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Abstract: The Cucurbitaceae is a monophyletic family with close to 1000 species of climbers, including
important agronomic species and varieties characterized by tendrils and pepo fruits. The seed’s
morphology is varied, and the development and structure of the seed coat have been described
in detail on some species. Overall description of the seed shape is based on terms comparing it
with geometric figures, but quantitative methods are lacking in the literature. Here we apply a
general morphological analysis to seeds of representative genera of the Cucurbitaceae, followed by
curvature analysis in the poles and symmetry analysis. These methods are useful for the quantitative
description of seed shape and the comparison between species and varieties. Differences between
species were found for most morphological measurements, as well as for symmetry and curvature
values. The comparison between three species of Cucumis (Cucumis sativus, C. myriocarpus and C. melo)
and two varieties of C. melo reveals differences between species and varieties both in curvature and
symmetry. The results obtained from both methods, curvature and symmetry analysis, form similar
groupings in a cluster analysis. The methods described here were applied for the identification of
agronomic varieties and the quantitative description of seed shape in taxonomy.

Keywords: curvature; Elliptic Fourier Transform; models; polarity; symmetry

1. Introduction

In the life cycle of plants, seeds have a range of functions concentrated in a reduced
volume. They have the capacity to survive during adverse environmental conditions, and
guarantee protection, nutrition and dispersal of the embryo. Seed shape is related to all
these functions and is the result of the integration of protective, nutritional and transport
tissues with an adequate surface to volume ratio. In addition, seed shape is the result of a
complex developmental process defined by the ovule type and the relation of the ovule
with the ovary and fruit structures. The morphological and functional diversity of seeds
represents the complexity of plants [1].

The Cucurbitaceae Juss. includes ca. 100 genera of herbaceous annual vines and
perennial lianas, with some caduciform succulent species reported for Apodanthera Arn.
Ref. [2] and the tree Dendrosicyos socotranus Balf.f., endemic to Socotra Islands. The family
includes fruits and vegetables agriculturally important such as Citrullus lanatus (Thunb.)
Matsum. & Nakai (watermelon), Cucumis melo L. and C. sativus L. (melons and cucumbers,
respectively), Cucurbita moschata Duchesne (pumpkin), C. pepo L. (ornamental gourds
and zucchini), Lagenaria Ser. (L. siceraria (Molina) Standl. is the calabash or bottle gourd
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traditionally used as water container) and Coccinia Wight & Arn. (scarlet gourds) [34].
Luffa Mill. (L. aegyptiaca Mill. and L. acutangula (L.) Roxb.) are cultivated and eaten as
vegetables but they are also the source of the loofah scrubbing sponge.

Members of the Cucurbitaceae are mainly distributed in tropical and subtropical re-
gions with relatively few species naturally inhabiting the temperate regions of the world.
Some species are invasive like paddy melon (Cucumis myriocarpus Naudin), bitter cucumber
(Citrullus colocynthis (L.) Schrad.) and camel melon (C. lanatus (Thunb.) Matsum. & Nakai)
in Australia [5] or Sicyos angulatus L. in Europe [6]. The family is monophyletic, and it
has its origin in the Asiatic continent [7-9]. Subfamilies are not recognized in the recent
classifications [7-9], and the application of modern molecular taxonomy methods has
resulted in the distribution of genera in 15 tribes [9]: Actinostemmateae, Benincaseae, Bry-
onieae, Coniandreae, Cucurbiteae, Gomphogyneae, Indofevilleeae, Joliffieae, Momordiceae,
Schizopeponeae, Sicyoeae, Siraitieae, Thladiantheae, Triceratieae and Zanonieae.

Two of the ancient tribes (the Gomphogyneae and the Actinostemmatae) are now
almost restricted to Asia, while a third, the Triceratieae, is mainly Neotropical. Species
belonging to nine of these tribes occur in Malaysia [10], while the native European cucurbit
flora is limited to a single clade, Bryonieae [7].

In the Cucurbitaceae, ovules are anatropous, bitegmic and crassinucelate [11,12].
The seeds are mainly oval or ellipsoid, often compressed and with bilateral symmetry
along the major axis. The tegmen collapses in the curse of development and testa alone
forms the seed coat. The development and structure of the seed coat has been studied in
several genera [13-21].

Seed morphology has been traditionally used in taxonomy with variable success in
diverse families of plants [22-25]. Studies of seed morphology are based on the combination
of different qualitative characters and directed towards understanding the phylogenetic
relationships between taxonomic groups. In addition, two particular strategies applied are
as follows: (1) A general description of seed morphological types and, (2) The definition
of surface characters, such as for example seed tubercles in the Caryophyllaceae [26-31].
In both cases, descriptions are based on adjectives, and progress is often hampered by
the lack of quantification methods. In the Cucurbitaceae, shape descriptions are based
on the comparison with geometric figures or objects resembling them and frequently
used terms include globose, ovoid and pyriform (Halosicyos Mart. Crov. [17]; Indofevillea
Chatterjee, Siraitia Merr. [17]), pear-shaped (Ampelosicyos Thouars [17]; Diplocyclos palmatus
(L.) C. Jeffrey [20]), obovoid (Ibervillea Greene ex. Tumamoca Rose [17], Bryonia dioica
Bojer [20]), oblong (Melothrianthus Mart. Crov. [17]; Benincasa hispida (Thunb.) Cogn.,
Lemurosicyos variegatus (Cogn.) Keraudren, Ruthalicia longipes (Hook.f.) C. Jeffrey [20]);
oblong-obovoid (Citrullus colocynthis (L.) Schrad. [20]), and suborbicular (Fevillea L. ex.
Anisosperma Manso [17]). Nevertheless, there are no characteristic morphological types
for any of the tribes, and almost there is no morphological rule of general application in
taxonomy other than smaller and winged seeds occur preferentially in the basal clades.
Heneidak and Khalik used a series of characters from seeds, including size and shape,
as well as others based on details of the seed coat surface to contribute to a taxonomic
key for some species of the Cucurbitaceae [20]. Their results showed monophyly of the
tribes Bryonieae, Coniandreae and Luffeae, but in order to make morphological methods
of broader application, more seed characteristics may be defined that can be subjected
to a quantitative geometric analysis. Thus, seed shape description based on quantitative
methods may contribute to the application of seed morphology in taxonomy.

A quantitative method based on the comparison with geometric models has been applied
to describe, quantify and compare seed shape in diverse families and species [32-35]. The
application of this method to the seeds of the Cucurbitaceae showed the similarity that
many seeds have with ellipses and ovoids [35] and gave quantifications of shape for some
species. For example, seed images of many species of Cucurbita L., Coccinia Wight & Arn.,
Bryonia L., Trichosanthes L., Citrullus Schrad. ex Eckl. & Zeyh., Melothria L., Sicyos L.,
Acanthosicyos Welw. ex Benth. & Hook.f. and Dendrosicyos Balf.f. adjusted to an ovoid,
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while diverse species of Cucumis L., as well as Echinocystis lobata (Michx.) Torr. & A.Gray
and Lagenaria sphaerica (Sond.) Naudin adjusted better to ellipses of variable aspect ratio.
New methods based on Elliptic Fourier Transform (EFT) make it possible to design models
that are more specific for the seeds of given species than canonical, well-known geometric
figures [36]. In addition, the application of curvature analysis may also improve the seed
shape description. Curvature is the rate at which the unit tangent vector is changing with
respect to arc length [37-40]. Curvature measurements are based on methods developed for
roots analysis in Arabidopsis Heynh. in Holl & Heynh. (Brassicaceae) [37,38], wheat, grape
and Silene seeds [39,40]. Finally, a new aspect related to seed geometry is the quantification
of symmetry in the seed images. We present here for the first time a protocol for the
measurement of symmetry and its application to diverse species of the Cucurbitaceae. The
application of these methods may contribute to the taxonomy of this family.

2. Materials and Methods
2.1. Plant Material

The seeds analyzed belonged to seven genera (Bryonia, Citrullus, Coccinia, Cucumis, Cu-
curbita, Ecballium, Momordica and Sicana), of which Cucumis is represented by three species
(C. melo, C. myriocarpus and C. sativus) and two cultivars of C. melo (Piel de sapo and Melon
Rochet). The seeds of Bryonia dioica and Cucumis myriocarpus were, respectively collected
in the forest and fields of Villanueva de Gémez (Avila, Spain); Citrullus lanatus, Cucumis
melo var. Melon Rochet and Piel de sapo, and Cucumis sativus, were obtained from local
suppliers. Seeds of Ecballium elaterium (L.) A.Rich. were collected in the IRNASA-CSIC.
Sicana odorifera (Vell.) Naudin seeds were obtained from local growers at Puyo (Pastaza,
Ecuador). The images of Momordica sp. and Coccinia sessilifolia were obtained from the web
pages of RBG Kew.

2.2. Seed Photographs

Images of the seeds were taken with with a Nikon Z6 camera (Nikon, Tokyo, Japan),
equipped with an objective AF-S Micro NIKKOR 60 mm f/2.8G ED (Nikon, Tokyo, Japan).
Seed images of Momordica sp. (originally labelled as Coccinia rehmannii) and C. sessilifolia
were from Elly Vaes, RBG Kew. For curvature and symmetry analysis, the seeds were
oriented vertically, with their apical poles, containing the embryo above.

2.3. Model Design by Elliptic Fourier Transform (EFT)

The model used for shape comparison of Cucumis species and varieties resulted from
the EFT expansion with six harmonics corresponding to 25 points taken regularly along a
seed silhouette of C. sativus. Closed curves reproducing the seed silhouettes were obtained
by the application of the protocol of EFT as described [36]. The Mathematica code with the
Fourier expansion corresponding to a seed of C. sativus and the resulting figure used as the
model for shape comparison are available at Zenodo (see Supplementary Materials).

2.4. Seed Shape Quantification by Comparison with a Model

The model was superimposed to the seed image, and two copies of the combined
image were made, one with the model in white, and the other with the model in black
(Figure 1). Image areas were quantified in Image J153. The area obtained with the model in
black corresponds to the total area occupied by the seed image and the model, while the
area with the model in white represents the shared area between both figures. | index is the
percent of similarity between the seed image and the model and is calculated as:

J index = Shared area % 100
Total area
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Figure 1. The two images used for calculation of ] index are formed by the superposition of the seed

image (shown here in grey) with a geometric model. In the image on the left, the model is shown by
a white line, while it is in black on the right. The image on the left gives the measurement of shared
area, while the image on the right gives total area occupied by both the image and the model. | index
gives a measure of the percent similarity between the seed image and the model and is calculated as
(Shared area)/(Total area) x 100.

2.5. Curvature Analysis

A series of points was taken for the image of curves defining the upper and lower
part of the seeds with Image J. The corresponding Bézier curve and curvature analysis
were obtained according to published protocols [37-40] (See Supplementary Materials).
Curvature is given in mm~}; thus, a curvature of 1 corresponds to a circumference of 1 mm,
and a curvature of 10 to a circumference of 100 microns (0.1 mm).

2.6. Symmetry Calculation

Bilateral symmetry of a seed was calculated based on the protocol to obtain | index. |
index is the percentage of similarity between a plane figure of a seed and the corresponding
geometric model [32-35]. The model used to calculate bilateral symmetry is the specular
image of the seed silhouette obtained with the command reflect horizontally in Corel
PhotoPaint (Figure 2).

Figure 2. A summary of the protocol used to measure bilateral symmetry in a seed of Cucumis melo.
Left: Seed image with model superimposed. The model is the silhouette resulting from the horizontal
reflection of the seed image. Center: Seed image with model superimposed and common region
in gray. Right: Seed with Model from its own silhouette superimposed in gray. Differences in area
between the two images (total and shared area) give a measure of symmetry.

Similarly to the | index, Symmetry index is given by the following equation:

Symmetry index = % x 100
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In the equation, T is the total area resulting from the sum of the image of a seed silhouette
and the specular image of it superimposed on a minimum surface area and S is the area
shared by both. Thus, in the cases of maximum symmetry, both images coincide and
S/T =1. The model in this case is obtained as the silhouette resulting from the horizontal
reflection of the seed image.

2.7. Statistical Analysis

Given the heterogeneity in sample sizes or in their distributions, Kruskal-Wallis test
was used to identify significant differences between populations for the measured variables.
Statistical analyses were performed with IBM SPSS statistics v28 (SPSS 2021). Coefficients
of variation were calculated according to [41].

The Euclidean distance and Ward algorithm for clustering were used to calculate the
dendrogram. The matrix used for the analysis contained the data for symmetry values.

3. Results

This section is divided into four sub-sections. Section 3.1 presents data related to the
general morphological measurements conducted on eleven species belonging to seven
genera corresponding to tribes Benincaseae (Citrullus, Momordica, Cucumis), Cucurbiteae
(Cucurbita and Sicana) and Bryonieae (Bryonia and Ecbalium). Sections 3.2 and 3.3 contain
data on curvature and symmetry analysis for these genera, except Cucumis. A morphologi-
cal analysis including curvature, symmetry and the comparison by a geometric model is
applied to three species and two varieties of Cucumis in Section 3.4.

3.1. General Morphological Measurements

Table 1 contains a summary of the mean values for area (A), perimeter (P), length
(L), width (W), circularity (C), aspect ratio (AR), roundness (R) and solidity (S) for seeds
of the species and varieties analyzed. There were significant differences between species
for all measurements. Cucumis myriocarpus and Ecballium elaterium had the lowest area
values; while Sicana odorifera had the highest. Aspect ratio was highest in the two varieties
of Cucumis melo, and there were significant differences in aspect ratio between this species
and C. sativus and C. myriocarpus, that had the lowest value for aspect ratio in this genus.
Coccinia and Momordica had significantly lower values in solidity whereas the highest values
were found in Cucumis sativus.

Table 1. Mean values of area (A), perimeter (P), length (L), width (W), circularity (C), aspect ratio (AR),
roundness (R) and solidity (S) in species and varieties of the Cucurbitaceae. Between parentheses,
coefficient of variation. Different lowercase letters indicate differences between populations in the
same column.

Species N A P L W C AR R S
Brvomia diica 16 13.05P 14.68 P 487P 341°¢ 0.76 ¢ 1.432 0.70 8 0.988 4
Y (12.2) (7.3) (6.0) (7.7) (8.8) 6.3) 6.3) (0.5)
Citrullus lanatus 30 34.22¢ 23.47°¢ 8.434d 5.16f 0.78¢ 1.63P 0.61f 0.986 4
(9.0) (4.8) (5.0) (4.9) (2.0) (4.0) (4.0) (0.2)
Momordica s 5 50.47 £ 29.96 8 10.55 ¢ 6.108 0.77 abe 1.74 be 0.58 ©f 0.9612
P (7.8) (4.6) (4.8) 6.7) (4.7) (8.4) (8.5) (0.4)
Coccinia sessilifolia 6 26.154 21714 8.07 ¢d 413¢ 0.70 abe 1.96 ¢ 0.52°¢ 0.9722
(12.4) (9.2) (11.7) (4.5) (6.6) (12.9) (14.0) (0.8)
Cucumis melo o5 48.66 f 29.98 8 12.17 8 5.08f 0.682 2408 0422 0.992 f
Melon Rochet (11.6) (6.3) (6.9) 6.7) (4.3) (7.4) (7.3) (0.1)
Cucumis melo Piel o5 35.02 ¢ 2562 f 10.28 € 432¢ 0.672 2398 0.422 0.990 ©
de sapo (15.7) (7.6) (8.2) (8.8) (4.6) (7.5) (7.8) (0.1)
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Table 1. Cont.

Species N A P L w C AR R S

Cucumis 13 9.682 13.282 4.89P 2524 0.69 ab 1.94¢ 0.52¢ 0.990 ©
myriocarpus (4.3) (3.3) (3.9) (2.9) (3.7) (5.3) (5.3) (0.3)

Cuctimis sabious 30 22.88¢ 20.13 ¢ 7.93¢ 3.674 0.71 be 2.16f 0.46 P 0.993 8
(10.2) 6.1) (7.1) (4.9) (3.7) 6.8) 6.9) 0.1)

Cucurbita pepo 10 61.48 8 32.87h 12.00 f 6.52 0.72°¢ 1.844d 0.54 4 0.986 ¢
6.7) (3.7) (3.2) (3.6) (4.3) (2.7) 2.7 (0.9)

Ecbalium elaterium 38 10.04 2 12.99 2 4724 2.70b 0.75 4 1.75¢ 0.57¢ 0.991 ¢
(10.6) (5.4) (4.2) (7.7) (4.0) (6.8) (6.5) (0.4)

Sicana odorifera 9 78.33h 37.771 13.75h 7.251 0.69 ab 1.90 de 0.53¢d 0.979 b
(6.0) (2.9) (4.5) (4.2) (2.3) (6.2) 6.3) (0.2)

Solidity values are the more conserved between groups oscillating between 0.961 and
0.993 (coefficients of variation between 0.1 and 0.9), being higher in the four species of
Cucumis and the two species of tribe Bryonieae (Bryonia and Ecbalium), than in the rest
of species.

3.2. Curvature Analysis

Table 2 contains a summary of the curvature values including the maximum, mean
and maximum to mean ratio for both upper and lower sides of the seeds. In addition, the
last column presents the ratio between maximum curvature values in the upper (apical)
and lower (basal) part of the seed. Low values of curvature ratio were associated with
low polarity (less difference between the poles), while high values represent high polarity
in the seeds. Significant differences in curvature ratio were found between Momordica sp.
(lowest value) and the rest of the species, in one hand and also between the groups formed
by Citrullus lanatus, Coccinia sessilifolia, Cucumis melo cv. Piel de sapo and Cucurbita pepo
(higher values) and Cucumis sativus and Ecbalium elaterium (lower values).

Table 2. Curvature values in the upper and lower part of the seeds for different species and varieties
(between parentheses, number of seeds analyzed). Different lowercase letters indicate differences
between populations in the same column.

Species Upper Lower
. . Maximum
Maximum Mean . Maximum Mean . .
Curvature Curvature Maximum/Mean Curvature Curvature Maximum/Mean Uppe;ﬂ/(l}/j::;mum
Citrullus a b b b a
lanatus (6) 1.65 0.39 4232 0.692 0.46 °¢ 1.50 239¢
Momordica sp. 1.223 0.292 421 1.554 0.342b 4.56de 0.79 2
Coccinia b b b b b
sessilifolia (6) 2.40 0.54 ¢ 4442 1.00 be 0.45 be 2224 240°¢
Cucumis melo
cv. Melon 1.552 0.43° 3522 0.85° 0.40 be 2.132b 1.82 be
Rochet (14)
Cucumis melo
cv. Piel de 248" 0.52¢ 477" 1.10be 0.46 be 2,39 be 225¢
sapo (13)
Cucumis b b b b d b
satious (17) 1572 0.42 3747 1.05 b 0.41 2be 2.56 1.49
Cucu?lﬂ%l PO 1490 0.31° 481" 0.65° 0.30° 2.16 % 2.29°
Ecbalium b b d d b
elaterium (5) 291 0.62¢ 4.69 1.89 0.66 2.86 e 1.54
Sicana b b b d a e b
odorifera (3) 2132 0302 7.11 1.44° 0.27 5.33 1.48
Mean Valugs
forall species - 93 55 ) 0.42 (19.38) 4.84 (33.4) 1.13(19.2) 042 (24.3) 3.05 (33.7) 1.87 (26.3)

(coefficient of
variation)
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The rest of this section is dedicated to the analysis of curvature in representative
species of the Cucurbitaceae (Figures 3-10). The results corresponding to Cucumis species
and varieties will be analyzed with more detail in Section 3.4.

The seeds of Momordica sp. had the lowest curvature ratio between apical and basal
poles. In their apical poles, they presented a single inflection point, in contrast with

two or three inflection points corresponding to respective curvature peaks in their basal
poles (Figure 3).

> '
st/ w/\ - /0\ Tt

Figure 3. Left: a seed of Momordica sp. Right: Curvature analysis; above: Bézier curve and curva-
ture in the upper side; and below, Bézier curve and curvature in the lower side of the seed. Bar
represents 1 mm.

Ecbalium elaterium and Sicana odorifera had values of curvature ratio superior to Mo-
mordica sp. but lower than the other species. One or two points of inflexion corresponding
to respective curvature peaks are observed in the apical and basal poles of seeds of Ecbalium
elaterium (Figure 4) while two points of inflexion are commonly observed in both poles in
Sicana odorifera (Figure 5).

¢ g 02 4 06 08 _do
06 \ A

Figure 4. Left: a seed of Ecbalium elaterium. Right: Curvature analysis; above: Bézier curve and

curvature in the upper side; and below, Bézier curve and curvature in the lower side of the seed. Bar
represents 1 mm.

The seeds of Citrullus lanatus, Cucurbita pepo and Coccinia sessilifolia had curvature ratio
between the apical and basal poles superior to the other species. Figure 6 shows a seed of
C. lanatus and the results of the corresponding analysis of curvature. The seeds presented
inflection points variable in number and size in their apical side, while in their basal side
curvature values were almost constant, and the silhouette approached the figure of an arc
of circumference of radius equal to the inverse of average curvature, between 1 and 2 mm
in case of this image (curvature values in the lower part between 0.5 and 1).
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s

Figure 5. Left: a seed of Sicana odorifera. Right: Curvature analysis; above: Bézier curve and curvature
in the upper side; and below, Bézier curve and curvature in the lower side of the seed. Curvature
points superior to the unity are present both in the upper and lower sections of the seed. Bar
represents 1 mm.

20/

0 ““\ ,
M f/ \ ) S \/-f\m
Jf .

\
\

Figure 6. Left: a seed of Citrullus lanatus. Right: Curvature analysis; above, Bézier curve and
curvature in the upper side; and below, Bézier curve and curvature in the lower side of the seed. Bar
represents 1 mm.

Two maximum curvature values were observed in the upper part of the seed in Coccinia
sessilifolia, while the basal part presented some asymmetry with higher curvature values
(lower radius) on one side (Figure 7).

2
1

02 )

4

|
53!

Figure 7. Left: a seed of Coccinia sessilifolia. Right: Curvature analysis; above, Bézier curve and
curvature in the upper part; below, Bézier curve and curvature in the lower part of the seed. Bar
represents 1 mm.

Some seeds of Cucurbita pepo also presented a small plane region in the apex giving
two maximum points of curvature (Figure 8). In the basal region, curvature values were
more constant.
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Figure 8. Left: a seed of Cucurbita pepo Right: Curvature analysis; above, Bézier curve and curvature in
the upper part; below, Bézier curve and curvature in the lower part of the seed. Bar represents 1 mm.

3.3. Symmetry Analysis

Table 3 presents the results of the quantification of symmetry in the species of the
Cucurbitaceae. Coccinia sessilifolia and Ecbalium elaterium showed significantly the lowest
and highest values on symmetry, respectively.

Table 3. Symmetry values (percent) in the seeds of the species and varieties of Cucurbitaceae analyzed.
N is the number of seeds analyzed. Between parentheses, coefficients of variation. Different lowercase
letters indicate differences between populations in the same column.

Species or Variety N Symmetry
Bryonia dioica (Dioecious) [42] 10 91.97 bed (2.80)
Citrullus lanatus (Monoecious) [43] 10 93.89 de (1.13)
Momordica sp. (Dioecious) [43,44] 5 89.5b (1.39)
Coccinia sessilifolia (Dioecious) [43,44] 6 85.39 2 (2.31)
Cucumis melo Melon Rochet b
(Andromonoecious) [43] 20 9010 (3.58)
Cucumis melo Piel de sapo b
(Andromonoecious) [43] 20 91.047 (2.54)
Cucumis myriocarpus [45,46] 10 93.16 °de (1.98)
(Monoecious)
Cucumis sativus (Monoecious) [43] 20 94.27 ¢ (2.23)
Cucurbita pepo (Monoecious) [43] 10 93.11 <4 (0.97)
Ecbalium elaterium (Dioecious) [43] 10 95.32f(1.22)
Sicana odorifera (Monoecious) [43] 8 91.88 bc (0.74)

3.4. Morphological Analysis in Cucumis
3.4.1. Curvature Analysis

Curvature was more variable in Cucumis sativus than in C. melo. The seeds of the
two varieties of Cucumis melo presented regular Bézier curves both in the upper and lower
sides. Most seeds presented a single inflection point in the upper side with single peaks of
maximum curvature in the apical region, and smaller peaks in the central part of the basal
side (Figures 9 and 10).
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Figure 9. Left: a seed of Cucumis melo cv. Melon Rochet. Right: Curvature analysis; above: Bézier
curve and curvature in the upper part; below, Bézier curve and curvature in the lower part of the
seed. Bar represents 1 mm.

Figure 10. Left: a seed of Cucumis melo cv. Piel de sapo. Right: Curvature analysis; above: Bézier
curve and curvature in the upper part; below, Bézier curve and curvature in the lower part of the
seed. Bar represents 1 mm.

In contrast, the seeds of C. sativus had patterns of curvature more diverse, predomi-
nantly with two notable peaks in the upper pole and two peaks less marked in the lower
pole (Figure 11).

20253035404550

Figure 11. Left: a seed of Cucumis sativus. Right: Curvature analysis; above: Bézier curve and
curvature in the upper side; below, Bézier curve and curvature in the lower side of the seed.
Curvature points superior to the unity are present both in the upper and lower sections of the seed.
Bar represents 1 mm.
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Maximum and mean curvature values in the upper pole were superior in C. melo
cv. Piel de sapo, and no differences were detected between curvature in the upper pole
between the seeds of C. sativus and those of C. melo Melon Rocher (Table 2).

3.4.2. Morphological Comparison by Models Based on EFT Curves Reproducing the
Seed Silhouettes

The curves corresponding to EFT expansions reproduced well the silhouette of seeds of
all the species. The model obtained for Cucumis sativus was tested against seeds of Cucumis
sativus, Cucumis melo CV. Melon Rochet and Piel de sapo and C. myriocarpus with the results
presented in Table 4. Significant differences were found for the shape comparison between
the three species. C. myriocarpus seeds resemble C. sativus more than the seeds of varieties
of C. melo.

Table 4. Values of ] index resulting from the comparison of a model from Cucumis sativus tested
against seeds of C. sativus, C. melo cv. Piel de sapo and C. melo cv. Melon Rochet. Different lowercase
letters indicate differences between populations in the same column.

Species (or Variety) N J Index
Cucumis melo Melon Rochet 23 87.72 (3.8)
Cucumis melo Piel de sapo 24 86.12 (4.1)
Cucumis myriocarpus 10 90.4° (1.2)
Cucumis sativus 32 92.1¢(2.0)

3.4.3. Symmetry Analysis

Similar to the results of morphological comparison, symmetry analysis showed differ-
ences between the three species. Highest symmetry values were obtained in Cucumis sativus,
intermediate in C. myriocarpus and the lowest values correspond to the two varieties of
C. melo (Table 5).

Table 5. Results of symmetry analysis in species of Cucumis and varieties of C. sativus. Different
lowercase letters indicate differences between populations in the same column. Between parentheses,
coefficients of variation.

Species N Symmetry
Cucumis melo Melon Rochet 20 90.10 2 (3.58)
Cucumis melo Piel de sapo 20 91.04 2 (2.54)
Cucumis myriocarpus 10 93.16 © (1.98)
Cucumis sativus 20 94.27 € (2.23)

3.4.4. Morphological Measurements in Relation with the Taxonomy of Cucumis

Among the quantitative morphological characters analyzed, both ] index with specific
models and Symmetry index give results coherent with the taxonomic relationship in
Cucumis. The dendrogram in Figure 12 shows the relationship between Cucumis species
and cultivars based on the values for symmetry indicated in Table 3 (for Coccinia sessilifolia)
and Table 5 (C. melo var. Melon Rochet and Piel de sapo, C. myriocarpus and C. sativus). The
two agronomic cultivars group together and separated from another cluster containing
C. myriocarpus and C. sativus. A similar figure resulted from the data corresponding to |
index in the shape comparison with the model from the EFT expansion with six harmonics
corresponding to 25 points taken regularly along a seed silhouette of C. sativus.
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Cucumis melo Melon Roche

Cucumis melo Piel de sapo

>Cucumis sativis

Cucumis myriocarpus

Coccinia ilifoli

Figure 12. Dendrogram based on hierarchical clustering with the mean values of symmetry of
Table 3 (Coccinia sessilifolia) and Table 5 (C. melo var. Melon Rochet and Piel de sapo, C. myriocarpus
and C. sativus).

4. Discussion

Recent advances in plant science have been more concentrated in biochemistry,
genetics and the corresponding -omics approaches, rather than the classical morpho-
logical descriptions. Nevertheless, detailed quantitative morphological descriptions
are needed for understanding plant-environmental interactions [47], as well as gene
function and the relationship between gene activity and organ and tissue develop-
ment [48]. In addition to their agronomic interest worldwide, the Cucurbitaceae have
a background of morphological and phylogenetic studies and constitute an interesting
system to study seed morphology. The seeds of the Cucurbitaceae have diverse shape
and size (see Figures S1 and S2 in the Supplementary material). Wings develop in tribes
Triceratieae, Gomphogyneae and Zanonieae that can be unilateral (Gerrardanthus, Neoalsomi-
tra, Zanonia), bilateral (Siolmatra), or peripheral (Alsomitra). Wings are considered ancestral
characters in this family, together with samara and capsule fruit types [9]. Berry and pepo
fruit types, associated with higher solidity values in the seeds, are characteristic of the more
recent clades.

Winged, round, lens and irregular shaped seeds are more frequent in the ancient
clades, while the obovoidal plane shape, already present in some ancient clades such as
Actinostemmatae, Indofevilleae, Thladianteae and Siraitieae, is predominant in recent
tribes. Seed size is, in general, higher in the ancient clades. Data of seed size reported here
(average length and width of 10.5 and 5.4 mm) are comparable to those in the seed volume
database elaborated by Ganhao et al. [49] that contains the values of length, width and
height for diverse populations of 26 species of the Cucurbitaceae. In this dataset, the mean
dimensions are 8.9 mm length, 4.9 mm width and 1.8 mm height; thus, the average seed
volume is of 96.9 mm3. Our analysis includes other morphological data such as circularity,
aspect ratio, roundness and solidity. In the species analyzed in this work, solidity oscillates
between 0.96 for Coccinia and Momordica and 0.99 in the three species of Cucumis and
Ecballium, having an intermediate value of 0.98 in the remaining species (corresponding to
Bryonia, Citrullus, Cucurbita and Sicana), thus the adjust to an obovoidal shape is associated
with higher solidity values, and appears as a property shared by species of the same genus.
Among the species analyzed here, the seeds of Bryonia and Citrullus had higher circularity
than the other genera.

In these measurements, the comparison of the coefficients of variation gives a better
idea than the standard deviation of how values vary in each group as well as between
groups. In agreement with our previous results in other families, solidity is the more
conserved index among all the general morphological measurements [50,51], both between
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different genera and intra each genus or species. Solidity is an important property of
closed-plane curves. It is related to convexity and expresses the ratio between the area
of an object and the area of its convex hull [52]. The convex hull of a plane figure is the
smallest convex set that contains it. High solidity values in seed images are associated with
low surface to volume ratio and the absence of protuberances. In addition to the wings,
other seed surface discontinuities may account for lower solidity values. In some species of
Cucumis, Melothria, Indomelothria, Tecunumania and Zehneria the seed surface presents hairs
and other specific formations as a spongy outgrowth in Apodanthera [7]. The lower solidity
values found in Coccinia and Momordica species are associated with discontinuities in their
surface, and in the case of the latter, the characteristic outgrowths in the lower part of the
seed, shared with other species in the basal groups such as Actinostermma [53].

According to their obovoidal shape, seeds have a polarity with an apical side more
acute and a broader basal side, corresponding, respectively with higher and lower max-
imum curvature values. For the species analyzed in this work the average maximum
curvature values in the apical and basal sides are, respectively of 1.9 and 1.1, where a
curvature value of 1 corresponds to a circumference of radius 1 mm, and a curvature of 2 to
a circumference of radius equal to 0.5 mm.

The species analyzed were grouped based on the ratio of maximum curvature values
in the apical and basal poles. Species of higher curvature ratio included Citrullus lanatus,
Cucurbita pepo and Coccinia sessilifolia, while lower curvature ratios were found in Mo-
mordica sp. Curvature values for Cucumis were comprised between 1.49 and 2.25, and there
were differences between species and varieties, with higher curvature values in Cucumis
melo cv. Piel de sapo. In addition, the morphological analysis revealed higher values of
area, perimeter, length, width and aspect ratio in C. melo cv. Piel de sapo than in cv. Melon
Rochet or in C. sativus.

Shape comparison with an EFT derived model, and the symmetry analysis of three
species and two varieties of Cucumis sativus gave a similar pattern of relatedness between
species and varieties, coherent with results from taxonomic analysis based on DNA se-
quences [9]. Thus, from the quantitative morphological measurements proposed in this
work (curvature analysis, symmetry and shape comparison with geometric models), the
latter two have proven their validity for the use as taxonomic tools in the identification and
classification of species and varieties. Methods such as symmetry analysis and quantitative
shape description by comparison with models are easy and straightforward to develop and
require standard photography and image analysis equipment. Nevertheless, our study puts
an emphasis on the limitations of this type of work. Morphological characters are applied
in general with taxonomic purposes to the level of genus or lower categories [23-25,54-56],
and their application to categories higher than genus reveals a high degree of homoplasy,
i.e., a parallel evolution of a given character in different groups, by which similarity of
character does not reflect phylogenetic relationship [57]. Several examples of homoplasy
have been reported, more often at supra-generic level [58], but also at the level of genus,
for example in Silene (Caryophyllaceae) [59]. Our recent work in Silene indicates that both
overall seed shape as revealed by the comparison with models and the quantitative analysis
of curvature in tubercles can be indicative of relatedness for species in this genus [40,51].
The comparison with models and symmetry analysis offers the same possibility in Cucumis
and probably in other species of the Cucurbitaceae.

The genera studied in this work belong to the more recent clades of the Benincaseae
(Citrullus, Coccinia, Cucumis), Bryonieae (Ecbalium), Cucurbiteae (Cucurbita and Sicana)
and Momordiceae (Momordica). The analysis reveals a high morphological diversity and
provides new tools for seed morphological description in this family. For example, seed
properties have a value for species discrimination in Apodanthera [60]. In this genus the
seeds are described as ovoids (A. ulei), ellipsoids (A. laciniosa), ovate ellipsoids (A. undulata),
or piriform (A. anatuyana, A. pedisecta), covering the seed types observed in many species
of the family. It may be of taxonomic interest to study variation in general geometric
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properties, curvature, symmetry and shape quantification by models in the seeds of these
species as well as in other genera of this family.

5. Conclusions

In addition to general morphological measurements, three quantitative morphological
methods have been applied here to species representative of the Cucurbitaceae: Curvature
analysis, symmetry analysis and the comparison with geometric models. The three methods
were applied to the comparison of three species and two varieties of Cucumis, and the
results indicate that both symmetry analysis and the comparison with geometric models
can be useful for the identification and classification of species and varieties in Cucumis.
Curvature analysis reveals differences between species of the Cucurbitaceae, and, together
with other quantitative morphological measurements, like circularity, aspect ratio and
solidity, may provide valuable information and be an interesting tool for taxonomy in
this family.

Supplementary Materials: The following are available at https://zenodo.org/records/10148409:
(1) Mathematica code with the Fourier expansion corresponding to a seed of Cucumis sativus and
the resulting figure used as the model for shape comparison. (2) Images used in curvature analysis.
(3) Results of curvature analysis (samples). (4) Seed photographs of representative species of the
Cucurbitaceae: Tribes 1 to 9; Tribes 10 to 16. Figure S1: Seeds representative of species in the
Cucurbitaceae tribes Actinostemmateae, Gomphogyneae, Indofevilleeae, Joliffieae, Momordiceae,
Siraitieae, Thladiantheae, Triceratieae, and Zanonieae. Figure S2: Seeds representative of species in
the Cucurbitaceae tribes Benincaseae, Bryonieae, Coniandreae, Cucurbiteae, Schizopeponeae, and
Sicyoeae. (5) Origin of the seed photographs.
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