.9 ef

(1.8)

	
86.1 de

(1.8)

	
90.3 e

(1.1)




	
V. berlandieri

	
84.8 c

(3.8)

	
86.3 def

(1.6)

	
80.4 bc

(5.0)

	
81.9 d

(4.4)

	
89.0 ef

(3.1)

	
89.9 g

(2.5)

	
86.9 cde

(3.0)

	
87.9 bc

(3.7)

	
88.4 cd

(3.6)

	
86.3 cde

(2.6)

	
87.0 ef

(1.9)

	
86.9 bcd

(3.6)




	
V. californica

	
86.4 cde

(4.0)

	
82.6 ab

(4.0)

	
85.6 de

(6.5)

	
75.6 bc

(8.3)

	
86.7 bc

(2.5)

	
85.7 bcd

(4.1)

	
86.5 bcde

(3.3)

	
88.8 cde

(3.9)

	
86.9 b

(2.4)

	
84.4 b

(2.7)

	
81.8 bc

(6.1)

	
86.4 bc

(2.9)




	
V. candicans

	
87.9 e

(2.3)

	
84.4 bcd

(2.6)

	
87.0 de

(4.1)

	
75.6 bc

(5.2)

	
89.0 def

(2.6)

	
86.1 bcde

(4.6)

	
87.4 de

(2.0)

	
91.4 e

(2.0)

	
89.0 cd

(2.0)

	
85.6 bcd

(2.7)

	
83.2 bcd

(4.1)

	
88.8 d

(1.7)




	
V. doaniana

	
87.9 e

(2.2)

	
86.4 ef

(2.7)

	
85.3 d

(3.6)

	
77.2 c

(4.3)

	
90.4 fg

(1.8)

	
87.8 cdef

(2.9)

	
87.7 de

(1.7)

	
90.9 e

(1.8)

	
90.7 e

(2.0)

	
87.5 def

(2.3)

	
84.8 cd

(3.0)

	
90.0 e

(2.0)




	
V. labrusca

	
85.0 c

(3.2)

	
85.4 cde

(2.2)

	
81.9 c

(4.4)

	
77.9 c

(3.1)

	
87.4 cde

(3.3)

	
85.3 bc

(3.1)

	
85.3 bc

(2.9)

	
88.9 cd

(2.6)

	
88.7 cd

(2.6)

	
88.6 f

(2.1)

	
83.6 bc

(2.7)

	
87.9 cd

(3.1)




	
V. riparia

	
82.5 b

(3.2)

	
87.3 f

(1.6)

	
78.0 b

(3.5)

	
84.5 e

(3.4)

	
87.5 cd

(2.7)

	
89.3 fg

(1.8)

	
86.2 bcd

(2.0)

	
86.4 b

(3.0)

	
87.3 bc

(2.5)

	
86.9 de

(2.2)

	
88.1 g

(1.6)

	
85.9 b

(2.9)




	
V. rupestris

	
88.3 e

(2.4)

	
86.8 ef

(2.6)

	
87.3 de

(2.0)

	
77.2 c

(3.7)

	
89.3 ef

(1.3)

	
88.3 def

(2.4)

	
87.7 de

(1.4)

	
90.8 de

(1.3)

	
90.3 de

(1.1)

	
87.8 ef

(2.2)

	
85.0 cd

(3.3)

	
90.9 e

(1.4)











 





Table 4. Results of the comparison (Kruskal–Wallis test) of curvature in the seed apex, indicating the mean values (coefficients of variation between parentheses) for maximum curvature (Max C.), mean curvature (Mean C.) and Max to mean curvature ratio (Ratio) for 10 species of Vitis and 3 related species. Different super index letters indicate significant differences between means for the same measurement (same column). N is the number of seeds analyzed. Curvature values are given in mm−1.






Table 4. Results of the comparison (Kruskal–Wallis test) of curvature in the seed apex, indicating the mean values (coefficients of variation between parentheses) for maximum curvature (Max C.), mean curvature (Mean C.) and Max to mean curvature ratio (Ratio) for 10 species of Vitis and 3 related species. Different super index letters indicate significant differences between means for the same measurement (same column). N is the number of seeds analyzed. Curvature values are given in mm−1.





	Species
	N
	Max C.
	Mean C.
	Ratio





	Ampelopsis aconitifolia Bunge
	20
	5.07 f (22.87)
	0.59 g (4.58)
	8.60 def (25.05)



	Cissus verticillata Nicolson and C.E. Jarvis
	20
	5.03 f (26.65)
	0.65 g (30.73)
	10.0 ef (25.26)



	Parthenocisus quinquefolia (L.) Planch.
	21
	3.08 d (15.87)
	0.47 de (14.66)
	6.56 c (12.73)



	Vitis aestivalis Michx.
	18
	2.53 b (17.92)
	0.64 f (57.89)
	4.98 b (57.81)



	Vitis amurensis Rupr.
	20
	4.15 e (14.31)
	0.52 ef (5.38)
	7.94 de (12.91)



	Vitis berlandieri Planch.
	10
	4.79 f (8.72)
	0.48 d (3.25)
	10.08 f (10.63)



	Vitis californica Parry
	20
	2.16 a (66.69)
	0.50 def (17.75)
	4.57 a (91.66)



	Vitis candicans Engelm. ex A.Gray
	20
	2.54 bc (19.13)
	0.37 ab (11.03)
	6.91 c (19.31)



	Vitis doaniana Munson ex Viala
	19
	4.13 e (14.43)
	0.48 d (11.00)
	8.74 ef (17.32)



	Vitis labrusca L.
	19
	3.39 d (41.78)
	0.35 a (15.70)
	9.91 ef (45.46)



	Vitis riparia A. Gray
	22
	3.12 cd (38.34)
	0.44 c (12.85)
	7.03 cd (34.27)



	Vitis rupestris Scheele
	22
	3.30 d (21.17)
	0.40 b (15.15)
	8.39 def (22.97)










 





Table 5. Percent of symmetry in nine species of Vitis and three related species (coefficients of variation between parentheses). Different super index letters indicate significant differences between means for the same measurement (same column).
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	Species
	Symmetry





	Ampelopsis aconitifolia Bunge
	92.28 cde (2.1)



	Cissus verticillata (L.) Nicolson and C.E. Jarvis
	91.23 bcd (1.6)



	Parthenocissus quinquefolia (L.) Planch.
	92.40 e (1.8)



	Vitis aestivalis Michx.
	90.85 b (1.6)



	Vitis amurensis Rupr.
	91.25 bc (0.8)



	Vitis berlandieri Planch.
	91.70 bcde (1.7)



	Vitis californica Parry
	92.13 bcde (1.9)



	Vitis candicans Engelm. ex A.Gray
	91.33 bcd (1.3)



	Vitis doaniana Munson ex Viala
	90.99 bcde (3.0)



	Vitis labrusca L.
	88.57 a (2.6)



	Vitis riparia A. Gray
	91.53 bcde (1.6)



	Vitis rupestris Scheele
	92.51 de (1.4)
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