. horticulturae

Article

Symmetry Analysis in Vitis vinifera L. Seeds Reveals Differences
Between and Within Cultivars

Emilio Cervantes 1'*(, José Javier Martin Gé6mez 1*(, José Luis Rodriguez-Lorenzo
Félix Cabello Sienz de Santa Maria 4

W) Check for updates

Academic Editor: Sergio
Ruffo Roberto

Received: 6 July 2026

Revised: 21 July 2026

Accepted: 21 July 2026

Published: 2 August 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

20, Angel Anocibar Beloqui 3,

6

, Gregorio Muiioz Organero 4, Jorge Cunha >© and Angel Tocino

Instituto de Recursos Naturales y Agrobiologia, Consejo Superior de Investigaciones Cientificas, Cordel de
Merinas 40, 37008 Salamanca, Spain

Plant Developmental Genetics, Institute of Biophysics v.v.i, Academy of Sciences of the Czech Republic,
Kralovopolska 135, 612 65 Brno, Czech Republic; rodriguez@ibp.cz

Abadia Retuerta, 47340 Sard6n de Duero, Spain; angel.anocibar@gmail.com

Instituto Madrilefio de Investigacién y Desarrollo Rural Agrario y Alimentario (IMIDRA), Finca El Encin,
28805 Alcald de Henares, Spain; felix.cabello@madrid.org (F.C.S.d.S5.M.);

gregorio.munoz@madrid.org (G.M.O.)

Instituto Nacional de Investigacao Agraria e Veterindria, Quinta da Almoinha, 2565-191 Dois Portos, Portugal;
jorge.cunha@iniav.pt

Departamento de Matematicas, Facultad de Ciencias, Universidad de Salamanca, Plaza de la Merced 1-4,
37008 Salamanca, Spain; bacon@usal.es

Correspondence: emilio.cervantes@irnasa.csic.es (E.C.); jjavier.martin@irnasa.csic.es (J.J.M.G.)

Abstract

Seeds of Vitis vinifera L. exhibit a distinct bilateral symmetry, a geometric property widely
used in biological systems to assess developmental stability and morphological organi-
zation. When properly oriented, seed outlines can be divided into two corresponding
halves along their longitudinal axis, enabling quantitative assessment of symmetry. This
characteristic offers a framework for the characterization and classification of grapevine
cultivars and clones. In this study, we developed an automated computational workflow to
quantify bilateral symmetry in grapevine seeds. Seed outlines were first modelled using
Elliptic Fourier Analysis (EFA). Geometric symmetry was subsequently evaluated in R
using Generalized Procrustes Analysis (GPA), yielding a scale-independent Symmetry In-
dex (SI). The methodology was applied to a collection comprising 62 Vitis vinifera cultivars
and three wild non-Vitis vinifera species. The Symmetry Index showed significant negative
correlations with both seed area and mean contour curvature. Wild species (Group I) exhib-
ited significantly higher symmetry values than domesticated groups. Among cultivated
grapevines, the Muscat lineage (Group IV) displayed the lowest symmetry values and
the greatest morphological dispersion. Differences in SI were detected not only among
cultivars but also among clonal or regional expressions of the same variety cultivated under
distinct geographical conditions. Symmetry analysis provides a robust, non-destructive,
and high-resolution tool for the characterization of Vitis germplasm. By integrating geomet-
ric morphometrics and automated shape analysis, this approach offers new opportunities
for cultivar discrimination, evolutionary studies, and the quantitative assessment of mor-
phological diversity in grapevine seeds.

Keywords: ampelography; biodiversity; clones; grape diversity; morphometrics; seed
shape analysis
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1. Introduction

The accurate identification, characterization, and discrimination of Vitis vinifera L.
cultivars, together with their clonal lineages and localized biotypes, are essential for the
conservation of grapevine genetic diversity and the optimization of clonal selection and
breeding programs [1,2]. Traditionally, grapevine classification has relied primarily on
leaf morphology, which forms the basis of classical ampelography and ampelometry [3,4].
However, vegetative organs exhibit considerable phenotypic plasticity in response to
environmental conditions, vineyard management practices, and seasonal variation. In
contrast, grapevine seeds (pips) constitute a comparatively stable morphological structure
because their development is largely governed by highly conserved genetic pathways.
Consequently, seed morphology is less affected by short-term environmental fluctuations
than vegetative traits, making it particularly suitable for cultivar characterization [5-9].

The International Organisation of Vine and Wine (OIV) recognizes the taxonomic value
of seed morphology through a series of standardized descriptors included in its official
descriptor list [10]. These descriptors include seed length (OIV 242), seed weight (OIV 243),
and the presence of transverse ridges on the dorsal chalaza (OIV 244). In addition, classical
ampelographic studies have employed linear measurements such as seed width, aspect
ratio, chalaza position, and beak length to discriminate cultivars and reconstruct grapevine
domestication history [11-13]. Although these conventional descriptors effectively dis-
tinguish species and many cultivars, their discriminatory power decreases when closely
related cultivars, clones, or geographically differentiated populations are compared.

Advances in computational morphometrics have considerably improved the quantita-
tive analysis of biological shape. Among the available approaches, Elliptic Fourier Analysis
(EFA) has become one of the most powerful methods for describing complex closed con-
tours because it mathematically reconstructs the complete seed outline independently
of size, orientation, and starting point [14-17]. Beyond providing highly accurate shape
descriptions and dimensionality reduction for multivariate analyses, EFA also generates
mathematical outlines that enable the quantitative investigation of additional geometric
properties, including local curvature [5-9] and bilateral symmetry.

Bilateral (mirror) symmetry is a fundamental characteristic of many biological struc-
tures and reflects the coordinated regulation of organismal development. In plants, bilateral
symmetry has been extensively investigated in vegetative organs, particularly leaves, where
deviations from perfect symmetry have been associated with developmental instability and
environmental stress [18,19]. Minor departures from symmetry, commonly referred to as
fluctuating asymmetry, are widely regarded as indicators of developmental homeostasis, re-
flecting the capacity of a genotype to buffer its phenotype against genetic perturbations and
environmental variation [20]. Despite the potential biological significance of this trait, bilat-
eral symmetry has received comparatively little attention in grapevine seed morphology.

Previous studies have shown that the overall seed morphology of a given V. vinifera
cultivar is generally conserved across different geographical origins, as demonstrated
for cultivars such as Cabernet Sauvignon, Hebén, Alfrocheiro, and Savagnin Blanc (syn.
Traminer) [5-9]. Furthermore, this shape conservation extends beyond individual varieties
to pedigree-related groups, where shared morphological patterns are maintained among
offspring and lineage lineages, such as in the progeny of Hebén, Savagnin Blanc, or within
progenies of the Muscat haplotype. Nevertheless, subtle differences may arise in specific
morphological features, particularly in aspect ratio [5], as well as in the relative position of
the chalaza or the development of the ventral depressions. These localized shape variations
are often too subtle to be fully characterized using conventional morphometric descriptors
or standard geometric morphometric analyses.
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To address this limitation, we developed an automated symmetry-analysis work-
flow based on Fourier-reconstructed seed outlines and Generalized Procrustes Analysis
(GPA) [21]. Using a dense set of automatically generated landmark coordinates, the method
quantifies bilateral symmetry through a scale-independent Symmetry Index (SI), providing
a continuous measure of the geometric similarity between the two halves of each seed.

The objectives of this study were to (i) develop and validate an automated compu-
tational protocol for the quantitative analysis of bilateral symmetry in grapevine seeds;
(ii) evaluate the extent of symmetry variation among cultivars, clonal lineages, and ge-
ographically distinct populations of Vitis vinifera; and (iii) determine the relationships
between bilateral symmetry and conventional morphometric descriptors, including seed
area, aspect ratio, solidity, and contour curvature. By introducing bilateral symmetry as
a quantitative morphometric descriptor, this work provides an additional phenotypic di-
mension for computational ampelometry and contributes to the development of objective,
reproducible methods for grapevine germplasm characterization.

2. Materials and Methods
2.1. Plant Material and Seed Sampling Strategy

A total of 110 distinct seed populations, corresponding to 64 Vitis genotypes—
including Vitis vinifera L. cultivars and wild relative species (Vitis amurensis Rupr., V. arizon-
ica Engelm. and V. mustangensis Buckley)—were evaluated in this study. To systematically
assess both intra-varietal genetic stability and localized phenotypic plasticity, seed samples
were harvested across multiple consecutive years and from distinct cultivation environ-
ments [5-9,22,23], hereafter referred to as “sites” (encompassing institutional germplasm
banks, commercial vineyards, and regional wine estates).

The experimental sites include:

e Institutional germplasm collections: Instituto Madrilefio de Investigaciéon y Desarrollo
Rural, Agrario y Alimentario (IMIDRA, Spain; sampled across 2020, 2024, and 2025);
Instituto Nacional de Investigagao Agraria e Veterindria (INIAV, Portugal).

e  Commercial vineyards and wine estates in Spain: Abadia Retuerta, Valbusenda, Bode-
gas Ayuso, Divina Proporcién, and Liberalia.

Their precise locations are indicated in Figure 1.

2.2. Phylogenetic and Haplotype Classification

To evaluate seed morphological patterns against an established evolutionary frame-
work, all selected varieties were categorized into structural morphotypes. This classification
was based on the genetic lineages and Single Nucleotide Polymorphism (SNP) haplotype
groups established by Dong et al. [24], which were subsequently adapted for geometric
seed outline analysis [6-9] as well as on consolidated pedigree data [25-29].

The germplasm repository was partitioned into five distinct eco-geographical and
genetic groups:

Group 1. Non-Vitis vinifera species: Comprising three wild species (serving as the
ancestral outgroup for shape comparison) with a total of 60 seeds.

Group I Traditional Iberian cultivars: Characterized by the landmark variety Hebén
and its historical progeny corresponding to Haplotype 5 in [24]; this group includes 33 cul-
tivars across 50 populations, totalling 996 seeds.

Group III. Central European cultivars: Epitomized by Savagnin Blanc and its associ-
ated genetic lineages, corresponding to Haplotype 6 in [24]; this group includes 12 cultivars
across 23 populations, totalling 460 seeds.
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Group IV. Muscat-type cultivars: Typified by Koenigin der Weingaerten and related
cultivars, corresponding to Haplotype 3 in [24]; this group encompasses 13 cultivars across
23 populations, totalling 455 seeds.

Group V. Cultivars in the progeny of Garnacha: Consisting of 4 cultivars derived from
the progeny of cv. Garnacha, across 9 populations, totalling 180 seeds.

Experimental Sites
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Figure 1. Schematic representation of the Iberian Peninsula indicating locations of the experimental
sites. Red points correspond to DMS coordinates: 1: IMIDRA 40°31/12.0” N, 3°17/24.0” W; 2: INIAV
39°02'24.0" N, 9°10'48.0” W; 3: Abadia Retuerta 41°36'36.0" N, 4°24/00.0” W; 4: Jardin Ampelografico
Valbusenda 41°28/48.0” N, 5°29/24.0"” W; 5: Bodegas Ayuso 39°15'36.0” N, 2°35'24.0"” W; 6: Bodega
Divina Proporcion 41°30'16.6"” N, 5°23/27.8” W; 7: Liberalia Enologica 41°31'48.0” N, 5°22/12.0" W.
In blue, three of the main rivers of the Iberian Peninsula. From North to South: Ebro, Duero and Tajo.

A summary of the cultivars and populations is given in Table 1, and the complete
germplasm repository, along with its specific geographical provenance, accession codes,
and genetic classifications, is detailed in Supplementary Table S1 (see the Supplementary
Materials Section).

Table 1. A summary of the species, cultivars and populations in the present study. Between brackets,

number of seeds in each population 1

Group

Cultivars (Populations, Seeds)

L. Vitis non vinifera

V. amurensis (2 L 20), V. arizonica (2, 20), V. mustangensis (2, 20)

II. Hebén

Airén (1, 20), Alarije (1, 20), Albillo de Granada(1, 20), Albillo Mayor (1, 20), Alcafién (1, 20),
Aledo (1, 20; 6, 20), Beba (1, 20), Cadrete (1, 20), Cayetana Blanca (1, 20; 2, 20), Derechero (1,
20), Esperé de Gall (1, 20), Ferral (1, 20), Forcallat (1, 20), Garro (1, 20), Gorgollasa (1, 20),
Hebén (1, 20; 2, 20; 3, 20), Jerénimo (1, 20), Malvar (1, 20), Merseguera (1, 20; 2, 20), Miguel
de Arco (1, 20; 2, 18; 6, 20), Mollar Cano (1, 20; 3, 20), Montua (1, 20; 2, 20), Moscatel
Angusés (1, 20; 2, 20), Parellada (1, 20), Pedro Ximénez (6, 20), Picapoll (1, 20), Pintada (1,
20), Tempranillo (1, 20; 4a, 20; 4b, 20; 5, 20; 7, 20; 8, 20; 9, 20), Tortosi (1, 20), Verdil (1, 20),
Vijariego Blanco (1, 20), Viura (1, 20; 2, 19), Xarello Rosado (1, 20).

III. Savagnin Blanc

Albarin Blanco (1, 20), Alfrocheiro (1, 20; 6, 20; 9, 20), Blanquilifia (1, 20), Cabernet
Sauvignon (1, 20; 4, 20; 5, 20; 6, 20), Carrasquin (1, 20), Chenin Blanc (1, 20; 6, 20), Folgasao
(1, 20), Lado (1, 20), Maturana Blanca (1, 20), Parduca (1, 20), Sauvignon Blanc (1, 20; 4, 20;

6, 20; 9, 20), Savagnin Blanc (1, 20; 4, 20; 6, 20).
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Table 1. Cont.

Group Cultivars (Populations, Seeds)
Alphonse Lavallée (1, 20; 6, 18), Borba (1, 20), Cardinal (1, 20; 6, 17), Carifiena (1, 20; 6, 20),
IV Muscat Italia (1, 20; 6a, 20; 6b, 20), Kodrianka (6, 20), Koeningin Der Weingaerten (1, 20; 2, 20),
’ Matilde (1, 20; 6, 20), Moscatel Rosa (1, 20), Muscat a petit grains (1, 20; 6, 20), Muscat
Alexandria (1, 20; 6, 20), Muscat Hamburg (1, 20; 3, 20), Muscat Usbekistanskii (6, 20).
Alicante Henri Bouschet (6, 20; 9, 20), Caladoc (6, 20), Garnacha (1a, 20; 1b, 20; 1¢, 20; 1d,
V. Garnacha

20), Marselan (6a, 20; 6b, 20)

1 Key for the sites and years corresponding to the populations: 1: IMIDRA 2020; 2: IMIDRA 2024; 3: IMIDRA 2025;
4: Bodega Abadia Retuerta 2025; 5: Bodega Ayuso 2025; 6: Jardin Ampelografico Valbusenda 2025; 7: Bodega
Divina Proporcién 2025; 8: Bodega Liberalia 2025; 9: INIAV Pt 2006. Different letters in a site indicate synomyms
or mutations of the same cultivar.

2.3. Seed Images

The seed images used in this work proceed from earlier published work in our labo-
ratory [5-9,22,23] and are available through repositories (see the Supplementary Materi-
als Section).
2.4. Elliptic Fourier Descriptors (EFDs)

The outlines of the seed images are treated as geometric curves. When the parametric

components are piecewise linear functions x(t) = Y5 Ax;, y(t) = L5, Ay;, these
expansions are
N
2nrt 2n7t
Xn(t)=A —_ bysi , 1
N(t) o—i-’;lancos( T )+ nsm( T ) (1)
Yn(t) = Co+ i CyC0S 2nmt + dysin 2n7t ()
N — %0 ] n T n T ’

where Ap and Cy represent the coordinates of the centroid of the outline, and each addend
corresponds to an ellipse (the n-th harmonic) determined by the coefficients ay,, by, ¢, dy,
which are calculated as

T & Axy 2nmt, 27ty 4
= g 1 (o (777~ () ) ©
pr=1 p
T & Ax, 2nmt, _ (2nmt,_q
b, = T Z A (szn( T > — szn< T >>, (4)
p=1 P
T & Ay 2n7t, 2n7t, 4
= a2 L tp(cos( T ) - COS( T ))’ ©
T & Ayp (. (2n7ty _ (2n7t, 4
dy, = m; A, <sm( T ) - szn(T)). (6)

The coefficients a,, by, cu, dy of EFT equations can be extracted automatically with the
software Momocs 1.5.0 [30]. 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 the low-order coefficients (a;,b;, c;, d;, i = 1, 2) define the basic structure of the
curves, the higher-order coefficients (a;,b;, ¢;, d; , i > 4) are responsible for surface details.
In addition, b and c coefficients determine the symmetry of the curve. Curves with bilateral
symmetry may haveb; = d; =0, i =1,2,....
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2.5. Curvature Analysis

Maximum, minimum and average curvature values along the seed outlines were
obtained from the Fourier coefficients of 1061 seeds (Table S1, Sheet2; see Figure 2 for an
example). The automated protocol for curvature determination was developed for R [31]
based on the code developed for Arabidopsis seedlings [32].

=== Curvature

Average curvature

25 @® Local maxima
@® Local minima
.
Min
0 2 4
t

o —

Figure 2. (Left): The outline of a seed of Vitis mustangensis (Fourier equation with 8 harmonics).

Curvature

(Right): Curvature along with the outline indicating local maxima and minima of curvature. Max-
imum curvature corresponds to the seed apex. Minimum curvature corresponds to the negative
values in the transition zone between the stalk and the chalaza. Average curvature is the value of the
integral along the curve. In this example, Max = 9.06; Min = —1.03; Ave= 1.31. Red arrows indicate
the origin and direction of curvature measurement.

2.6. Symmetry Analysis

Symmetry was measured in Mathematica by a Procrustes analysis based on a set of
points obtained from the parametric approximation given by the elliptic Fourier descriptors.

For each specimen, the shape was reconstructed using the first eight harmonics of
the Fourier series. A set of n = 500 equidistant points {p1, ..., p,} with p; = (x;,y;) was
sampled along the reconstructed outline. To eliminate the influence of spatial positioning,
the centroid p = (¥,7) was calculated, and the translation that carries 7 to the origin was
applied: p'; = p, =P = (x; = X,y; —¥),i =1,..., n. A mirrored version of the shape was
then generated by reflecting the centered points across the y-axis, i.e., (—x; +X,y; — ),
i =1,...,n. A graphic example of the application of the above procedure is given in
Figure 3.

Bilateral Symmetry. Blue (Orig) vs Red (Mirror)

04 -02 00 02 04

Figure 3. (Left): A seed of Alphonse Lavallée with the corresponding Fourier outline superimposed
in blue. (Right): Outline corresponding to the EFT representation of the seed with 8 harmonics (blue)
and mirror image (red).
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Since reflection inverts the geometric orientation (clockwise vs. counterclockwise), the
order was inverted, obtaining the sequence {1, ...,q,} withg; = (=x;—i11 + X, Yp—it1 — V),
i=1,..., n. Next, the distances between the ordered set of points {p’;, ...,p’,} and the
sets {q1,92, -, qn}, {92, -, qn.q1}, - {Gu, 91, --.,qn—1} are calculated by means of

n
2
di = Z Hp/k = Jk+i(mod. n)”
k=1
where || || denotes the Euclidean norm. Finally, the Root Mean Square Deviation (RMSD)
RMSD = y/min{dy,...,d,}
is obtained, and the Symmetry Index is established as

RMSD
s1-1- (R450)

where W stands for the width of the figure. An SI value of 1.0 indicates perfect bilateral

symmetry, while lower values represent increasing degrees of morphological asymmetry.
The Mathematica code was made to develop the method, with an extension for the auto-
mated application in R (see Supplementary Materials). The assistance of Gemini (Google)
for the elaboration of R code was used in the calculation of the Symmetry Index (SI) from
Fourier coefficients (see the Supplementary Materials Section).

2.7. Statistical Analysis

To analyse the multidimensional relationships between the Symmetry Index (SI) and
traditional morphometric descriptors, a Principal Component Analysis (PCA) was per-
formed on a representative subset of 21 genotypes, comprising the three wild Vitis species
and 18 selected cultivars (representing 54 distinct populations). This multivariate analysis
was executed within the R statistical environment, following the geometric morphometric
frameworks described by Claude [31]. The corresponding dataset—detailed in Supple-
mentary Table S1 (Sheet PCA)—comprises 1060 individual seeds and includes seven scalar
phenotypic measurements (area, aspect ratio, solidity, maximum curvature, minimum cur-
vature, average curvature, and SI), alongside the elliptic Fourier coefficients corresponding
to the first 8 harmonics. The SI and curvature profiles were computed directly from the
extracted Fourier coefficients using custom-developed R scripts.

Broad-scale evaluations of the SI were conducted across the entire germplasm col-
lection, totalling 2120 seeds (Supplementary Table S1, Fourier Coefs). Prior to hypothesis
testing, data distributions were evaluated for normality. Because the morphological mea-
surements exhibited significant deviations from a Gaussian distribution, non-parametric
analytical workflows were systematically applied.

Global differences in the Symmetry Index among genetic groups, cultivation sites, and
specific cultivars were evaluated using the Kruskal-Wallis rank-sum test. Where global
significance was detected, downstream intra-varietal and inter-group pairwise comparisons
were conducted using post hoc Mann-Whitney U tests (equivalent to Wilcoxon rank-sum
tests). To strictly control the family-wise error rate (FWER) and prevent Type I error
inflation due to multiple simultaneous comparisons, all post hoc values were adjusted
using the Holm-Bonferroni sequential step-down procedure.

https://doi.org/10.3390 /horticulturae12080951
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3. Results
3.1. Relation of Symmetry Index to Fourier Coefficients and Shape Descriptors

A Principal Component Analysis (PCA) was performed to map the structural depen-
dencies between the Symmetry Index (SI), traditional scalar morphometric descriptors, and
the comprehensive suite of elliptic Fourier descriptors (EFDs) spanning the first 8 evaluated
harmonics (Figure 4). Because the asymmetric harmonic components—specifically the B
and C coefficients—capture directional contour deviations across positive and negative
phases in the two-dimensional coordinate space, their absolute values (b, and c;) were
utilized to quantify the total magnitude of peripheral deformation. This mathematical
transformation prevents algebraic cancellation during multi-attribute statistical modelling,
enabling a direct association with the SI, which inherently assesses the cumulative loss of
geometric balance regardless of its spatial orientation. Consistent with the pairwise Pearson
correlation matrix, the projection vector exhibits near-complete orthogonality relative to
both Solidity and Aspect Ratio (AR).

PCA: Morphometrics & Fourier Absolute Coefficients

0.5 D2

0.0

PC2 (12.5 %)

Min_Curvature

-0.5

0.0
PC2 (15.9 %)

Variable a Fourier coef. a Metrics

Figure 4. Principal Component Analysis (PCA) variable loading plot illustrating the morphometric
space defined by classical seed dimensions and Elliptic Fourier Descriptors (EFDs) from harmonics 2
to 8. The vectors corresponding to the four global descriptors (Symmetry Index, Area, Aspect Ratio,
and Solidity) are contrasted against the 29 structural Fourier coefficients (A2-A8, B2-B8, C2-C8, and
D1-D8). The orientation of the vectors relative to the principal axes indicates the sign and weight
of their correlation with the respective components, while the angular proximity between arrows
reflects the strength of their multi-dimensional relationship (where orthogonality denotes statistical
independence). Vector size is dynamically scaled according to the individual percentage contribution
(%) of each variable to the variance of the projected principal component plane.

Regarding the mathematical components of the seed contour, the Symmetry Index
(S1) is functionally decoupled from the A; to Ag series and the D; to Dg harmonic expan-
sions. Instead, the vector shares its principal loading axis with the low-order, side-to-side
transformation coefficients, exhibiting a strong structural convergence with the absolute
values of the and asymmetry series, alongside the second-harmonic width component

https://doi.org/10.3390 /horticulturae12080951
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(A2). This spatial localization within the multivariate space confirms that the SI effectively
captures localized bilateral deviations without being confounded by global seed size or
elongation gradients.

Parallel to the multivariate projection, bivariate analysis revealed that the Symmetry
Index (SI) exhibits a weak but significant negative correlation with seed area (r = —0.178,
p < 0.05) and a weak negative correlation with average curvature (r = —0.074, p < 0.05)
(Table 2). In contrast, no statistically significant correlations were observed between the SI
and aspect ratio (AR), solidity, or localized maximum and minimum curvature values. This
baseline isolation reinforces that geometric bilateral consistency operates independently
from the primary longitudinal stretching (AR) or the overall structural compaction (solidity)
of the Vitis seed contour.

Table 2. Correlations between Symmetry Index and Area, Aspect Ratio (AR), Solidity, Maximum
Curvature, Minimum curvature and Average Curvature. Values represent Pearson correlation
coefficients (r). Asterisks indicate statistical significance: * p < 0.05; ** p < 0.01.

Variable 1 2 3 4 5 6 7
1. Symmetry_Index 1.000
2. Area —0.178 ** 1.000
3. AR —0.026 0.184 ** 1.000
4. Solidity 0.052 —0.062 * —0.300 ** 1.000
5. Max_Curvature —0.035 0.008 0.007 —0.142 ** 1.000
6. Min_Curvature 0.033 0.001 —0.023 0.024 —0.957 ** 1.000
7. Average_Curvature —0.074 * 0.044 0.141 ** —0.201 ** 0.826 ** —0.877 ** 1.000

3.2. Variations in Seed Symmetry Across Morphotypes

The initial phase of the morphometric analysis evaluated variation in the Symmetry
Index (SI) among the six predefined structural and phylogenetic groups. Mean SI values
across the germplasm collection showed a relatively narrow range, varying from 0.9825 in
the Muscat lineage (Group IV) to 0.9869 in the wild Vitis species (Group I). The Kruskal-
Wallis test revealed a highly significant effect of group membership on seed symmetry
(x*> =57.09,df =5, p < 0.01).

Post hoc pairwise comparisons showed that the wild outgroup (Group I), comprising
Vitis amurensis, V. arizonica, and V. mustangensis, exhibited significantly higher bilateral
symmetry (group “a”) than the V. vinifera groups represented by Savagnin Blanc and related
cultivars (Group III) and Garnacha-derived cultivars (Group V) assigned to group “b”
(Table 3). In contrast, the Iberian lineage represented by Hebén and related cultivars (Group
IT) occupied an intermediate position (group “ab”), showing no significant differences from
either the wild outgroup or the central V. vinifera groups. The Muscat lineage (Group IV)
displayed the lowest SI values and formed a distinct statistical group (group “c”), differing
significantly from all other groups. Figure 5 illustrates the contrasting symmetry profiles of
Vitis amurensis (Group I) and the cultivar Alphonse Lavallée (Group IV).

Within-group variability was generally low across all groups. Nevertheless, Groups
III, IV, and V exhibited the highest coefficients of variation (1.03%, 0.98%, and 1.17%,
respectively), whereas Group I showed the lowest coefficient of variation (0.57%), indicating

the greatest consistency in seed symmetry among the groups analysed.
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Table 3. Results of the Kruskal-Wallis and post hoc Mann-Whitney U tests for the comparison of
Symmetry Index (SI) values among six groups.

GROUP Number of Seeds (N) Mean SI! (Coef. Var.)
I 60 0.9862 2 (0.57)
I 996 0.9834 2P (0.93)
11 460 0.9824 ® (1.03)
\Y4 180 0.9819° (1.17)
v 455 0.9794 € (0.98)

1 Means within the columns sharing the same letter do not differ significantly (p < 0.05) according to pairwise
Mann-Whitney U tests adjusted via the Holm-Bonferroni sequential step-down procedure.
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Figure 5. Representative seed images and corresponding morphological outlines of Vitis amurensis
(above) and cv. Alphonse Lavallée (below). Positioned beneath each seed photograph is its respective
vectorized contour (blue line) displayed in optimal superposition with its reflected (specular) image
(red line) at the orientation of maximum mathematical alignment.

3.3. Differences in Seed Symmetry Between Cultivars
3.3.1. Differences in Seed Symmetry Between Cultivars Within the Progeny of Hebén

To evaluate micro-morphological variation at the cultivar level, differences in the
Symmetry Index (SI) were analysed among the 33 cultivars assigned to the Hebén lineage
(Group II). The results of the Kruskal-Wallis test and the subsequent post hoc comparisons
are summarized in Table 4. A consistent pattern emerged across the lineage: cultivars with
lower mean SI values generally exhibited higher coefficients of variation, indicating greater
within-cultivar variability in seed symmetry.

Statistically significant differences were detected between cultivars located at the
opposite ends of the symmetry gradient. Cadrete and Derechero exhibited the highest
mean SI values (0.990 and 0.988, respectively) and differed significantly from a group
of cultivars with the lowest symmetry values, including Viura, Tempranillo, Montta,
Parellada, Aledo, and Albillo Mayor (p < 0.05). Among these, Albillo Mayor displayed the
lowest mean SI (0.9772; group “h”), representing the minimum level of bilateral symmetry
observed within the Hebén lineage.
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Table 4. Results of the Kruskal-Wallis and post hoc Mann-Whitney U tests for the Symmetry Index
(SI) among 13 cultivars in the Hebén group (Group II).

Cultivar Mean ! SI (Coef. Var.) Cultivar Mean SI ! (Coef. Var.) Cultivar Mean ! SI (Coef. Var.)
Cadrete 0.9900 2 (0.36) Alarije 0.9860 abcdefs (0.49) Airén 0.9832 bedefgh (0 52)
Derechero 0.9886 2b<d (0.31) Vijariego Blanco 0.9860 2bedefs (0.46) Verdil 0.9832 bedefgh (0 63)
Merseguera 0.9884 2 (0.53) Picapoll 0.9861 bedefgh (0, 52) Beba 0.9829 abedefgh (0 92)
Albillo de Granada 0.9882 abedef (0 40) Pedro Ximénez 0.9851 abedefgh () 44) Jer6nimo 0.9825 abedefgh (( 73)
Forcallat 0.9878 abedef (( 35) Tortos{ 0.9846 abedefgh () 50) Mollar Cano 0.9822 abedefgh () 96)
Ferral 0.9874 abedefg () 54) Hebén 0.9843 abedefgh (() 77) Xarello Rosado 0.9814 bedefgh (0 8)
Moscatel Angués 0.9873 acdf (0.63) Garro 0.9841 abedefgh () 80) Tempranillo 0.9811 &M (0.92)
Pintada 0.9872 abedefg (( 55) Malvar 0.9840 abedefgh (0 61) Montua 0.9804 begh (0.0115)
Alcafién 0.9866 bedefs (0, 67) Viura 0.9834 fgh (0.58) Parellada 0.9802 bdefgh (1.15)
Miguel de Arco 0.9863 abedef (0 52) Cayetana Blanca 0.9834 abedefgh (0 86) Aledo 0.9781 bdefgh (1 21)
Gorgollasa 0.9863 abedefgh (0 56) Esper6 de Gall 0.9834 abedefgh (0 66) Albillo Mayor 0.9772 1 (0.77)

1 Means within the columns sharing the same letter do not differ significantly (p < 0.05) according to pairwise
Mann-Whitney U tests adjusted via the Holm-Bonferroni sequential step-down procedure.

3.3.2. Differences in Seed Symmetry Between Cultivars Within the Progeny of
Savagnin Blanc

Variation in the Symmetry Index (SI) was also evaluated among the 12 cultivars
assigned to the Savagnin Blanc lineage (Group III). The results of the Kruskal-Wallis test
and subsequent post hoc comparisons are summarized in Table 5. Significant differences in
seed symmetry were detected among cultivars. Carrasquin and Maturana Blanca exhibited
the highest mean SI values (0.9877 and 0.9874, respectively) and were assigned to statistical
group “a”. These cultivars differed significantly (p < 0.05) from Folgasao and Savagnin
Blanc, which displayed the lowest mean SI values (0.9814 and 0.9805, respectively) and
were assigned to group “b”. The remaining cultivars, including the reference varieties
Cabernet Sauvignon and Sauvignon Blanc, occupied intermediate positions (group “ab”)
and showed no significant differences from either of the two extreme groups.

Table 5. Results of the Kruskal-Wallis and post hoc Mann-Whitney U tests for the Symmetry Index
(SI) among 12 cultivars in the Savagnin Blanc group (Group III).

Cultivar Mean ! SI (Coef. Var.) Cultivar Mean 1 SI (Coef. Var.)
Carrasquin 0.9877 2 (0.48) Cabernet Sauvignon 0.9828 2 (1.27)
Maturana Blanca 0.9874 2 (0.51) Alfrocheiro 0.9822 2P (0.87)
Chenin Blanc 0.9846 2P (0.78) Folgasao 0.9814° (0.61)
Lado 0.9842 2(0.58) Sauvignon Blanc 0.9811 2P (1.39)
Parduca 0.9843 20(0.61) Blanquilifia 0.9810 2P (1.00)
Albarin Blanco 0.9842 2 (0.48) Savagnin Blanc 0.9805 P (1.08)

1 Means within the columns sharing the same letter do not differ significantly (p < 0.05) according to pairwise
Mann-Whitney U tests adjusted via the Holm-Bonferroni sequential step-down procedure.

3.3.3. Differences in Seed Symmetry Between Cultivars Within the Muscat Group

Variation in the Symmetry Index (SI) was evaluated among the 13 cultivars assigned
to the Muscat lineage (Group IV). The results of the Kruskal-Wallis test and subsequent
post hoc comparisons are summarized in Table 6. Significant differences in seed symmetry
were detected among cultivars. Moscatel Rosa exhibited the highest mean SI (0.9862) and
was assigned to statistical group “a”. This cultivar differed significantly (p < 0.05) from
a cluster of cultivars with the lowest SI values, including Muscat Usbekistanskii (0.9754),
Carifiena (0.9738), Cardinal (0.9721), and Alphonse Lavallée (0.9708), the latter representing

the lowest mean SI observed within the Muscat lineage (group “e”).
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Table 6. Results of the Kruskal-Wallis and post hoc Mann-Whitney U tests for the Symmetry Index
(SI) among 13 cultivars in the Muscat group (Group 1IV).

Cultivar Mean ! SI (Coef. Var.) Cultivar Mean ! SI (Coef. Var.)
Moscatel Rosa 0.9862 2 (0.59) Matilde 0.9812 abede (( 75)
Carifiena Mazuela 0.9854 2P (0.43) Borba 0.9811 abede (0 70)
Italia 0.9841 2 (0.64) Muscat Usbekistanskii 0.9754 4 (0.75)
Koenigin der Weingérten 0.9835 2P (1.02) Carifiena 0.9738 <de (1.50)
Muscat a Petits Grains 0.9832 2b< (0.69) Cardinal 0.9721 de (1.71)
Muscat of Alexandria 0.9826 2P (0.81) Alphonse Lavallée 0.9708 € (1.39)
Muscat Hamburg 0.9814 2b<d (0.88) Kodryanka 0.9684 Pede (2.10)

1 Means within the columns sharing the same letter do not differ significantly (p < 0.05) according to pairwise
Mann-Whitney U tests adjusted via the Holm-Bonferroni sequential step-down procedure.

3.3.4. Differences in Seed Symmetry Between Cultivars Within the Garnacha Group

Variation in the Symmetry Index (SI) was evaluated among the five cultivars assigned
to the Garnacha lineage (Group V). The results of the Kruskal-Wallis test and subsequent
post hoc comparisons are summarized in Table 7. Significant differences in seed symmetry
were detected among cultivars. Marselan exhibited the highest mean SI (0.9877) and was
, differing significantly (p < 0.05) from all other cultivars

"

assigned to statistical group “a
within the lineage. In contrast, Caladoc displayed the lowest mean SI (0.9679) and was

“u_ 1

assigned to group “c”, differing significantly from Marselan, Alicante Henri Bouschet, and

Garnacha Tinta.

Table 7. Results of the Kruskal-Wallis and post hoc Mann-Whitney U tests for the comparison of
Symmetry Index (SI) values among 5 cultivars in the Garnacha group (Group V).

Cultivar

Mean ! SI (Coef. Var.)

Marselan
Alicante Henri Bouschet
Garnacha Tinta
Caladoc

0.9877 2 (0.47)
0.9838 P (0.67)
0.9817® (0.98)
0.9679 € (2.33)

1 Means within the columns sharing the same letter do not differ significantly (p < 0.05) according to pairwise
Mann-Whitney U tests adjusted via the Holm-Bonferroni sequential step-down procedure.

Within-group variability also differed among cultivars. Caladoc exhibited the largest
coefficient of variation (2.33), whereas Marselan showed the lowest variability (coef. of
variation = 0.47), indicating greater consistency in seed symmetry for the latter cultivar.

3.4. Intra-Varietal Differences Across Cultivation Sites

To assess the effects of environmental conditions and genotype-by-environment
(G x E) interactions on seed symmetry, variation in the Symmetry Index (SI) was anal-
ysed among different populations of individual cultivars (Table 8). Among populations
evaluated across different vintages at the same location, temporal stability was generally
maintained. Montta was the only cultivar to exhibit significant temporal variation, with
seeds collected in the 2020 vintage showing a significantly higher mean SI (0.9849; group
“a”) than those collected in 2024 (0.9753; group “b”; p < 0.05).

In contrast, significant spatial variation was detected among cultivation sites for
several cultivars. Significant differences were observed in Alfrocheiro, Muscat Hamburg,
Savagnin Blanc, Sauvignon Blanc, Cardinal, and Aledo. No consistent site effect was
detected across all cultivars. Instead, the direction and magnitude of the differences
depended on the cultivar. For example, Alfrocheiro exhibited significantly higher SI values
at IMIDRA than at Valbusenda, whereas Muscat Hamburg showed the opposite pattern,
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with higher SI values recorded at Valbusenda than at IMIDRA in 2025 (p < 0.05). These
results indicate that the effect of cultivation site on seed symmetry is cultivar-dependent.

Table 8. Intra-varietal comparisons of Mean Symmetry Index (SI) and coefficients of variation values
across different cultivation sites and vintages for Vitis vinifera cultivars.

Cultivar Site/Vintage Mean ! ST Coeff. Var.
Alfrocheiro INIAV Pt 0.9854 @ 0.55
IMIDRA 0.9840° 0.57
Valbusenda 0.9757 © 1.07
Muscat Hamburg Valbusenda 0.9838 @ 0.60
IMIDRA 2020 0.9824 b 0.80
IMIDRA 2025 0.9764 b 1.03
Tempranillo IMIDRA 0.9825 2 0.68
INIAV Pt 0.9827 @ 0.79
Ayuso 0.9807 @ 0.73
Abadia Retuerta 0.9847 @ 0.40
(Tinta de Toro) Liberalia 0.9795 2 0.82
(Tinta de Toro) Divina Proporcién 0.9793 2 1.45
(Tinta de Toro) Abadia Retuerta 0.9744 b 0.96
Savagnin Blanc Valbusenda 0.9844 @ 0.54
IMIDRA 0.9834 @ 0.65
Abadia Retuerta 0.9718 b 1.37
Montaa IMIDRA 2020 0.9849 @ 0.48
IMIDRA 2024 0.9753 b 1.41
Sauvignon Blanc INIAV Pt 0.9850 2 0.80
IMIDRA 0.9846 @ 0.80
Valbusenda 0.9830 ab 0.50
Abadia Retuerta 0.9704 b 2.23
Cardinal IMIDRA 0.9805 @ 0.78
Valbusenda 0.9615 P 1.92
Aledo IMIDRA 0.9853 @ 0.80
Valbusenda 0.9698 b 2.20

! Means within the columns sharing the same letter do not differ significantly (p < 0.05) according to pairwise
Mann-Whitney U tests adjusted via the Holm-Bonferroni sequential step-down procedure.

Tempranillo, including its regional variant Tinta de Toro, exhibited the widest ge-
ographical variation among the cultivars analysed. The highest mean SI values were
recorded for the Abadia Retuerta (Tempranillo standard), INIAV Pt, IMIDRA, Liberalia,
and Divina Proporcién populations, which formed the highest statistical group (group
“a”; mean SI = 0.9793). In contrast, the Tinta de Toro population cultivated at Abadia
Retuerta exhibited a significantly lower mean SI (0.9744) and was assigned to the lowest
statistical group (group “b”) (Figure 6). The Abadia Retuerta and Divina Proporcién pop-
ulations of Tinta de Toro also exhibited the largest coefficients of variation (0.96 and 1.45,
respectively) among all populations analysed, indicating an association between greater
within-population variability and low seed symmetry.
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Figure 6. Representative seed cohorts of Vitis vinifera cv. Tempranillo (Tinta de Toro) illustrating localized
intra-varietal morphological variation across different cultivation sites. (Top row): Seeds from Abadia
Retuerta, exhibiting higher bilateral asymmetry and outline heterogeneity. (Central row): Seeds from

Divina Proporcion. (Bottom row): Seeds from Liberalia. The cohorts from the latter two vineyards
display enhanced structural symmetry and uniform shape.

4. Discussion
4.1. Evolutionary Implications of Seed Symmetry: The Wild-to-Domesticated Divergence

Our analysis revealed a clear difference in bilateral seed symmetry between wild Vitis
species and cultivated Vitis vinifera. Wild taxa (Group I), represented by species such as
Vitis amurensis, exhibited the highest Symmetry Index (SI) values together with the lowest
phenotypic dispersion, whereas cultivated groups showed lower symmetry and greater
within-group variability. These results indicate that seed symmetry has been modified
during domestication and that cultivated germplasm encompasses substantially greater
morphological diversity than its wild counterparts.

Previous morphometric studies have generally compared wild and cultivated
grapevines as two relatively homogeneous groups when investigating seed morphology
and domestication [3,13,17]. Our results suggest that this simplification overlooks consider-
able variation within cultivated V. vinifera. In particular, the Muscat lineage forms a distinct
morphometric group characterized by significantly lower symmetry and greater pheno-
typic variability than the remaining cultivated lineages. These findings are consistent with
recent genomic studies showing that cultivated grapevine diversity is highly structured and
reflects multiple domestication events, historical hybridization, and extensive vegetative
propagation rather than a single homogeneous domesticated gene pool [24,33,34].

The greater symmetry observed in wild species is consistent with the concept of
developmental canalization, whereby developmental processes generate stable pheno-
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types despite genetic or environmental perturbations [35,36]. In natural populations, seed
morphology contributes directly to reproductive success by influencing seed protection,
dormancy, dispersal, and germination. Consequently, stabilizing selection is expected
to favour developmental pathways that produce consistent seed architectures. The lim-
ited phenotypic variation observed in wild Vitis species is compatible with this expecta-
tion. Domestication likely relaxed these developmental constraints. During grapevine
improvement, selection has primarily targeted fruit-related traits, including berry size,
sugar accumulation, flavour, aroma, and yield [1,33,34], thereby permitting the accumu-
lation of greater morphological variation in seed traits within the cultivated germplasm.
Similar trends have been reported in numerous crop species, where domestication has
increased phenotypic diversity in traits that are only indirectly associated with agricultural
selection [37-39].

The Muscat lineage illustrates this pattern particularly well. Compared with the re-
maining cultivated groups, Muscat cultivars consistently exhibited lower symmetry and
greater within-group variability [40]. Although the developmental mechanisms underlying
this pattern remain unknown, they may reflect indirect effects of selection on fruit architec-
ture, berry development, or resource allocation during seed formation [2,41]. Integrating
geometric morphometrics with genomic analyses and developmental studies will help
determine whether the reduced symmetry observed in this lineage results from specific
genetic factors or from correlated responses to selection acting on fruit-related traits.

Overall, these results support bilateral seed symmetry as a quantitative descriptor
of developmental stability in grapevine seeds. Combined with geometric morphometric
approaches, symmetry analysis provides an objective phenotypic trait that can distinguish
evolutionary lineages and characterize variation within the cultivated germplasm.

4.2. Cultivar-Specific Homeostasis and Morphological Trajectories

Although cultivated grapevines exhibited lower bilateral symmetry and greater phe-
notypic variability than wild Vitis species, most Vitis vinifera cultivars maintained highly
consistent symmetry profiles, suggesting that seed development remains under strong
genetic and developmental control. This observation is consistent with the high genetic
uniformity of clonally propagated grapevine cultivars, in which centuries of vegetative
propagation have largely preserved cultivar identity while allowing only limited somatic
variation to accumulate [1,27,34,42]. The conservation of seed symmetry therefore ap-
pears to reflect an intrinsic developmental property of each cultivar rather than a purely
environmentally determined characteristic.

From a taxonomic perspective, this high degree of stability generally parallels the mor-
phological conservation observed across different lineages and haplotypes, supporting the
use of bilateral symmetry as a quantitative descriptor for cultivar identification in specific
cases. Unlike vegetative organs, whose morphology is strongly influenced by environ-
mental conditions, grapevine seeds generally retain stable geometric characteristics across
growing environments, making them particularly suitable for morphometric analyses and
germplasm characterization [2,5-9]. However, our results also reveal that cultivars belong-
ing to entirely different phylogenetic lineages or possessing distinct parentages frequently
exhibit convergent, nearly identical symmetry profiles. This convergence contrasts with
overall seed shape, which tends to be conserved within pedigree groups [5-9], suggesting
that structural or developmental constraints promote high levels of bilateral symmetry
across genetically distinct lineages. Thus, although seed symmetry alone cannot be used to
infer close genetic relationships within Vitis, it represents a useful complementary trait for
the classification of certain cultivars and may also contribute to clonal identification.
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Indeed, significant differences in symmetry were detected among pedigree groups,
particularly between the Muscat lineage and the remaining lineages analysed in this study.
Rather than following the traditional boundaries defined by proles or pedigrees, symmetry
profiles showed substantial convergence across distinct eco-geographical groups, with
notable exceptions such as the Muscat lineage, historically associated with Eastern (Pontic)
origins. Furthermore, subtle differences in symmetry were detected among samples of
the same cultivar grown at different locations, notably in the highly variable cultivar
Tempranillo. These observations suggest that symmetry may also provide a valuable metric
for evaluating differences among clones or naturally occurring variants within a given
cultivar. Together, these findings indicate that although overall seed dimensions have
been shaped by regional selection for berry size and end use, the fine geometric balance
and bilateral symmetry of Vitis seeds remain strongly buffered by intrinsic developmental
processes, largely transcending classical eco-geographical divisions.

A particularly illustrative example of the reduced symmetry observed in the Mus-
cat lineage is Alphonse Lavallée, which exhibited the lowest mean Symmetry In-
dex (S =0.9708) together with the greatest within-cultivar variability (coefficient of
variation = 1.39). This combination distinguishes it from most of the remaining cultivars
and suggests that the mechanisms regulating seed development may differ among genetic
backgrounds. The occurrence of such outliers indicates that developmental stability is
not uniformly maintained across cultivated grapevines and that individual cultivars may
occupy different positions along a continuum of developmental robustness. Alphonse
Lavallée is a diploid cultivar cultivated primarily as a table grape, although it has also
been used for wine production. It is characterized by exceptionally large, firm berries [43].
One possible explanation for its distinctive symmetry profile is that selection for increased
berry size has indirectly altered the physical environment in which seeds develop. Dur-
ing the early stages of berry development, rapid pericarp expansion may modify the
dimensions of the locular cavity, potentially imposing localized mechanical constraints on
developing seeds. Such constraints could influence seed coat development and generate
subtle deviations from bilateral symmetry without implying defects in the underlying
developmental program.

Developmental interactions between fruit growth and seed morphology have been
documented in several crop species, where selection for fruit size or architecture indirectly
affects seed traits through allometric and developmental processes [37,38,44]. Although
the present study does not directly test this mechanism, our results suggest that similar
developmental trade-offs may also occur in grapevine. Future studies integrating geometric
morphometrics with berry anatomy, developmental imaging, and genomic analyses will be
required to determine whether the reduced symmetry observed in Alphonse Lavallée re-
flects mechanical effects associated with fruit enlargement, cultivar-specific developmental
pathways, or an interaction between these factors.

4.3. Terroir-Driven Plasticity Versus Intrinsic Clonal Variation

The comparison of populations cultivated at different locations revealed that seed
symmetry is influenced by genotype-by-environment (G x E) interactions. Significant
differences among cultivation sites were detected for several cultivars, but no consistent
site effect was observed across the germplasm. Instead, both the direction and magnitude
of the response varied among cultivars, indicating that environmental influences on seed
morphology are genotype dependent.

This cultivar-specific behaviour is consistent with previous studies showing that
grapevine performance results from complex interactions between genotype and local
environmental conditions. Temperature, water availability, soil characteristics, vineyard
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management, and their interactions all influence berry development and seed forma-
tion, although the magnitude of these effects differs among cultivars [45,46]. Similar
genotype-dependent responses have been described for numerous grapevine traits, par-
ticularly under contrasting environmental conditions and varying levels of water avail-
ability [47]. Our results suggest that bilateral seed symmetry represents an additional
phenotypic trait that responds to these genotype-specific environmental interactions. Tech-
nically, using germplasm collections represents an advantage for establishing baseline
morphometric descriptors.

These observations also have practical implications for germplasm characteriza-
tion. Although seed morphology is generally considered more stable than vegetative
traits [5-9,12—-15], our results demonstrate that subtle geometric characteristics, such as bi-
lateral symmetry, can nevertheless exhibit a measurable degree of environmental plasticity.
Consequently, symmetry should not be regarded as an immutable cultivar descriptor but
rather as a quantitative trait whose expression reflects the interaction between genotype
and the environment. Incorporating multiple populations and cultivation sites into mor-
phometric studies may therefore improve the robustness of cultivar characterization while
providing additional insight into the developmental plasticity of grapevine seeds.

Taken together, these findings indicate that bilateral seed symmetry is determined by
both genetic background and local environmental conditions. Although seed morphology
remains a relatively stable taxonomic character, subtle geometric features retain sufficient
environmental plasticity to reveal genotype-specific responses to local growing conditions.
Consequently, symmetry analysis provides a complementary quantitative descriptor that,
when integrated with other morphometric and genetic approaches, may improve the
characterization of cultivars, clones, and geographically distinct populations.

4.4. Methodological Advances in Computational Ampelometry

By integrating the Procrustes-based Symmetry Index (SI) with conventional morpho-
metric descriptors, such as seed area and solidity, this study expands the quantitative
framework available for grapevine seed characterization. Traditional ampelometric ap-
proaches, including the descriptors proposed by the International Organisation of Vine and
Wine (OIV), remain valuable for cultivar identification but rely largely on qualitative or
semi-quantitative assessments that provide limited resolution for distinguishing closely
related cultivars, clones, or regional populations.

Geometric morphometric methods based on Elliptic Fourier Analysis (EFA) have
substantially advanced the quantitative analysis of seed shape by describing complete
outlines through Fourier coefficients [6-9,14-17]. However, EFA primarily captures global
shape variation and may be less sensitive to subtle bilateral differences because recon-
structed outlines are represented by a finite series of harmonics. The Procrustes-based
Symmetry Index complements these approaches by specifically quantifying deviations
from bilateral symmetry following the optimal superimposition of mirrored seed outlines.
As a scale-independent metric, the SI provides an additional descriptor of seed morphology
that is independent of overall seed size. This mathematical framework can be readily
implemented as a standardized analytical pipeline for the analysis of seeds from any Vitis
cultivar, making it broadly applicable to germplasm characterization.

Although the framework presented here quantifies phenotypic deviations from bilat-
eral symmetry with high precision, it is intended as a descriptive rather than a predictive
tool and does not directly identify the environmental or genetic factors underlying the
observed variation. The integration of the SI with other geometric variables, particularly
solidity and curvature, enables a more comprehensive characterization of seed morphology
in Vitis species and cultivars [6-9]. Whereas solidity describes the compactness of the
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seed outline and reflects morphological features such as ventral depressions and beak
development, the Symmetry Index quantifies the degree of bilateral correspondence. To-
gether, these complementary descriptors provide a multidimensional representation of
seed architecture that enhances the discrimination of cultivars and populations. Moreover,
the automated workflow developed in this study is fully reproducible and readily appli-
cable to large image datasets, making it well suited for high-throughput phenotyping of
grapevine germplasm. Beyond cultivar discrimination, quantitative symmetry analysis
may also prove valuable for evaluating clonal variation and characterizing geographically
distinct populations. Future studies integrating morphometric, genomic, and environ-
mental datasets will help determine the extent to which bilateral symmetry can serve as a
phenotypic indicator of developmental stability across diverse genetic backgrounds and en-
vironmental conditions. Bilateral symmetry is not only a useful descriptor for Vitis but also
a promising morphometric trait for studying developmental stability and domestication in
other seed-bearing crops.

5. Conclusions

This study demonstrates that bilateral seed symmetry is a robust quantitative trait
for the characterization of grapevine germplasm. By integrating Elliptic Fourier Analysis
(EFA), Generalized Procrustes Analysis (GPA), and automated image processing in R, we
developed a reproducible workflow for calculating a scale-independent Symmetry Index
(SI). The resulting protocol provides a rapid, objective, and non-destructive approach for
analysing large seed collections while minimizing observer bias.

The Symmetry Index revealed biologically meaningful patterns across multiple hi-
erarchical levels. Wild Vitis species exhibited significantly greater bilateral symmetry
and lower phenotypic variation than cultivated Vitis vinifera, supporting the view that
domestication has been accompanied by increased morphological diversification. Within
cultivated grapevines, however, most cultivars maintained highly consistent symmetry
profiles, indicating that bilateral seed architecture remains under strong developmental
control despite extensive genetic diversification. In contrast, the Muscat lineage consistently
displayed lower symmetry and greater phenotypic variability than the remaining cultivated
groups, while cultivars such as Alphonse Lavallée exhibited unusually high within-cultivar
variation, illustrating that developmental stability differs among genetic backgrounds.

The analysis also demonstrated that bilateral symmetry is influenced by genotype-to-
environment interactions. Although seed symmetry proved sufficiently stable to support
germplasm characterization, significant differences among populations cultivated under
contrasting environmental conditions indicate that this trait retains a measurable degree of
environmental plasticity. Consequently, the Symmetry Index complements conventional
morphometric descriptors, including seed area, solidity, and curvature, by providing
additional quantitative information on seed architecture and developmental variation.

Beyond its methodological contribution, this study advances computational ampelom-
etry by introducing a standardized and scalable framework for the quantitative analysis of
bilateral seed symmetry. The automated workflow can be readily integrated with geometric
morphometrics, genomic analyses, and archaeobotanical investigations, providing a com-
plementary tool for cultivar identification, germplasm characterization, studies of clonal
and geographical variation, and research into grapevine domestication and evolution.

Future studies integrating symmetry analysis with genomic, developmental, and envi-
ronmental datasets will help elucidate the biological mechanisms underlying variation in
seed architecture and determine the broader applicability of bilateral symmetry as a quanti-
tative descriptor of developmental stability in grapevine and other seed-bearing crops.
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Supplementary Materials: 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 Abadia Retuerta, IMIDRA, and Jardin Ampelografico
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 are available at https://zenodo.
org/records /19566279 (accessed on 21 April 2026). Table S1 (Excel file) containing three Sheets
(Populations under study, Data for PCA and Fourier coefficients for 2160 seeds), R code for calculation
of Symmetry Index (SI) from Fourier coefficients and samples of the results of SI analysis are available
at https:/ /zenodo.org/records /21219841 (accessed on 24 June 2026).
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