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Abstract: Modern automated and semi-automated methods of shape analysis depart from the
coordinates of the points in the outline of a figure and obtain, based on artificial vision algorithms,
descriptive parameters (i.e., the length, width, area, and circularity index). These methods omit an
important factor: the resemblance of the examined images to a geometric figure. We have described a
method based on the comparison of the outline of seed images with geometric figures. The J index
is the percentage of similarity between a seed image and a geometric figure used as a model. This
allows the description and classification of wheat kernels based on their similarity to geometric
models. The figures used are the ellipse and the lens of different major/minor axis ratios. Kernels
of different species, subspecies and varieties of wheat adjust to different figures. A relationship is
found between their ploidy levels and morphological type. Kernels of diploid einkorn and ancient
tetraploid emmer varieties adjust to the lens and have curvature values in their poles superior to
modern “bread” varieties. Kernels of modern varieties (hexaploid common wheat) adjust to an ellipse
of aspect ratio = 1.6, while varieties of tetraploid durum and Polish wheat and hexaploid spelt adjust
to an ellipse of aspect ratio = 2.4.
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1. Introduction

Bread wheat is a major crop with an annual production likely to reach more than 750.4 million
metric tons in 2016–2017 (Foreign Agricultural Service, USDA, 2018). The history of agriculture, and in
particular, the recent mechanized techniques for product processing, have resulted in a large extension
dedicated to the main agricultural varieties. Thus, about 95% of the wheat produced consists of Triticum
aestivum L., an hexaploid species usually called “common”, “bread” or “soft” wheat [1]. The majority
of commercial bread sold throughout the world is the product of varieties of T. aestivum ssp. aestivum,
characterised by naked kernels, which is an advantage for milling in the production of bread and
pasta, as well as in the baking industry. In contrast, wild species of wheat, along with the domesticated
species einkorn, emmer and spelt, have hulled kernels, and their grains are tightly enclosed between
glumes making the threshing difficult [2,3].

In recent years, there has been an increase in “alternative” wheat species due to their potential
nutritional value [4]. The most common ancient wheat species commercially available are einkorn
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(Triticum monococcum L.), emmer (Triticum dicoccum [Schrank ex Schübl.] Thell.) and spelt (Triticum
spelta (L.) Thell.). Spelt is the ancestral species from which T. aestivum was derived.

Triticum aestivum ssp. aestivum is an allohexaploid species. It has six sets of chromosomes, two sets
from each of three different species. Hybridisation between T. monococcum (einkorn wheat) (genome
AA) and Aegilops speltoides Tausch (genome BB) resulted in the allotetraploid species Triticum durum
(Desf.) (genomes BBAA). Two additional sets of chromosomes (genome DD) came from wild goat-grass
Aegilops tauschii Coss. Durum wheat is used mainly in the production of pasta and couscous. Ancient
or relict wheats have been reintroduced recently into the markets due to the increasing interest in their
nutrient composition and low gluten content [5].

Other tetraploid species in addition to T. durum are, for example, Polish wheat (Triticum polonicum
(L.) Thell.) and emmer (T. dicoccum). The introduction of traits in T. aestivum ssp. aestivum can be
made by means of crosses with emmer wheat, the progenitor of both T. aestivum ssp. aestivum and
T. durum [6].

Tetra- and hexaploid species have an increased grain size. The conducted morphological analysis
of wheat kernels of different species and varieties has revealed interesting differences [7]. For example,
the grain of T. spelta, the ancestral wheat from which T. aestivum ssp. aestivum derived, is thinner and
longer than the grain of modern bread wheat varieties. This is due most probably to increased yield in
the milling of more spherical grains, and thus selection of this character throughout the years.

Modern methods of shape comparison between two-dimensional figures are based on artificial
vision and involve the coordinates of the points in the profile of a figure. With these values, the
automated application of a series of algorithms permits to calculate several parameters for each figure
such as: its longer and shorter diameters, perimeter, centroid, area and circularity index [8,9]. This
allows to perform a shape comparison between two or more figures and the subsequent statistical
analysis reveals differences between groups of figures. Overall, artificial vision techniques are broadly
applied to biological systems, and, in particular, to the seed shape of many species [10–13], but they
present an important drawback. During the analytical process, these methods omit an important factor
of the resemblance of seed images to a geometric figure.

The method of seed shape quantification involves a comparison with geometric models. In recent
years, we have explored geometric models for shape description and quantification in seed images.
The cardioid figure is frequent in biological objects because it represents the result of growth of an
organ derived from a fixed point [14]. The cardioid was successfully applied for the description of seed
shape first in the model plant Arabidopsis thaliana (L.) Heynh [15], then in the model legumes Lotus
japonicus L. and Medicago truncatula Gaertn. [16], later on Capparis spinosa L. [17], as well as in species of
the Papaveraceae, Caryophyllaceae and Malvaceae [18,19], and other species such as Rhus tripartita
(Ucria) Grande in the family Anacardiaceae [20]. Seeds in many taxonomical groups adjust better to
other models different than the cardioid, such as, for example, the ovoid or the ellipse. Seeds in the
Cucurbitaceae adjust to the ovoid [21] and in the Euphorbiaceae to the ellipse, such as, for example,
species of genus Ricinus and Jatropha [22,23]. From the geometric viewpoint, a seed cannot be at the
same time cardioid, ovoid, and elliptical, and geometric shapes differ according to the taxonomical
group. In the case of wheat, a variation of kernel shape may be a consequence of breeding leading to
forms with increased yield. The geometric models described here contribute to the accurate description
of the differences between varieties.

Our objective was to describe the shape of kernels of wheat species based on their comparison
with geometric figures as well as to validate the results of digital image analysis [7]. The comparison
of seed images with adequate models for each species and variety allows for the description and
classification of wheat kernels in morphological types. In addition, seed shape quantification may be
an important tool to verify the results of artificial vision technologies, as well as in the identification of
the molecular basis underlying differences in shape.
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2. Materials and Methods

2.1. Species and Varieties of Wheat

The analysis included six wheat taxa (T. monococcum, T. dicoccum, T. durum, T. polonicum, T. aestivum
ssp. aestivum, T. spelta), of which T. durum is represented by three varieties and T. aestivum ssp. aestivum
by two additional varieties. As a result, we have the following: 1. T. monococcum (einkorn; Tm);
2. T. dicoccum (emmer; Tdi); 3. T. durum (var. Floradur; TduF), 4. T. durum (var. Duromax; TduD),
5. T. durum (var. Duroflavus; TduDu), 6. T. polonicum (Polish wheat; Tp), 7. T. aestivum ssp. aestivum,
(Taa), 8. T. aestivum ssp. aestivum (var. Zebra; TaaZ), 9. T. aestivum ssp. aestivum (var. Torka; TaaT),
10. T. spelta (Ts). All lines and varieties were reproduced at the Department of Plant Breeding and Seed
Production of the University of Warmia and Mazury in Olsztyn, Poland. The lines were obtained by the
reproduction of accessions obtained from the National Centre for Plant Genetic Resources (NCPGR),
Radzików, Poland, the National Plant Germplasm System (NPGS), USA, and Leibniz Institute of Plant
Genetics and Crop Plant Research (IPK) in Gatersleben, Germany. A field experiment was conducted
in 2014/2015 in the Agricultural Experiment Station in Bałcyny (53◦36′ N, 19◦51′ E), Poland. Plots with
an area of 9 m 2 each were established on soil typically used for wheat cultivation [7].

2.2. Images of Wheat Kernels

Images of wheat kernels were of two types: (a) the original scan images obtained previously [7]
consisted of 150 kernels for each of six wheat taxa (Tm, Tdi, TduF, Tp, TaaZ and Ts), and (b) the
photographs taken with a digital camera Sony ILCE 5100.

2.3. General Morphological Description by Image Analysis

Scan images from different subspecies were used to obtain data of the area (A), the perimeter (P),
the length of the major axis (L), the length of the minor axis (W), the aspect ratio (AR is the ratio L/W),
circularity (C) and roundness (R). All these magnitudes were calculated with Image J program [24].
The circularity Index was calculated as described by [8] and roundness as described by [25–27].

2.4. Comparison with Geometric Models

The method used for the morphological description of kernel shape involves a comparison with
geometric figures used as models. Three geometric models were used: (1) an ellipse of aspect ratio
(AR) = 1.8 was chosen to fit the “round varieties” (T. aestivum ssp. aestivum var. Zebra and Torka), (2) a
lens of AR = 3.2 was chosen to fit the elongated kernels (T. monococcum), and (3) an ellipse of AR = 2.4
(Figure 1). For each of these geometric models, the ratios were taken from the mean values in the
varieties better adapted (T. aestivum ssp. aestivum, var. Zebra for the ellipse and T. monococcum for the
lens). Images containing the kernel photographs and the geometric model were composed with Corel
PHOTO-PAINT X7 (Corel corporation, v. 17.5.0.907; www.corel.com).

www.corel.com
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Figure 1. Geometric models for the quantification of shape in wheat kernels are: an ellipse of AR 
(Aspect Ratio) = 1.8 (left), a lens of AR = 3.2 (centre) and an ellipse of AR = 2.4 (right). The kernels in 
each case correspond to TaaZ (T. aestivum ssp. aestivum (var. Zebra)), Tm (T. monococcum (einkorn)) 
and TduF (T. durum (var. Floradur). Bar equals 1 cm. 

Areas of kernel images were calculated with ImageJ program. To obtain the J index, the areas in 
two regions were compared: the region shared by the model and the seed image (common region, C) 
and the region not shared between both areas (D). The J index is defined by: J =  (area C)(area C +  area D) ×  100  

 

(1) 

where C represents the common region and D the regions not shared (Figure 2). Note that J is a 
measure of seed shape, not of its area. It ranges between 0 and 100 decreasing when the size of the 
not-shared region grows and equals 100, when the geometric model and the seed image areas 
coincide, that is, when area (D) is zero. Similarity was considered when J index values were over 90. 

 
Figure 2. Method for obtaining the J index (percentage of similarity between two images, the 
geometric figure and the kernel image). On the left: the kernel (TaaZ, top) and the geometric model 
(ellipse, bottom). In the center, the composed image containing both, the kernel and the ellipse. 
Right: total surface occupied by both figures (top) and shared surface (bottom). The J index is the 
ratio between the shared and total surface × 100. 

2.5. Curvature Values 

Curvature is a property of smooth curves that indicates the degree of divergence from a straight 
line by means of measuring the variation of the tangent at each point during progression through the 

Figure 1. Geometric models for the quantification of shape in wheat kernels are: an ellipse of AR
(Aspect Ratio) = 1.8 (left), a lens of AR = 3.2 (centre) and an ellipse of AR = 2.4 (right). The kernels in
each case correspond to TaaZ (T. aestivum ssp. aestivum (var. Zebra)), Tm (T. monococcum (einkorn)) and
TduF (T. durum (var. Floradur). Bar equals 1 cm.

Areas of kernel images were calculated with ImageJ program. To obtain the J index, the areas in
two regions were compared: the region shared by the model and the seed image (common region, C)
and the region not shared between both areas (D). The J index is defined by:

J =
(area C)

(area C + area D)
× 100 (1)

where C represents the common region and D the regions not shared (Figure 2). Note that J is a measure
of seed shape, not of its area. It ranges between 0 and 100 decreasing when the size of the not-shared
region grows and equals 100, when the geometric model and the seed image areas coincide, that is,
when area (D) is zero. Similarity was considered when J index values were over 90.
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Figure 2. Method for obtaining the J index (percentage of similarity between two images, the geometric
figure and the kernel image). On the left: the kernel (TaaZ, top) and the geometric model (ellipse,
bottom). In the center, the composed image containing both, the kernel and the ellipse. Right: total
surface occupied by both figures (top) and shared surface (bottom). The J index is the ratio between the
shared and total surface × 100.

2.5. Curvature Values

Curvature is a property of smooth curves that indicates the degree of divergence from a straight
line by means of measuring the variation of the tangent at each point during progression through the
curve. Formally, if θ represents the angle which the tangent vector makes with the x-axis, the curvature
at a point of the curve represents the rate of change of θwith respect to the arc length s of the curve:

K =
dθ
ds

(2)
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To obtain curvature values in the poles of the kernel, first a smooth curve was adjusted to the
polygonal obtained from the points selected along the silhouette of the poles. For this purpose, we
used Bézier curves [28–30]). Given a representative set of points, an equation based on Bernstein
polynomials that reproduces the silhouette of the poles is obtained for each of the two kernel poles
(Figure 3).
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Figure 3. Typical kernel of T. monococcum (Tm). Graphs of the Bézier equations corresponding to
both, basal (left) and apical (right) poles. Graphs representing curvature values in each curve, with an
indication of the maximum values for each pole.

2.6. Statistical Analysis

ANOVA(Analysis of variance) was used to show significant differences between populations for
the measured variables, followed by Scheffé’s test to provide specific information on which means
were significantly different from one another. The analysis was done with software IBM SPSS statistics
v25 (IBM corp., 25.0.0.1, https://www.ibm.com/analytics/spss-statistics-software).

3. Results

3.1. General Morphological Description

Table 1 shows the mean values of the area (A), the perimeter (P), the length of the major axis (L),
the length of the minor axis (W), the aspect ratio (AR is the ratio L/W), circularity (C) and roundness
(R) obtained for the kernel images of six taxa of wheat and their varieties. The data were obtained from
a new analysis of the original scan images described by [7].

https://www.ibm.com/analytics/spss-statistics-software
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Table 1. (a) Mean values of the area (A), perimeter (P), length of the major axis (L), length of the minor
axis (W), aspect ratio (AR is the ratio L/W), circularity (C) and roundness (R) in the kernels of six wheat
taxa and varieties (N = 150). Results obtained with original scan images used by Goriewa-Duba et al.
(2018). The mean values marked with the same letter in each column do not differ significantly at
p < 0.05 (Scheffe’s test). (b) Mean values of the area (A), perimeter (P), length of the major axis (L),
length of the minor axis (W), aspect ratio (AR is the ratio L/W), circularity (C) and roundness (R) in the
kernels of six wheat taxa and varieties. Results obtained with digital photographs of kernels of the
types described above. The mean values marked with the same superscript letter in each column do
not differ significantly at p < 0.05 (Scheffe’s test).

(a)

A P L W AR C R

Tm (T. monococcum [einkorn ]) 12.94 a 17.46 b 7.22 b 2.28 a 3.19 e 0.53 a 0.32 a

Tdi (T. dicoccum [emmer] 17.55 c 19.34 d 7.77 c 2.87 b 2.72 d 0.59 b 0.37 b

TduF (T. durum [var. Floradur]) 18.60 d 18.28 c 7.28 b 3.24 d 2.26 b 0.70 d 0.44 d

Tp (T. polonicum [Polish wheat]) 19.42 e 20.02 e 7.87 c 3.14 c 2.52 c 0.61 c 0.40 c

TaaZ (T. aestivum ssp. aestivum [var.
Zebra]) 14.38 b 15.38 a 5.81 a 3.13 c 1.87 a 0.76 e 0.54 e

Ts (T. spelta) 19.27 d.e 19.99 e 7.86 c 3.12 c 2.53 c 0.61 c 0.40 c

(b)

N A P L W AR C R

Tm 21 15.86 a 20.32 b 8.17 b 2.53 a 3.23 d 0.49 a 0.31 a

Tdi 28 20.43 b.c 20.70 b 7.90 b 2.73 a 2.89 c 0.50 a.b 0.35 b

TduF 17 22.67 c.d 21.37 b 8.26 b 3.58 c 2.31 b 0.64 c 0.43 c

Tp 16 27.19 e 21.60 b 7.86 b 3.27 b 2.42 b 0.55 b 0.42 c

TaaZ 18 19.11 b 18.06 a 6.70 a 3.55 c 1.89 a 0.72 d 0.53 d

Ts 18 24.44 d 20.84 b 7.24 a 3.02 b 2.41 b 0.50 a.b 0.42 c

The results are similar to those obtained by Goriewa-Duba et al. [7] showing differences between
varieties for all the parameters tested. Five groups are obtained for A, P, AR, C and R. Kernels of Tm
are smaller, while those of T. polonicum are larger (Tp > TduF > Tdi). Results based on new images
(Table 1b) gave four groups instead of five for A, AR, C and R and two groups for P. Due to the
reduced number of kernels used in this experiment, the results were less discriminant, nevertheless the
main differences are maintained in both experiments and are consistent with the results reported [7].
Namely: kernels of Taaz have a lower AR than the other taxa and varieties, while kernels of Tm and
Tdi have a higher AR. Kernel images of TaaZ have higher values of circularity and in the case of Tm
lower values. Tm and Tdi have lower values of roundness (kernels are more elongated).

3.2. Comparison with Geometric Models. Values of J Index

The differences in roundness and circularity values, together with the visual examination of kernel
shape, suggested different models for the quantification of seed shape. An ellipse of AR = 1.8 was
designed to fit the shape of T. aestivum ssp. aestivum Zebra (TaaZ) (more rounded), a lens of AR = 3.2 to
fit the shape of T. monococcum and T. dicoccum, and an ellipse of AR = 2.4 to fit the shape of the rest of
species, subspecies and varieties (Figure 4).
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Figure 4. Left: The three figures used as geometric models are an ellipse of aspect ratio = 1.8, a lens of
AR = 3.2 and an ellipse of aspect ratio = 2.4. When compared to wheat kernels, these give higher J
index values respectively with T. aestivum ssp. aestivum cv. Zebra (two files at the top of the figure),
T. monococcum (two files in the middle of the figure), and T. durum cv. Floradur (two files below).
Bar corresponds to 1 cm.

Table 2 shows the statistical parameters and results of comparison of means for values of J
index with an ellipse of aspect ratio = 1.8, a lens of aspect ratio = 3.2 and an ellipse of aspect ratio =

2.4 respectively.

Table 2. (a) Mean (±SD), minimum and maximum values of J index. Values obtained with an ellipse of
AR = 1.8. The mean values marked with the same letter in the superscript do not differ significantly at
p < 0.05 (Scheffe’s test). (b) Mean (±SD), minimum and maximum values of J index values obtained
with a lens of AR = 3.2. The mean values marked with the same letter do not differ significantly at
p < 0.05 (Scheffe’s test). (c) Mean (±SD), minimum and maximum values of J index values obtained
with an ellipse of AR = 2.4. The mean values marked with the same letter differ not significantly at
p < 0.05 (Scheffe’s test).

(a)

N Mean Min Max

Tm 21 68.1 a

(±2.70) 62.7 72.5

Tdi 28 69.7 a

(±3.57) 62.3 76.5

TduF 18 85.1 b

(±2.10)
81.4 88.1

TduD (T. durum [var. Duromax]) 13 83.8 b

(±3.69)
75.8 90.4

TduDu (T. durum [var. Duroflavus]) 17 83.4 b

(±3.84)
73.4 88.3

Tp 16 82.6 b

(±5.26)
73.0 89.7

Taa (T. aestivum ssp. aestivum) 16 82.0 b

(±3.04)
77.5 87.8

TaaZ 18 93.5 c

(±1.32) 90.7 95.4

TaaT (T. aestivum ssp. aestivum [var.Torka]) 16 93.5 c

(±1.59) 89.9 96.2

Ts 18 83.6 b

(±5.78)
74.6 94.2
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Table 2. Cont.

(b)

N Mean Min Max

Tm 21 90.4 e

(±1.84) 86.8 93.3

Tdi 28 90.1 e

(±2.17) 84.7 93.6

TduF 18 75.6 b–d

(±4.81)
66.0 84.6

TduD 13 77.1 c.d

(±3.35)
72.5 83.7

TduDu 17 72.2 a–c

(±3.92) 66.2 81.2

Tp 16 73.8 a–d

(±3.37)
69.6 81.6

Taa 16 76.7 c.d

(±4.13)
67.4 82.9

TaaZ 18 70.3 a

(±3.73) 64.9 78.3

TaaT 16 71.1 a.b

(±3.16)
66.5 77.2

Ts 18 77.8 d

(±4.70)
70.6 86.4

(c)

N Mean Min Max

Tm 21 79.4 a

(±1.84) 73.7 83.4

Tdi 28 85.6 b

(±2.72)
80.9 91.0

TduF 18 92.8 c

(±1.59) 89.3 94.7

TduD 13 92.0 c

(±1.97) 87.6 94.3

TduDu 17 91.9 c

(±1.76) 88.8 94.8

Tp 16 91.4 c

(±2.02) 87.6 94.9

Taa 16 92.8 c

(±1.24) 90.9 95.0

TaaZ 18 80.5 a

(±3.54) 75.3 87.9

TaaT 16 78.4 a

(±3.70) 72.0 85.1

Ts 18 91.5 c

(±2.77) 86.5 94.9

The results of the three models show that wheat kernels are classified into three groups according
to their shape: (1) a group of “rounded” kernels, (2) a group of “elongated” kernels, and (3) an
intermediate group. The first group includes the kernels of TaaT and TaaZ with values of J index over
90 with an ellipse of AR = 1.8. The second group contains Tm and Tdi with values of J index over 90
with a lens of AR = 3.2. The rest of examined species, subspecies and varieties are included in the third
group and all of them give values over 90 with an ellipse of AR = 2.4.

3.3. Curvature Analysis

Table 3a shows the statistical parameters and results of comparison of means corresponding to
the values of curvature obtained for the basal pole of kernels of ten genotypes of wheat.
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Table 3. (a) Statistical parameters of maximum curvature values in the basal pole of the kernel.
The mean values marked with the same letter do not differ significantly at p < 0.05 (Scheffe’s test).
(b) Statistical parameters and results of comparison of means for the ratio between maximum curvature
values in the anterior/posterior poles of the kernel. The mean values marked with the same letter do
not differ significantly at p < 0.05 (Scheffe’s test).

(a)

N Mean
(× 10 −3) SD Min

(× 10 −3)
Max

(× 10 −3)

Tm 6 15.0 b 1.56 × 10 −3 13.0 17.7
Tdi 6 24.6 c 6.75 × 10 −3 19.2 36.6

TduF 6 6.07 a 1.01 × 10 −3 4.84 7.69
TduD 6 8.15 a 8.80 × 10 −4 7.07 9.10

TduDu 6 6.32 a 1.43 × 10 −3 5.21 9.03
Tp 6 5.82 a 8.10 × 10 −4 5.02 7.18
Taa 6 7.01 a 1.34 × 10 −3 5.20 9.28

TaaZ 6 6.05 a 9.10 × 10 −4 4.64 7.09
TaaT 6 8.44 a 2.08 × 10 −3 6.35 12.2

Ts 6 9.59 a 2.70 × 10 −3 6.13 12.3

(b)

N Mean SD Min Max

Tm 6 1.754 a 0.236 1.438 2.118
Tdi 6 1.049 a 0.483 0.700 1.973

TduF 6 1.865 a 0.238 1.537 2.186
TduD 6 1.777 a 0.588 1.218 2.515

TduDu 6 1.837 a 0.270 1.537 2.290
Tp 6 2.905 b 0.419 2.226 3.364
Taa 6 1.827 a 0.541 1.063 2.624

TaaZ 6 1.614 a 0.750 0.881 2.918
TaaT 6 1.153 a 0.521 0.530 1.768

Ts 6 1.499 a 0.591 0.984 2.632

The two subspecies belonging to group 2 (elongated kernels, Tm and Tdi), giving high values of J
index with a lens of AR = 3.2, have higher curvature values in the basal pole (Figure 5). Similar results
were obtained with the apical pole (Figure 5). Overall, curvature values were higher in the anterior
pole due to a maximum in the apex region of the embryo.
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T. monococcum (Tm). Below, left: Curvature values in the apical pole for TaaZ (green) and Tm (red).
Below, right: Curvature values in the basal pole for TaaZ (geen) and Tm (red).

3.4. Differences in Symmetry

The ratio between maximum values of curvature in both poles gives an idea of the symmetry of
the kernel. Values close to 1 reflect similar curvature in both poles, and thus, high symmetry. The more
this ratio diverges from 1, the more asymmetry is displayed by the kernel.

When the comparison analysis included the results for all species and varieties, only T. polonicum
(Tp) diverged from the others (Table 3b). In Tp, the ratio between maximum curvature values in the
anterior and posterior poles is higher than in the other objects, thus representing higher asymmetry in
the kernel of this wheat (Figure 6).
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4. Discussion

Automated methods based on artificial vision and algorithms are applied in general to all kinds
of shape comparisons in remote sensing and morphology. In botany, these methods have been applied
to the analysis and classification of seeds in diverse taxonomic groups [10–13], as well as for wheat
kernels [7].

The comparison of kernels belonging to different groups based on automated methods departs
from the coordinate values (x, y) of the points in the contour of the object. Algorithms are applied to
calculate data of size (the area, perimeter, length and width) as well as shape descriptive variables
(the roundness and circularity index). The comparison of different images by statistical analysis often
includes together data of size and shape providing a final mixture whose results are highly dependent
on size variables while circularity and roundness values only give a relative idea of shape. The groups
obtained by this method do not take into account important information concerning the similarity of a
seed image to a geometric figure. In contrast, the J index provides a measurement of the similarity
to geometric figures, this having two advantages [15,16,21,31]. First, the groups resulting from each
experiment are associated with geometric figures. Second, the method provides a control for results
coming from different experiments.

The results presented here were obtained in two steps. First, a preliminary general morphological
analysis was performed comparing independently data concerning size and shape. Later on, results
are concentrated exclusively on shape independently of size. The first part involves semi-automated
data analysis, the latter applies the method based on the comparison of kernel images with geometric
figures [15,16,31].

Diploid wheat species have a smaller grain than tetraploid wheat [7,32]. This is confirmed in our
preliminary study where diploid einkorn was characterized by the smallest kernel area. Tetraploid
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species have a larger surface area. The relationship between the ploidy level and size, however, is not
maintained in all hexaploid wheats. For example, kernels of ancient spelt are large, while those of the
commercial varieties Torka and Zebra are smaller [7]. While size can be dramatically variable due to
growing conditions and position of the kernel in the wheat spike the kernel shape may be quite stable.

Concerning shape, three groups result from the comparison of wheat kernels with geometric
figures: the ellipse (AR = 1.8), the lens (AR = 3.2) and the ellipse (AR = 2.4). The first comprises
the commercial hexaploid varieties TaaZ and TaaT; the second the ancient diploid T. monococcum
(Tm; einkorn) and the ancient tetraploid T. dicoccum (Tdi; emmer), and the third group contains the
remaining species, subspecies and varieties, including the three varieties of tetraploid T. durum (TduF,
TduD, TduDu), T. polonicum (Tp) and two hexaploids (Taa and Ts).

In general, a trend is observed with the ancestral taxa being more elongated and less round than
the modern wheat bread varieties, which is in line with the selection done in favor of rounded kernels
associated with more yield in the milling process [7,33,34]. The figures used present a gradient of
roundness that parallels the evolution of wheat kernels from the more primitive diploid einkorn and
early tetraploid emmer varieties that resemble an elongated lens of AR = 3.2, through the intermediate
shape of modern tetraploid varieties and ancient hexaploid T. aestivum ssp. aestivum and T. spelta,
resembling an ellipse of AR = 1.8, to finally more rounded kernels of modern hexaploid varieties TaaZ
and TaaT.

The values of curvatures in the apical and basal poles may reveal differences between genotypes
in the group composed by a higher number of species, subspecies and varieties. The kernels of T.
polonicum present a particular asymmetry that may represent a differential characteristic this species.
It may be interesting to investigate those aspects in other wheat species and varieties.

The method reported here of shape comparison with geometric figures is useful for the visualization
and validation of results obtained by more commonly used automated artificial vision methods. The
groups obtained by digital image analysis correspond to kernel types resembling different geometric
figures and the similarity to figures can be quantified for each group by J index. Similarly this
method may be of practical application in the validation of results of digital analysis applied to shape
comparison in the identification of varieties, species description and in general, in taxonomy.

5. Conclusions

(1) The comparison of kernel images with geometric figures allows a classification of kernels based
on their similarity to the figures of the lens and different ellipses. (2) Kernels of diploid einkorn and
ancient tetraploid emmer varieties adjust to the lens. Kernels of modern varieties (hexaploid common
wheat) adjust to an ellipse of Aspect Ratio = 1.6, while varieties of tetraploid durum, emmer and Polish
wheat and hexaploid spelt adjust to an ellipse of Aspect Ratio = 2.4. (3) Adjust to a lens is associated
with higher curvature values in the poles of ancient varieties. (4) The kernels of T. polonicum present a
particular asymmetry that may represent a differential characteristic of this species. (5) The method may
be of practical application in the validation of results of digital analysis applied to shape comparisons.

Author Contributions: Conceptualization, Á.T. and E.C.; Data curation, J.J.M.-G.; Formal analysis, J.J.M.-G.,
Á.T. and E.C.; Investigation, J.J.M.-G., A.R., K.G.-D., M.W., Á.T. and E.C.; Methodology, J.J.M.-G., Á.T. and
E.C.; Software, J.J.M.-G. and Á.T.; Supervision, E.C.; Validation, J.J.M.-G., A.R., K.G.-D., M.W., Á.T. and E.C.;
Writing—original draft, E.C.; Writing—review & editing, J.J.M.-G., A.R., K.G.-D., M.W., Á.T. and E.C.

Funding: This research was funded by the National Science Centre, Poland (project Preludium 14
[2017/27/N/NZ9/00058]) and Universidad de Salamanca (Programa XIII para la financiación de grupos GIR).

Conflicts of Interest: The authors declare no conflict of interest.



Agronomy 2019, 9, 399 13 of 14

References

1. The International Wheat Genome Sequencing Consortium (IWGSC); Mayer, K.F.X.; Rogers, J.; El, J.D.;
Pozniak, C.; Eversole, K.; Feuillet, C.; Gill, B.; Friebe, B.; Lukaszewski, A.J.; et al. A chromosome-based draft
sequence of the hexaploid bread wheat (Triticum aestivum) genome. Science 2014, 345, 1251788.

2. Nevo, E.; Korol, A.B.; Beiles, A.; Fahima, T. Evolution of Wild Emmer and Wheat Improvement: Population
Genetics, Genetic Resources, and Genome Organization of Wheat’s Progenitor, Triticum dicoccoides; Springer: Berlin,
Germany, 2002.

3. Vaughan, J.G.; Judd, P.A. The Oxford Book of Health Foods; Oxford University Press: Oxford, UK, 2003; p. 35.
4. Dinu, M.; Whittaker, A.; Pagliai, G.; Benedettelli, S.; Sofi, F. Ancient wheat species and human health:

Biochemical and clinical implications. J. Nutr. Biochem. 2018, 52, 1–9. [CrossRef]
5. Cooper, R. Re-discovering ancient wheat varieties as functional foods. J. Altern. Complement. Med. 2015, 5,

138–143. [CrossRef] [PubMed]
6. Thellung, A. Neuere Wege und Ziele der botanischen Systematik, erläutert am Beispieleunserer Getreidearten.

Naturwiss Wochenschr 1918, 33, 449–458 und 465–474.
7. Goriewa-Duba, K.; Duba, A.; Wachowska, U.; Wiwart, M. An Evaluation of the Variation in the Morphometric

Parameters of Grain of Six Triticum Species with the Use of Digital Image Analysis. Agronomy 2018, 8, 296.
[CrossRef]

8. Rovner, I.; Gyulai, F. Computer-Assisted Morphometry: A New Method for Assessing and Distinguishing
Morphological Variation in Wild and Domestic Seed Populations. Econ. Bot. 2007, 61, 154–172. [CrossRef]

9. Sonka, M.; Hlavac, V.; Boyle, R. Image Processing Analysis and Machine Vision; Thomson Learning: Boston,
MA, USA, 2008; p. 829.

10. Kılıç, K.; Boyacı, I.H.; Köksel, H.; Kusmenoglu, I.; Boyacı, I.H. A classification system for beans using
computer vision system and artificial neural networks. J. Food Eng. 2007, 78, 897–904. [CrossRef]

11. Pinna, M.S.; Grillo, O.; Mattana, E.; Cañadas, E.M.; Bacchetta, G. Inter- and intraspecific morphometric
variability in Juniperus L. seeds (Cupressaceae). Syst. Biodivers. 2014, 12, 211–223. [CrossRef]

12. Piras, F.; Grillo, O.; Venora, G.; Lovicu, G.; Campus, M.; Bacchetta, G. Effectiveness of a computer vision
technique in the characterization of wild and farmed olives. Comput. Electron. Agric. 2016, 122, 86–93.
[CrossRef]

13. Venora, G.; Grillo, O.; Ravalli, C.; Cremonini, R. Tuscany beans landraces, on-line identification from seeds
inspection by image analysis and Linear Discriminant Analysis. Agrochimica 2007, 51, 254–268.

14. Thompson, D.W. On Growth and Form; Cambridge University Press: London, UK, 1917; p. 1116.
15. Cervantes, E.; Martín, J.J.; Ardanuy, R.; De Diego, J.G.; Tocino, A. Modeling the Arabidopsis seed shape by a

cardioid: Efficacy of the adjustment with a scale change with factor equal to the Golden Ratio and analysis of
seed shape in ethylene mutants. J. Plant Physiol. 2010, 167, 408–410. [CrossRef] [PubMed]

16. Cervantes, E.; Martín, J.J.; Chan, P.K.; Gresshoff, P.M.; Tocino, Á. Seed shape in model legumes: approximation
by a cardioid reveals differences in ethylene insensitive mutants of Lotus japonicus and Medicago truncatula. J.
Plant Physiol. 2012, 169, 1359–1365. [CrossRef] [PubMed]

17. Saadaoui, E.; Martín, J.J.; Cervantes, E. Seed morphology in Tunisian wild populations of Capparis spinosa L.
Acta Biol. Cracov. Ser. Bot. 2013, 55, 99–106. [CrossRef]

18. Martín-Gómez, J.J.; Rewicz, A.; Cervantes, E. Seed Shape Diversity in the Order Ranunculales. Hortic.
in press.

19. Gómez, J.J.M.; Del Pozo, D.G.; Cervantes, E. Seed Shape Quantification in the Malvaceae Reveals
Cardioid-Shaped Seeds Predominantly in Herbs. Botanica 2019, 25, 21–31. [CrossRef]

20. Saadaoui, E.; Gomez, J.J.M.; Tlili, N.; Khaldi, A.; Cervantes, E. Effect of Climate in Seed Diversity of Wild
Tunisian Rhus tripartita (Ucria) Grande. J. Adv. Boil. Biotechnol. 2017, 13, 1–10. [CrossRef]

21. Cervantes, E.; Martín-Gómez, J.J. Seed shape quantification in the order Cucurbitales. Modern Phytomorphol.
2018, 12, 1–13. [CrossRef]

22. Gómez, J.J.M.; Saadaoui, E.; Cervantes, E. Seed Shape of Castor Bean (Ricinus communis L.) Grown in Different
Regions of Tunisia. J. Agric. Ecol. Res. Int. 2016, 8, 1–11. [CrossRef]

23. Saadaoui, E.; Martín, J.J.; Bouazizi, R.; Ben Romdhane, C.; Grira, M.; Abdelkabir, S.; Khouja, M.L.; Cervantes, E.
Phenotypic variability and seed yield of Jatropha curcas L. introduced to Tunisia. Acta Bot. Mex. 2015, 1,
119–134. [CrossRef]

http://dx.doi.org/10.1016/j.jnutbio.2017.09.001
http://dx.doi.org/10.1016/j.jtcme.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26151025
http://dx.doi.org/10.3390/agronomy8120296
http://dx.doi.org/10.1663/0013-0001(2007)61[154:CMANMF]2.0.CO;2
http://dx.doi.org/10.1016/j.jfoodeng.2005.11.030
http://dx.doi.org/10.1080/14772000.2014.904827
http://dx.doi.org/10.1016/j.compag.2016.01.021
http://dx.doi.org/10.1016/j.jplph.2009.09.013
http://www.ncbi.nlm.nih.gov/pubmed/19880215
http://dx.doi.org/10.1016/j.jplph.2012.05.019
http://www.ncbi.nlm.nih.gov/pubmed/22809828
http://dx.doi.org/10.5897/AJB10.1429
http://dx.doi.org/10.2478/botlit-2019-0003
http://dx.doi.org/10.9734/JABB/2017/32786
http://dx.doi.org/10.5281/zenodo.117487
http://dx.doi.org/10.9734/JAERI/2016/23934
http://dx.doi.org/10.21829/abm110.2015.193


Agronomy 2019, 9, 399 14 of 14

24. Ferreira, T.; Rasband, W. ImageJ User Guide-IJ1.46r. Available online: http://imagej.nih.gov/ij/docs/guide.
(accessed on 12 July 2019).

25. Cox, E.P. A method of assigning numerical and percentage values to the degree of roundness of sand grains.
J. Paleontol. 1927, 1, 179–183.

26. Riley, N.A. Projection sphericity. J. Sediment. Petrol. 1941, 11, 94–97.
27. Schwartz, H. Two-dimensional feature-shape indexes. Mikroskopie 1980, 37 (Suppl), 64–67.
28. Bézier, P.E. How Renault Uses Numerical Control for Car Body Design and Tooling (Paper 680010 SAE Congress);

Society of Automotive Engineers Congress: Detroit, MI, USA, 1968.
29. Cervantes, E.; Tocino, A. Geometric analysis of Arabidopsis root apex reveals a new aspect of the ethylene

signal transduction pathway in development. J. Plant Physiol. 2005, 162, 1038–1045. [CrossRef] [PubMed]
30. Tocino, Á.; Cervantes, E. Curvature analysis reveals new functions for ethylene signaling pathway in shape

determination of seed poles and root apices. Plant Signal Behav. 2007, 3, 1–5.
31. Cervantes, E.; Martín, J.J.; Saadaoui, E.; Martí, N.J.; Javier, D.-P. Updated Methods for Seed Shape Analysis.

Scientifica 2016, 2016, 1–10. [CrossRef] [PubMed]
32. Fuller, D.Q. Contrasting Patterns in Crop Domestication and Domestication Rates: Recent Archaeobotanical

Insights from the Old World. Ann. Bot. 2007, 100, 903–924. [CrossRef]
33. Evers, A.D.; Cox, R.I.; Shaheedullah, M.Z.; Withey, R.P. Predicting milling extraction rate by image analysis

of wheat grains. Asp. Appl. Biol. 1990, 25, 417–426.
34. Williams, K.; Munkvold, J.; Sorrells, M. Comparison of digital image analysis using elliptic Fourier descriptors

and major dimensions to phenotype seed shape in hexaploid wheat (Triticum aestivum L.). Euphytica 2013,
190, 99–116. [CrossRef]

© 2019 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 (http://creativecommons.org/licenses/by/4.0/).

http://imagej.nih.gov/ij/docs/guide.
http://dx.doi.org/10.1016/j.jplph.2004.10.013
http://www.ncbi.nlm.nih.gov/pubmed/16173465
http://dx.doi.org/10.1155/2016/5691825
http://www.ncbi.nlm.nih.gov/pubmed/27190684
http://dx.doi.org/10.1093/aob/mcm048
http://dx.doi.org/10.1007/s10681-012-0783-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Species and Varieties of Wheat 
	Images of Wheat Kernels 
	General Morphological Description by Image Analysis 
	Comparison with Geometric Models 
	Curvature Values 
	Statistical Analysis 

	Results 
	General Morphological Description 
	Comparison with Geometric Models. Values of J Index 
	Curvature Analysis 
	Differences in Symmetry 

	Discussion 
	Conclusions 
	References

