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Abstract

Seeds are the result of sexual reproduction, containing the embryo that stores genetic
information from past generations, surrounded by protective and nutritional tissues. In
Vitis, seed morphology provides valuable insights into varietal diversity and domestication
processes. In the context of transitioning toward sustainable viticulture, understanding
varietal diversity provides key insights into crop evolution and adaptation. This study
explores relationships in seed morphology among 91 varieties conserved in the Portuguese
Ampelographic Collection (PRT 051 in FAO). Based on images of well-oriented seeds,
outline geometry was described using Fourier coefficients and curvature values measured
at key points along the outline. Seeds were classified according to their similarity to four
reference models: Sylvestris, Hebén, Traminer, and Koenigin der Weingaerten. A high
proportion of cultivars showed strong similarity to the Koenigin der Weingaerten model,
suggesting an advanced stage of domestication. In contrast, very few cultivars matched
the Sylvestris model. Significant differences in curvature values were observed among
groups. The results confirm known pedigree relationships and the key role played by
ancient varieties and provide new insights into the evolution of seed morphology during
grapevine domestication. Among cultivars resembling the Koenigin der Weingaerten
model, some result from crosses involving Iberian and European varieties, suggesting that
the different Vitis haplotypes may be associated with progressive stages during the process
of domestication that define the current resilience of Mediterranean grapevines.

Keywords: curvature; grape diversity; models; morphometrics; Portuguese ampelographic
collection; shape analysis; solidity

1. Introduction
The currently accepted view of viticulture, based on traditional knowledge and sup-

ported by modern bioinformatic and genetic models, proposes that grape domestication
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originated from the Eurasian wild grapevine (Vitis vinifera subsp. sylvestris; hereafter V.

sylvestris) with the dawn of agriculture in the Neolithic (around 11,000 years ago) in two
regions: Western Asia and the Caucasus [1–4]. Today, thousands of Vitis vinifera L. cultivars
are the result of a long history of complex relationships between humans and grapes [5].
Nevertheless, a reduced group of selected cultivars account for a large proportion of wine
and table grape production. Examples include Cabernet Sauvignon and Tempranillo among
wine grapes and Kyoho, Red Globe, and Sultana among table grapes. Understanding the re-
lationships between cultivars can help to clarify the genetic basis and potential application
of desired agronomic traits.

Pedigree analyses based on SSR (simple sequence repeats) and SNP (single-nucleotide
polymorphism) markers reveal family relationships between hundreds of cultivars estab-
lishing progenies, sometimes derived from a unique ancestor and representing some of the
major haplotypes [4,6]. While Savagnin Blanc (Traminer) was fundamental in the formation
of Central European cultivars [6,7], the female cultivar Hebén (syn. Mourisco Branco in
Portugal), with dozens of cultivars in its progeny including Cayetana Blanca (syn. Sarigo
in Portugal), played a crucial role in the development of viticulture in the Iberian Penin-
sula [8,9]. Nevertheless, as in traditional genealogical analysis, the history of viticulture
reaches certain limiting points from which the history of cultivars becomes obscure, and it
becomes difficult to obtain further information. While some Portuguese cultivars, including
Alfrocheiro (syn. Bruñal, Bastardo Negro, and Baboso Negro in Spain), are in the progeny
of Savagnin Blanc (Traminer), others are the result of crosses involving either Savagnin
Blanc or Alfrocheiro with Hebén or its offspring, Cayetana Blanca [9,10]. Beyond those
points, the genealogical record stops, and the progenitors of Traminer or Hebén are, as for
many other traditional cultivars, unknown. The Iberian Peninsula is rich in cultivars of
unknown origin that may be useful for understanding grapevine relationships.

Seed morphology has traditionally been used to differentiate between V. sylvestris and
V. vinifera cultivars. The seeds of V. sylvestris are smaller and exhibit what is known as the
‘wild syndrome’, characterized by rounded, relatively wide seeds with a very short beak or
stalk [11–15]. The morphological characterization of seeds is based on measurements like
the Stummer and Mangafa and Kotsakis indexes [11,16], as well as other combinations of
lineal measurements [14]. We have proposed two original methods: J-index, a measurement
of the similarity between the outline of a seed and a geometric model and a curvature
analysis of the seed outlines [17–19], showing that, in addition to identifying relationships
between wild and domesticated forms, seed shape can be used to discriminate among
cultivars [20].

Six basic haplotypes among the Vitis cultivars were described corresponding to table
grape varieties from Central Asia (CG1), cultivars from the Caucasus (e.g., Georgia and
Armenia) and Eastern Europe used for both table and wine grapes (CG2), Muscat Group
(Koenigin der Weingaerten and Muscat Hamburg; CG3), Balkan (Furmint; CG4), Iberian
wines (Hebén and Cayetana Blanca; CG5), and Western European wines (Traminer; CG6) [4].
Seed morphotypes corresponding to the cultivars representing CG3, CG5, and CG6 (Regina
dei Vigneti and Muscat Hamburg, Hebén, and Traminer, respectively) have been described
as having different geometric properties in their outlines [17–19]. While the seeds of
cultivars in the muscat group (CG3) have a higher aspect ratio and lower solidity values
than those of Hebén and Traminer (CG5 and CG6), the difference between these two groups
is based on curvature analysis [18,19]. Curvature is an important property of seed outlines
that indicates the rate of change along the slope of a curve. While the curvature values at
the joint between the stalk and the body of the seed are negative in both groups, they are of
higher absolute value in the Traminer cultivars than in the Hebén group [18]. Curvature is
related to solidity, a property of closed-plane curves related to their convexity that expresses
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the ratio of the area of an object to the area of its convex hull (i.e., the smallest convex set
that contains its plane figure) [21]. The evolution of cultivars has been accompanied by
reduced seed solidity and increased negative curvature in the seed outlines.

The seed outlines are approximated as closed-plane curves using sums of trigonomet-
ric functions as truncated Fourier expansions [22,23]. The representation of seed outlines
as Fourier equations has been a useful tool in the geometric analysis of morphometric com-
plexity in seeds [19,24–27]. The coefficients an, bn, cn, dn of EFT equations can be extracted
automatically with the software Momocs [28]. The number N of harmonics determines
the degree of precision in the adjustment of the closed curve to the image outline, and
it may vary depending on the objectives of the study as well as on the characteristics of
the image under analysis. While low-order coefficients (a i, bi, ci, di , i = 1, 2) define the
basic structure of the curves, higher-order coefficients (a i, bi, ci, di , i > 4) are responsible
for surface details. In addition, b and c coefficients determine the symmetry of the curve.
Curves with bilateral symmetry may have bi = di = 0, i = 1, 2, . . ..

Curvature values in the seed outlines can be obtained directly from the Fourier coef-
ficients in Mathematica [20]. Ten common relevant points of curvature can be identified
in the outlines of all the cultivars when six harmonics are used in the expansion, allowing
for a direct comparison between diverse cultivars [20]. A new and original set of tools
consisting of a combination of Fourier coefficients, a curvature analysis, and a comparison
with models has been applied here for studying the relationships between varieties in the
Portuguese collection and comparing them to reference cultivars.

2. Materials and Methods
2.1. Plant Materials

A total of 91 grapevine (Vitis vinifera L.) varieties from the Portuguese Ampelographic
Collection (https://www.iniav.pt/can, accessed on 2 January 2026) were analyzed in this
study (Table 1a). The same nomenclature as the one in the collection was used, except
for synonyms. Synonyms were given the corresponding primary name according to [5]
(e.g., Aragonez is herein named Tempranillo Tinto). Homonyms are the same as in the
original collection (Ferral, Malvasía, Olho de Lebre, Rabo de Ovelha, Tinta Grossa, and
Uva Rei). Seeds of Vitis vinifera subsp. sylvestris were obtained from wild female plants
and collected directly from riparian woodland habitats along river margins, as described
in previous studies [29,30], consistent with sampling approaches used for other European
populations [31]. In addition, seeds from different origins were used in the PCA and for
the design of models (Table 1b) [20]. Both the seed images of the Portuguese varieties and
those of the other varieties are available (see Supplementary Materials).

Table 1. (a) List of genotypes of the Portuguese Ampelographic Collection used in the present
work. INIAV is the Instituto Nacional de Investigación Agraria e Veterinaria (https://www.iniav.pt/,
accessed on 11 May 2026). (b) List of genotypes from diverse origins other than the Portuguese
Ampelographic Collection used in the PCA and/or models. The seeds of Valbusenda and Abadía
Retuerta were collected in 2025.

(a)

Variety Code INIAV Variety Code INIAV

Alfrocheiro 52003 Moreto 52301
Alicante Bouschet 53808 Muller Thurgau 53313

Alicante 50711 Olho de Lebre 51109
Alva Verdial 41501 Palomino Fino 53013
Alvarelhao 53207 Parraleta 51905
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Table 1. Cont.

Antao Vaz 52316 Perrum 51617
Aramon Noir 53704 Pilongo 51606

Arinto do Interior 51412 Rabo de Ovelha 51703
Avesso 52310 Rayada Melonera 51405
Barcelo 52407 Riesling 53209

Bastardo Branco 52803 Rufete 52106
Bastardo Espanhol 51108 Sauvignon Blanc 53211

Bical 52016 Seara Nova 40403
Boal Durao 50818 Semillon 53212

Boal Ratinho 52309 Siria 51914
Budelho 40707 Sylvestris Alcacer do Sal 402

Cabernet Franc 50801 Sylvestris Alcacer do Sal 404
Camarate Tinto 52402 Sylvestris Alcacer do Sal 407

Castelão 53106 Sylvestris Castelo Branco 1a
Cerceal Branco 52410 Sylvestris Castelo Branco 204
Chasselas Blanc 50311 Sylvestris Castelo Branco 207

Cidreiro 51404 Sylvestris Montemor 103
Coarna Neagra 51102 Sylvestris Montemor 108

Coracao de Galo 51304 Sylvestris Montemor Planta 1 2001
Cornichon 40708 Sylvestris Montemor Planta 6 2001
Cornifesto 52004 Sylvestris Portel 501

Dedo de Dama 51209 Sylvestris Portel 502
Douradinha 51610 Sylvestris Portel 506
Encruzado 52207 Sylvestris Portel 507

Fernão Pires Syrah 41407
Fernão Pires 52810 Tamarez 51910

Ferral 50104 Teinturier 53807
Folgasao Roxo 52708 Tempranillo Tinto 52603

Formosa 50614 Terrantez 52210
Gouveio 52112 Tinta Grossa 52906
Jampal 52515 Touriga Franca 52205
Larião 51113 Touriga Nacional 52206

Luzidio 51115 Trebbiano Toscano 53114
Malvasía

Dubrovacka
50910

Trincadeira (Folha de
Abobora)

41602

Malvasía Fina 52512 Uva Cavaço 52211
Malvasía 52612 Uva Çao 51415

Manteudo Preto 41603 Uva Rei 50713
Manteudo 51413 Verdelho (Açores) 50317

Marufo 52002 Verdelho (Madeira) 51509
Mencía 52503 Verdelho (Italy) * 51511

Monvedro 51804

(b)

Cultivar Population Cultivar Population

Alfrocheiro IMIDRA Hebén IMIDRA 2020
Alfrocheiro Valbusenda Hebén IMIDRA 2024

Cabernet Sauvignon Abadía Retuerta Hebén IMIDRA 2025
Cabernet Sauvignon Bodegas Ayuso Koenigin der Weingaerten IMIDRA 2020
Cabernet Sauvignon IMIDRA 2020 Koenigin der Weingaerten IMIDRA 2025

Cabernet Sauvignon Valbusenda Mencía
Abadía

Retuerta
Cayetana Blanca IMIDRA 2020 Mencía IMIDRA 2020

Cayetana Blanca IMIDRA 2024 Sauvignon Blanc
Abadía

Retuerta
Chenin Blanc IMIDRA 2020 Sauvignon Blanc IMIDRA 2020
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Table 1. Cont.

Chenin Blanc Valbusenda Sauvignon Blanc Valbusenda
Gewürztraminer Abadía Retuerta Vitis amurensis IMIDRA 2020
Gewürztraminer IMIDRA 2020 Vitis berlandieri IMIDRA 2020
Gewürztraminer Valbusenda Vitis californica IMIDRA 2020

Godello Abadía Retuerta Vitis candicans IMIDRA 2020
Godello IMIDRA 2020 Vitis doaniana IMIDRA 2020
Godello Valbusenda Vitis riparia IMIDRA 2020

Fernão Pires IMIDRA 2020 Vitis rupestris IMIDRA 2020
* Verdelho 50317 (Azores) and Verdelho 51509 (Madeira) are synonyms. In contrast, Verdello 51511 (Italy)
represents a distinct cultivar (homonym).

2.2. Seed Sampling and Image Acquisition

For each variety in the Portuguese collection, mature seeds were collected in 2006.
Three clusters were taken from three different plants of each variety, taking the first cluster
from the base of the shoot. Seeds were collected from berries located at three distinct
positions within the cluster: the region near the peduncle, the central position, and the
region opposite from the peduncle. In addition, berries were sampled from different sides,
namely the most exposed surface and the inner side. A total of thirty berries were randomly
collected from three clusters (i.e., ten berries per cluster). The number of seeds per berry
ranged from two in Vitis sylvestris to four in cultivated grapevine cultivars. This sampling
strategy yielded sufficient material to select between 16 and 30 seeds for Vitis sylvestris and
cultivated varieties. Prior to analysis, seeds were visually inspected to ensure structural
integrity and the absence of physical deformation. Only seeds found to be free from mold,
fungal infection, and insect damage were selected for morphometric measurement. The
seeds were placed on a microscope slide with their ventral side facing up (chalazal knot in
the dorsal side). In this position, the seeds are more stable, and the plane of the image is
perpendicular to the line of vision.

A Sony α5100 24-megapixel camera (Sony, Tokyo, Japan) with an AF-S Micro NIKKOR
60 mm f/2.8G ED lens (Nikon, Tokyo, Japan), an ISO of 100, and an object distance of 17 cm
was used. The shutter speed was set manually to 1/5 s and the aperture to F/16. In both
cases, the ISO values were set manually. An F-stop of f/18 was used, with a brightness
value between 800 and 1200 lumens and a color temperature of 6400 K. No filters were used
to clean up the images. The focal distance of the objectives guarantees minimal distortion.
Additionally, the photographs of the seeds occupied the central part of the image, leaving
the edges unoccupied to avoid distortion. Color correction is not required as the images are
transformed into corresponding black contours. The image quality is sufficient (ISO values
of 400 or less guarantee that noise-reducing digital filters are not required). The original
seed images are available at Zenodo (see Supplementary Materials).

2.3. General Morphological Measurements

Measurements of aspect ratio (AR) and solidity (S) were taken for each variety using
ImageJ 1.54h [32]. The number of seeds per variety was between 18 and 30. ImageJ converts
pixels into millimeters according to a ruler contained within the images. For this, the cursor
is placed at the start of the ruler, and a line corresponding to the ruler is drawn using the
“Analyse”, “Set Scale” function. For example, the average area of 30 Hebén seeds (2020)
is 42,320 pixels (21 mm2). After adjusting the pixel-to-millimeter ratio, the images were
converted to 8 bit, and the threshold was adjusted before taking the measurements using
the “Analyse particles” function.

Solidity is a property of plane figures that is related to their convexity. It expresses the
ratio of the area of an object to the area of its convex hull (the convex hull of a plane figure
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is the smallest convex set that contains it) [21]. Solidity has a maximum value of 1, and it is
here given as ×1000.

2.4. Outline Extraction and Fourier Analysis

Seed outlines were extracted from digital images and modelled as closed planar curves.
The contour of each seed was described using a truncated Fourier series, allowing for the ac-
curate representation of shape geometry. Images (JPG) containing the seeds were converted
into .TPS files. After extraction of the coordinates for each seed outline, the corresponding
Fourier coefficients were obtained following the protocol outlined in Momocs v1.4.0 [28].
These coefficients were used (with a Mathematica code) to determine the Average out-
lines (Aos) relative to each seed population. For the equations representing the curves,
coefficients belonging to N = 6 harmonics were considered for curvature analysis.

2.5. Curvature Analysis

Although previous analysis estimated that N = 7 accounts for 95% of the total shape
variation in Vitis [13,19] and higher values resolve details of the outlines in particular
cultivars, in this study, N = 6 harmonics were selected, giving us the curvature values at ten
notable points that are well conserved in most varieties, which simplifies the comparisons
(Figure 1), enabling direct comparison between cultivars [20]. Due to the symmetry of the
image and to facilitate the analysis, the ten points were converted into six as indicated
in Figure 1. Points 1 and 6 are unique and correspond to the seed apex and basis. Point
1 indicates the maximum curvature value in all seeds. The remaining points are treated
as pairs, and values at points 2, 3, 4, and 5 are calculated as the average values for 2 and
2’, 3 and 3’, 4 and 4’, and 5 and 5’. Values at point 2 (average of 2 and 2’) are negative
for most cultivars and give the minimum curvature of each outline. These six values of
curvature, together with average curvature and curvature ratio (ratio max to average), and
the morphological measurements (AR and S) for 121 seed populations are shown in Table
S1 (see Supplementary Materials). PCA was run to identify correlations between curvature
values and morphological measurements.

Figure 1. (Left) Seed outline resulting from the representation of a Fourier equation with six harmon-
ics. (Right) Ten notable points of curvature conserved in the cultivars and average curvature (bold).
The curvature is given in mm−1.

2.6. Models and J-Index Measurements

J-index is the percent similarity between a seed image and a given model. For each
sample, an average outline was designed with the corresponding Fourier equation and
ten harmonics. Seed shapes were compared with four reference models representing
distinct morphotypes: Sylvestris, Hebén, Traminer, and Koenigin der Weingaerten. The
models are the average outlines corresponding to populations of these cultivars. Similarity
between each seed type and the reference models was quantified using the J-index, de-
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fined as the percentage of overlapping area between the seed outline and the model after
optimal superposition.

The J-index is calculated by comparing the images and the model. For this, the models
are superimposed on images of outlines of each cultivar to maximize overlap and similarity.
The models are overlaid on Corel PhotoPaint 24.5.0.731 (Corel Corporation; Ottawa, ON,
Canada), which included outlines of each cultivar, and two new files are saved for each of
these images: one with the model in black and one with the model in white. The ImageJ
program [32] gives the values of total area (T, shown in gray in third image in Figure 2;
the whole area is considered) and area shared between the model and the seeds (S, shown
in red in fourth image in Figure 2, where the measured area is limited to the area shared
between the seed and the model; Figure 2). Note that “T” is the total surface occupied
by either the seed or the model, i.e., the number of pixels, whereas in “S”, the measured
surface is shortened by the line corresponding to the profile of the model. For each seed,
the J-index is calculated as the ratio S/T. During this process, a change in aspect ratio
during adjustment was allowed. The images used for the J-index calculation are available
at Zenodo (see Supplementary Materials).

Figure 2. Schematic representation of the protocol to measure J-index (the percent of similarity
between a seed and a given model). From left to right: The model, a seed, the seed and the
superimposed model showing total area (T), and finally the image in red representing the area shared
between the image and the model (S).

2.7. Statistics

Table S1 (see Supplementary Materials) contains average values for ten measurements
for 120 seed populations: Two correspond to aspect ratio and solidity, and eight of them
correspond to curvature values for each average outline at six points (P1 to P6), average
curvature along the outline, and curvature ratio (max to average). Statistical analyses were
performed to evaluate differences among groups and relationships between morphometric
variables. The statistical analysis was carried out using IBM SPSS statistics v28 (SPSS 2021).
Since the measurements did not follow a Gaussian distribution, non-parametric tests were
applied for the comparisons (Kruskal–Wallis and Campbell and Skillings). On the other
hand, principal component analysis (PCA) was performed with R [33] using data in Table S1
to identify the main sources of variation and to explore correlations among variables.

3. Results
3.1. Models for the Classification of Seeds

The four models used in the classification of the seeds were as follows: (1) Sylvestris,
made from the Fourier coefficients in the average outline of subspecies: Vitis amurensis,
V. berlandieri, V. californica, V. candicans, V. doaniana, V. riparia, and V. rupestris [17–19];
(2) Hebén, made with the average outlines of three populations of this cultivar collected
at IMIDRA in 2020, 2024, and 2025; (3) Traminer, made with the average outlines of
three populations of Gewürtztraminer; and (4) Koenigin der Weingaerten, made with the
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average outlines of three populations of Koenigin der Weingaerten [19]. These models are
represented in Figure 3.

Figure 3. The four models used in the classification of the cultivars. From left to right: Sylvestris,
Hebén, Traminer, and Koenigin der Weingaerten.

3.2. Cultivar Classification by Seed Shape

The calculation of the J-index (the percentage of similarity) for each of the four models
in all the cultivars was the basis for the classification in four groups. Group 1 contained the
10 cultivars, showing J-index values that were higher with the Sylvestris model than with
the other models (Figure 4).

Figure 4. Group 1. Outlines of the 10 cultivars that showed higher J-index values with the model
Sylvestris than with the other models. The images are ordered by decreasing similarity with the
Sylvestris model (from highest to lowest values of J-index).

Group 2 contained 19 cultivars that showed higher J-index values with the Hebén
model than with the other models (Figure 5). Similarly, group 3 was formed by 19 cultivars
that showed higher J-index values with the Traminer model than with the other models
(Figure 6), and a larger group, group 4, comprised the 43 cultivars that showed higher
J-index values with the Koenigin der Weingaerten model than with the other models
(Figure 7).
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Figure 5. Group 2. Outlines of the 19 cultivars that showed higher J-index values with the Hebén
model than with the other models. The images are ordered by decreasing similarity with the Hebén
model (from highest to lowest values of J-index).

Figure 6. Group 3. Outlines of the 19 cultivars that showed higher J-index values with the Traminer
model than with the other models. The images are ordered by decreasing similarity with the model
(from highest to lowest values of J-index).

3.3. PCA with Morphometric Measurements and Curvature Values at Notable Points

Correlation analysis and PCA were performed on measurements of 124 different seed
samples: seven of species of Vitis non vinifera, 14 of sylvestris plants (female genotypes
only), and 83 corresponding cultivars (Table S1). For each sample, the measurements
included aspect ratio (AR), solidity, curvature values at six notable points (P1 to P6),
average curvature, and maximum to average ratio.

Significant correlations were found between curvature values as well as between some
curvature values and measurements (Figure 8), such as for P1 and curvature ratio (0.94), P2
and average curvature (−0.9), P2 and solidity (0.79), P3 and P2 (−0.58), P3 and P4 (−0.54),
P4 and P2 (0.63), P4 and average curvature (−0.53), and P5 and aspect ratio (0.57) (Figure 8).
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Figure 7. Group 4. Outlines of the 43 cultivars that showed higher J-index values with the Koenigin
der Weingaerten model than with the other models. The images are ordered by decreasing similarity
with the model (from highest to lowest values of J-index).

Figure 8. Correlations between curvature values and measurements.
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The results of the PCA revealed three components (Table 2).

Table 2. Results of PCA on 121 genotypes of varieties and/or cultivars of Vitis. AR (aspect ratio), sol
(solidity), P1 to P6 (curvature points), Ave (average curvature), Ratio (max to average curvature).

PC1 PC2 PC3

AR 14.2 17.9
sol 19.0
P1 36.0
P2 19.9
P3 17.9 13.6
P4 10.0 10.5
P5 9.8 5.0 6.1
P6 45.4

Ave 21.9
Ratio 34.4

PC1 accounted for 42.6% of the variance and was positively related to P2, solidity,
and P4, and negatively related to average curvature and P3. PC2 accounted for 23% of the
variance and was positively related to P1, curvature ratio, and P5. PC3 accounted for 14%
of the variance and was dependent on aspect ratio and P6. A PERMANOVA analysis to
determine whether the differences between the centroids of the groups were significant
revealed differences between the centroids (F = 19.46; R2 = 0.33; P = 0.001) (Figure 8).

The biplot resulting from the PCA shows the contributions of each variable and the
position of the cultivars (Figure 9). Each group presents a characteristic disposition. While
groups 1 and 2 of Vitis not vinifera and Hebén are on the left half-plane, indicating negative
values of PC1, group 4 is almost completely on the right. Group 3 of the Traminer-related
seeds is predominantly on the lower part of the figure with negative values of PC2.

The silhouette values of the groups represent the degree of separation and cohesion of
the clusters, indicating how similar a cultivar is to its own group compared to other groups.
The obtained silhouette values oscillated between −0.005 (Koenigin group) and 0.347 (Vitis

no vinifera group), thus indicating low separation and a high degree of overlap between
the groups. The increase in aspect ratio and average curvature along the horizontal axis
are associated with reduced solidity and higher absolute values of negative curvature (P2).
P1, P3, and curvature ratio determine the distribution along the vertical axis. There were
notable differences among the cultivars, offering the possibility to define the characteristic
morphotypes of each group.

3.4. Comparison Between Groups

There were differences between morphological measurements and curvature values
between the groups, as indicated in Table 3. The values of P2 are lower in group 4 than in
groups 1 and 2. The values of P3 are higher in group 3 than in groups 1 and 4. The highest
values of P4 correspond to group 1.

3.5. Examples of Seed Shape Variation Between Different Populations of the Same Cultivar

The variation in shape between the different populations is shown here for three
samples of Alfrocheiro, Traminer, and Fernão Pires. The seeds of the three Alfrocheiro
populations from different origins have a similar shape to the three Traminer populations
(Figure 10). As previously observed, variations in shape mainly concern changes in aspect
ratio [17–19]. Refer to the blue outline in Figure 10, which corresponds to the adjusted
Traminer model on top of the average outlines, allowing for changes in aspect ratio.
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Figure 9. Biplot with the results of PCA. Dark blue: Group 1: Seeds giving higher values with the Sylvestris model made with average outlines of Vitis species other
than V. vinifera; Red: Hebén group; Green: Traminer group; Purple: Koenigin der Weingaerten group. PC1 is related to average curvature, aspect ratio, and P5 and
inversely related to P2, solidity, and P4. PC2 is related to P1 and curvature ratio and inversely related to P3.
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Table 3. Results of Kruskal–Wallis test for the comparison between groups of mean values of AR
(aspect ratio), Sol (solidity), curvature at points P1 to P6, average curvature (Ave), and Ratio (Max
to Ave). Between brackets: coefficient of variation. Different lowercase letters in the same column
indicate significant differences. N is the number of seeds in each group.

N AR Sol P1 P2 P3 P4 P5 P6 Ave Ratio

Group 1 10
1.38 a

(3.3)
969.0 d

(0.6)
5.23 ab

(14.9)
−0.84 c

(56.6)
1.32 a

(14.3)
0.54 b

(13.0)
2.01 a

(4.5)
0.59 ab

(37.6)
1.27 a

(7.3)
4.14 b

(14.4)

Group 2 19 1.69 b

(7.6)
953.4 c

(0.8)
5.50 ab

(27.8)
−1.50 b

(23.5)
1.35 ab

(15.3)
0.39 a

(72.5)
2.63 b

(10.1)
0.46 a

(87.0)
1.46 b

(4.7)
3.78 ab

(27.3)

Group 3 19 1.69 b

(10.2)
946.3 b

(1.2)
5.37 a

(36.4)
−1.79 ab

(26.9)
1.50 b

(17.0)
0.31 a

(61.7)
2.55 b

(11.7)
0.64 b

(60.6)
1.52 c

(6.9)
3.53 a

(36.2)

Group 4 43
1.86 c

(12.3)
933.3 a

(1.5)
6.00 b

(38.1)
−1.92 a

(11.6)
1.33 a

(13.9)
0.39 a

(54.6)
2.71 b

(9.7)
0.63 ab

(85.3)
1.59 d

(4.7)
3.76 ab

(34.4)

Figure 10. Above: The average seed outlines corresponding (left to right) to three populations of
Alfrocheiro (IMIDRA, Valbusenda, and INIAV), and Traminer (Abadía de Retuerta, IMIDRA, and
Valbusenda). Below: Same as above with the outline of the model Traminer superimposed in blue
on each sample to show similarity of all six samples to the model when changes in aspect ratio are
allowed during the adjustment.

Figure 11 shows the average outlines corresponding to the three populations of Fernão
Pires. In addition to changes in aspect ratio, there is a notable difference in curvature
between the outlines at point 2: the curvature is more negative for the samples on both
sides than for the middle sample. This explains why the sample in the center is attributed
to group 2 (Hebén) and the sample on the right to group 3 (Traminer).

Figure 11. The seed outlines corresponding (left to right) to three populations of Fernão Pires:
IMIDRA, INIAV unnumbered, and INIAV 52810.

https://doi.org/10.3390/horticulturae12050634

https://doi.org/10.3390/horticulturae12050634


Horticulturae 2026, 12, 634 14 of 22

3.6. Examples of Seed Shape Variation in the Pedigrees

3.6.1. In the Progeny of Hebén

Bastardo Espanhol, Larião, Malvasía Fina, and Perrum are the progeny of Hebén. The
corresponding outlines are shown in Figure 12, together with the model Hebén. While
Larião is in group 2 (Hebén) by J-index, Bastardo Espanhol, Malvasía Fina, and Perrum are
in group 4, with the highest similarity to the Koenigin der Weingaerten model.

Figure 12. Outlines of cultivars that are the progeny of Hebén. Left to right: Bastardo Espanhol,
Larião, Malvasía Fina, and Perrum and model of their parental Hebén (blue).

3.6.2. In the Progeny of Traminer

The following cultivars are in the progeny of Traminer: Alfrocheiro, Arinto do Interior,
Folgasao Roxo, Gouveio, Teinturier, and Verdelho (three different samples) (Figure 13). All
of them were more similar to the Koenigin der Weingaerten model than to their parental
model Traminer, being classified by J-index values in group 4.

Figure 13. Outlines of cultivars that are the progeny of Traminer. Above, left to right: Alfrocheiro,
Arinto do Interior, Folgasao Roxo, Gouveio. Below, left to right: Teinturier, Verdelho (accessions
50317, 51509, 51511) and right: model Traminer (blue).

3.6.3. In the Offspring of Cayetana Blanca × Alfrocheiro

The following cultivars are the progeny of Cayetana Blanca x Alfrocheiro: Camarate
Tinto, Castelão, Cornifesto, Jampal, and Moreto. Their outlines are shown in Figure 14
together with those of Cayetana Blanca and Alfrocheiro. Camarate Tinto and Castelão are
in group 2, Jampal in group 3, and Cornifesto and Moreto in group 4.
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Figure 14. Outlines of cultivars that are the progeny of Alfrocheiro x Cayetana Blanca. Above, left
to right: Camarate Tinto, Castelão, Cornifesto, Jampal, and Moreto. Below, in blue: Alfrocheiro and
Cayetana Blanca.

4. Discussion
4.1. The Inheritance of Seed Characters in Vitis

In angiosperms, the seed comprises three genetically distinct tissues: (1) the embryo
(50% maternal and 50% paternal), (2) the endosperm (66% maternal and 33% paternal),
and (3) the seed coat (testa) and perisperm (both 100% maternal). In Vitis, the perisperm
constitutes a significant proportion of the seed mass [34,35], consequently determining
seed shape based on the maternal genotype inheritance. During cultivation, grapes are
propagated vegetatively, and the products of crosses made long ago can display some
of the characteristics from the original cross for decades or even centuries. In crosses
involving female cultivars such as Hebén, the female parent provides the seed genotype
for seed shape in the first generation [17]. Whether characters encoded by the founder
genotype are maintained in subsequent generations depends on the DNA supplied by the
second parental and the method used to select the products of crosses, as well as on the
selection during cultivation. During seed formation, the phenotype of the seed may differ
depending on the pollen source, which may affect the fruit [36,37]. However, in culture,
the plants are maintained vegetatively, and the successive pollinations over the years will
not affect the plant phenotype because the seeds will not affect reproduction during the
usual propagation of grapevine varieties.

4.2. Sylvestris and Ferals

Traditionally, the methods used to differentiate between sylvestris seeds and cultivars
were based on linear measurements [11,14,16]. The description of seed outlines based on
elliptic Fourier coefficients was a breakthrough in the field, demonstrating the differences
in overall shape between wild and cultivated seeds [13]. However, in addition to the wild
(V. vinifera subsp. sylvestris) and cultivated (V. vinifera subsp. vinifera) types of Vitis, a
third type demands our attention: ferals, i.e., plants that live in unmanaged environments
(wild habitats) but descend from domesticated ancestors, carrying the genetic signatures of
human selection rather than the ancestral wild lineage. Several studies provide evidence
that many wild populations originate from the propagation of domestic seeds [32,38,39].
Regarding seed morphology, the study presented here on Portuguese varieties provides
good examples of these types. While most of the seed populations studied here belong
to cultivars, some belong to the sylvestris type and others are feral. Additionally, species
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other than V. vinifera, such as V. amurensis, V. californica, V. candicans, V. doaniana, V. riparia,

and V. rupestris, exhibit a similar seed morphotype. These have been under cultivation at
IMIDRA for a short time and retain their characteristic round shape, with high solidity
values and low absolute values of negative curvature at P2. Of the 14 varieties labelled
as sylvestris in the Portuguese collection, seven have seeds that are very similar to those
of Vitis non vinifera and most likely correspond to the true sylvestris type. This high level
of similarity between these seed groups is consistent with the reduced diversity in the
Portuguese sylvestris subspecies reported previously [40–42].

Conversely, it is highly probable that three of the 14 wild plants labelled as sylvestris are
ferals, because the flower shape did not show fully developed stamens but the gynoecium
is fully developed. These are Sylv Alcácer do Sal 0402 and 0404, whose seed shapes are
very similar to those of Alicante, and Sylv Montemor Plant 6, which is close to the seeds of
Sauvignon Blanc in the lower central part of the biplot. Alcácer do Sal 0407 and Montemor
0108 are very close to the Hebén samples in the top left corner of the biplot, suggesting that
they may be ferals or sylvestris that are very similar to Hebén. Sylv Portel 0501 and 0502 are in
the lower part of the biplot, between the Sauvignon Blanc seeds and those of the non-vinifera

and true sylvestris groups. This suggests that they could be an intermediate in the feralization
process. Nevertheless, for all of them, including the seven populations that are most likely true
sylvestris, it is difficult to rule out the possibility that they are ferals that escaped cultivation a
long time ago and regained some characteristics of wild seeds, i.e., those related to seed shape.
It is striking that some high-impact studies in Vitis genomics appear to have overlooked the
possibility of feral populations. For example, Myles et al. [43] observed that the results for
populations of V. sylvestris were more like those for Vitis cultivars than for other Vitis species,
suggesting that some of the V. sylvestris samples used in this study were indeed feral. The
failure to consider ferals is a recurring issue in other molecular phylogeny articles, although
this possibility is considered in other cases [44].

Apart from sylvestris, the only cultivar that showed high scores with this model was
ferral. This Portuguese stock is in striking contrast with the homonym in the Spanish
IMIDRA collection, suggesting it could be a Manseng Noir or Achladi sample, and not a
true ferral in the Hebén offspring [17].

4.3. The Relationship Between Seed Morphology and the Known Pedigrees

Surprisingly, most of the cultivars, up to 43, showed the highest percentage of similarity
with the Koenigin der Weingarten model. On the other hand, 19 cultivars were more similar
to the Hebén and Traminer models, and 10 cultivars matched the Sylvestris model. Given that
one of the recently described haplotypes corresponds to the Iberian varieties represented by
Hebén, we would expect to find many Portuguese cultivars in the group corresponding to
the Hebén model. Indeed, both Hebén and its offspring, Cayetana Blanca, have been shown
to play an important role in the development of many Portuguese cultivars [8,9]. Similarly,
Alfrocheiro, the offspring of Traminer and a representative of the CG6 haplotype found in
Central European grapes, is the progenitor of many Portuguese cultivars [10]. Therefore, we
also expected to find many cultivars in the corresponding group.

The similarity in seed shape between the three Alfrocheiro varieties was an indication
of the stability of this trait in this cultivar. In favor of the inheritance of seed shape
was the finding that Alfrocheiro seeds are very similar to Traminer seeds. However, the
Alfrocheiro cultivar at INAV was more similar to the Koenigin der Weingarten model
than to the Traminer model. This shift to the right in the PCA biplot is not unique to this
Alfrocheiro population. Of the five cultivars in the Hebén offspring (Bastardo Espanhol,
Larião, Malvasía Fina, and Perrum), only Larião had the highest J-index with the Hebén
model; the other four had the highest values with the Koenigin der Weingarten model.
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Similarly, all the cultivars in the Traminer progeny (Arinto do Interior, Folgasao Roxo,
Gouveio, Teinturier, and three different genotypes of Verdelho) had a higher percentage of
similarity to the Koenigin der Weingarten model than to their own parental Traminer model.

4.4. Haplotypes and Morphotypes

The results based on the measurements of solidity and curvature in the seed outlines
show a relationship between seed morphology and evolutionary stage in the cultivars.
The cultivars corresponding to CG3 are in general at an advanced stage of domestication,
and some of them are the result of crossings between selected types presenting a high
aspect ratio and low solidity values [18–20]. The morphometric analysis of the seeds of
Vitis species other than V. vinifera supports that some varieties classified as V. sylvestris

may sometimes correspond to ferals, and the comparison of morphometric characteristics
may indicate the cultivar of origin [20]. In this context, Portuguese viticulture, with many
ancient varieties of unknown origin and others being the product of crosses between ancient
Iberian (Hebén and Cayetana Blanca) or Traminer-related cultivars, presents a promising
perspective for the morphometric comparison between varieties.

Seara Nova is the cultivar with the highest score in the Koenigin der Weingaerten group.
It is the offspring of a cross between Diagalves (Chelva) and Fernão Pires, made in Portugal in
1951 by Leão Ferreira [45]. The second and third highest scores correspond to Palomino Fino
and its synonym, Olho de Lebre. Palomino Fino, of unknown parentage, is native to Spain,
has a long history, and has a global distribution with a large number of synonyms in various
countries [5,45]. Other cultivars in this group are the offspring of Savagnin (Gouveio, Verdelho,
Folgasao Roxo, and Arinto do Interior), as well as other known crosses, such as Touriga Franca
(between Marufo and Touriga Nacional) and Cerceal Branco (between Malvasía Fina and
Tinta Pereira) [5,6,45,46]. This group also includes cultivars of unknown parentage, such as
Cornichon, Chasselas Blanc, Uva Rei, Encruzado, Coraçao de Galo, and Rayada Melonera.
However, the cultivars in this group that were indicated as representative of haplotype CG3 are
Koenigin der Weingaerten and Muscat Hamburg. These are recently developed varieties. The
former was developed in Hungary by Mathiasz János in 1916 through the crossing of Afus Ali
and Csaba Gyoenye [47,48], while Muscat Hamburg was developed in the United Kingdom
by Seward Snow through the crossing of Schiava Grossa and Muscat of Alexandria [49,50].
Among the Portuguese varieties analyzed, the majority resemble the representative cultivars
corresponding to haplotype CG3, including many cultivars known to proceed from crosses
involving the representative cultivars corresponding to haplotypes CG5 and CG6. The groups
resulting from the ADMIXTURE analysis based on SNPs aligned to the Pinot Noir 40024
assembly reference genome in the work of Dong et al. [4] may represent progressive stages
during the process of domestication. Secondary events were also identified in local regions,
like the Iberian Peninsula, where Alfrocheiro, Cayetana Blanca, and Hében are the parentals
of many local varieties [6,8–10,46].

4.5. Implications for Developing Organic and Low-Input Viticulture Strategies

The morphological characterization of the Portuguese Ampelographic Collection pro-
vides more than a retrospective view of domestication. It offers a foundational framework
that indirectly supports the transition toward sustainable viticulture by providing the tools
necessary to manage and identify diverse genetic resources. As the industry transitions
toward organic production (post-cultural vines), the reliance on a narrow range of inter-
national “elite” clones is increasingly seen as a vulnerability, particularly in light of the
pressure of climate change and the need for reduced chemical inputs [51,52].

The distinction between true sylvestris and feral populations (Section 4.2) is of paramount
importance for conservation and breeding programs. Feral vines, having escaped cultivation
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and survived in unmanaged environments, represent a unique reservoir of “resilience traits.”
These individuals have undergone a secondary selection process, potentially re-acquiring or
maintaining resistance to local pathogens and environmental stressors that are often lost in
highly pampered commercial vineyards. Utilizing these morphological insights as indirect
indicators of lineage allows viticulturists to more efficiently identify and preserve germplasm
that is inherently better suited for low-input systems, where the plant must rely on its own
physiological robustness rather than synthetic treatments [53,54].

Our findings on the inheritance of seed characters and the prevalence of the CG3-related
morphotype (Koenigin der Weingaerten model) among Portuguese cultivars suggest a high
degree of adaptability in the Iberian germplasm. The fact that many cultivars resulting from
ancient crosses (Section 4.3) have shifted towards more domesticated morphotypes while
maintaining regional identity indicates a successful long-term adaptation to the Mediterranean
climate. For organic viticulture, utilizing these locally adapted cultivars—such as those
belonging to the Hebén or Alfrocheiro lineages—is a more sustainable strategy than attempting
to adapt non-native varieties through intensive management. While this study focuses on
geometric stability, the observed shift toward larger, lower-solidity seeds in cultivated groups
(e.g., CG3) reflects selection pressures for larger berry size and potentially correlates with
higher endosperm volume, an attribute of increasing interest for grape seed oil production.

Finally, the correlation between haplotypes (CG5, CG6, and CG3) and seed morpho-
types offers a predictive tool for evaluating biodiversity. By understanding the “evolution-
ary stage” of a cultivar through its seed morphology, breeders can better select for diverse
genetic backgrounds. A diverse vineyard, based on a deep understanding of pedigree
and domestication stages, is naturally more resilient to pests and diseases, aligning with
the core principles of agroecology and organic viticulture. While morphometric analysis
is an indirect proxy for genetic resilience, the methods proposed in this study provide a
cost-effective, high-throughput means of auditing the genetic heritage of vineyards. This
ensures that the transition to sustainability is built upon a verified foundation of locally
proven genetic resources.

5. Conclusions
This study demonstrates that seed morphometry—utilizing elliptic Fourier descriptors

(EFDs), curvature analysis, and the J-index—constitutes a robust, high-throughput, and
cost-effective tool for characterizing Vitis germplasm collections. A significant finding is
the clear distinction between true sylvestris populations and feral individuals; the latter,
often overlooked in genomic studies, represent a unique “intermediate” germplasm. These
post-cultural vines have potentially re-acquired resilience traits through secondary selection
in unmanaged environments, serving as a vital genetic reservoir. Furthermore, our results
confirm that morphometry is effective at identifying synonyms (e.g., Azores and Madeira
accessions) and distinguishing homonyms (e.g., Italian vs. Portuguese accessions), while
remaining stable across somatic mutations, as seen in the Traminer lineage.

The high prevalence of the Koenigin der Weingaerten morphotype (associated with the
CG3 haplotype) among Portuguese cultivars—even those descended from ancestral Hebén
(CG5) and Alfrocheiro (CG6) lineages—suggests a progressive morphological shift toward
advanced domesticated stages. This shift reflects the successful long-term adaptation of the
Iberian germplasm to Mediterranean environmental pressures.

From a practical perspective, this morphological framework provides an essential
baseline for assessing vineyard biodiversity. In the context of organic and low-input viti-
culture, our findings highlight the indirect but vital role of preserving locally adapted
varieties. Utilizing these robust genetic resources, rather than a narrow range of interna-
tional clones, is a prerequisite for building resilient agroecosystems capable of maintaining
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productivity with reduced chemical interventions. Ultimately, the correlation between
seed morphotypes and evolutionary haplotypes established here serves as a predictive
proxy for breeders, ensuring that the transition to sustainable viticulture is grounded in the
functional diversity of proven, regional genetic resources.

Supplementary Materials: The following supporting information: Images of seeds harvested in
IMIDRA in 2020 and 2024 are available at https://zenodo.org/records/15829028 and https://zenodo.
org/records/14610754 (accessed on 2 March 2026), respectively. Images of seeds from Abadía
Retuerta, IMIDRA, and Jardín Ampelográfico Valbusenda harvested in 2025 are available at https://
zenodo.org/records/18622032 (accessed on 2 March 2026). Seed images of the Portuguese collection at
INAV and Table S1 are available at https://zenodo.org/records/19566279 (accessed on 21 April 2026).
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Abbreviations and Definitions
The following abbreviations and terms are used in this manuscript:

Aos Average outlines. Closed curves represent the seed outlines or a given cultivar

Cultivar
Any of the varieties of Vitis vinifera subsp. vinifera or hybrids traditionally
established as a crop to produce wine or table grapes. A cultivar has been
historically bred or developed by humans for its desirable characteristics.

Curvature
Curvature is the rate of change of the tangent in a curve. Mathematically, it is the
derivative of the tangent’s angle with respect to arc length, often described as the
inverse of the radius for a circle (a straight line has zero curvature)

Notable
Notable curvature points refer to key locations on curves where curvature changes

curvature
significantly, such as inflection points (where a curve goes from curving left to

points
right, locally straight), cusps (sharp points where direction reverses), vertices, foci,
and points of maximum/minimum curvature

Variety
Any of the lines of Vitis grown in experimental stations. They can belong to
cultivars or to other species of Vitis or to Vitis vinifera subsp. sylvestris
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