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La caracterizacion del germoplasma es una forma eficaz para desentrafiar la diversidad morfolégica en caracteres
vegetativos y de fruto. Este estudio fue realizado para determinar la diversidad en frutos de tomate (Solanum spp.)
utilizando ocho descriptores convencionales (DC) y 47 descriptores del software Tomato Analyzer (TA), relacio-
nados con la morfometria de los frutos. Se realiz6 el fenotipado de 50 accesiones seleccionados por la variacion
morfolégica del Banco Nacional de Recursos Genéticos. Se detect6 una variabilidad para las caracteristicas de la
fruta con DC y cuantificados por TA. La forma de la fruta fue el caracter principal utilizado para la agrupacién
visual de accesiones en diez agrupaciones varietales diferentes de forma: Circular (26 %), Achatada (20 %), Obo-
val (20 %), Piriforme (12 %), Eliptica (6 %), Cordada (6 %), Cilindrica (4 %), Oblonga (2 %), Oval (2 %) y
Aplanada (2 %) y de tamafio muy maquefio a grande. Se observé una variacion significativa para el peso de fruto
(3.75-217.44 g), didmetro ecuatorial (17.85-75.55 mm), didmetro polar (17.57-96.76 mm), perimetro (61.86-
312.64 mm) y érea (249.56-6367.57 mm). Los analisis de componentes principales contribuyeron a la variacion
total y los dos primeros explicaron el 30.02 % de la variacion donde el indice de forma del fruto y la forma del
extremo proximal/distal del fruto mostraron una alta contribucién en la variacién del primer componente. Hubo
una fuerte correlacion positiva entre la forma y el tamafio de la fruta, mientras que las correlaciones negativas
fueron entre el indice de forma de la fruta, la excentricidad interna y la forma del extremo proximal. Los resultados
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han demostrado que los descriptores del software TA y los DC son una herramienta poderosa para la caracteriza-
cion y clasificacion de las variedades locales de tomate, asi como para distinguir entre grupos de cultivares rela-
cionados. Esto tiene importantes implicaciones para la mejora y proteccion de las variedades locales de tomate.

2022. Journal of the Selva Andina Research Society®. Bolivia. Todos los derechos reservados

Introduction

Tomato (Solanum spp.) is a diploid, self-pollinating
species of the Solanaceae family with twelve pairs of
chromosomes (2n=24), considered an important veg-
etable in the world with a yield potential of 33.98
t*ha® and a very well-studied species in terms of its
geneticst2. This fact derives in the diverse various
types of fruits that this genus presents, the varied
forms of consumption that it offers, particularly as an
important vegetable source of carotenoids, vitamins,
carbohydrates, as well as other essential minerals®2.
The genus Solanum (has its centre of origin) origi-
nally comes from the Andean region of the American
continent, comprising among countries like Chile,
Peru, Colombia, Ecuador and Bolivia®. Through col-
lection programmes, more than 11 wild species have
now been identified, differing in growth habit, ma-
turity, shape, size and fruit colour®®. Differences
Variations in shape are the result of differences the
variety in genes controlling relative growth rate be-
tween the polar and equatorial dimensions. There-
fore, the different shapes (could typically) would be
attributed to homozygous recessive/dominant allelic
combinations, as well as heterozygous.

The Tomato Analyzer (TA) software developed by
Van der Knaap? can provide more accurate, con-
sistent, objective results from scanned images of fruit
sections and measure shape attributes that are impos-
sible or impractical to determine manually. In addi-
tion, it allows a large number of fruit shape and flesh

colour traits to be graded. Several studies have been
52

conducted with TA to characterize tomato land-
races’®23 and the genetics of fruit shape in this
crop!®L’, These studies reveal that TA is a powerful
tool for accurately describing tomato fruit morphol-
ogy, thanks to the use of a unique mathematical de-
scriptor associated with a shape attribute. Conse-
quently, TA can be a complementary tool means to
conventional descriptors (CD) for the characteriza-
tion of tomato landraces to distinguish closely related
materials.

For the present study, accessions were selected for
morphological variation using conventional tech-
niques. The accessions were composed of interna-
tional varieties, wild ceraciform accessions of S.
pimpinellifolium and S. chmielewskii species. The
main objective of this study was to determine fruit
morphological variation of a tomato germplasm col-
lection by phenotyping based on digital images ana-
lyzed in TA and CD. Therefore, the application of a
high-throughput phenotyping tool is important for
germplasm banks and breeding programmers for fu-
ture conservation strategies and efficient use of
(genes of agronomic interest) agronomic relevance
genes.

Materials and methods

Genetic material. Fifty accessions were selected,
which vary in shape, size and color of the fruit, from
the tomato germplasm collection of the National
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Bank of Vegetable Genetic Resources (NBVGR) of
the National Institute of Agricultural and Forestry In-
novation (INIAF). The selected accessions consisted
of introduced varieties (40), breeding lines (8), and
wild relatives (2). Accession passport data recorded
18 different countries as providers of germplasm.
The seedlings were grown in a greenhouse with
12/12 h light/darkness, 25+2° C temperature and be-
low 70-80 % relative humidity. Subsequently, the
seedlings were transplanted into pots and cultivated
under greenhouse conditions until the productive
stage at the National Vegetable Seed Production
Center (NCSPC), Sipe Sipe, Cochabamba.
Characterization of conventional descriptors. Dur-
ing the ripening phase, the characterization was
mainly based on 8 CD related to the fruit, used for
the characterization of tomatoes by breeders and
germplasm banks8, Among the characters evaluated,
three were measured quantitatively and four charac-
teristics were evaluated qualitatively. Conventional
descriptor data were collected from ten fruits har-
vested from the second bunch of each plant per ac-
cession.

Characterization with Tomato Descriptors Analyzer.
Ten fruits per accession were prepared to determine
the morphometric and colorimetric descriptors. The
fruit was scanned with longitudinal and transverse
fruit sections using a Canon lidescan 300 photo-
graphic scanner, at a resolution of 300 dpi and sub-
jected to morphometric and colorimetric analysis
with TA version 3.0 softwarel®. Automatically ob-
taining 47 descriptors including basic measurements
(7), fruit shape index (3), block formation (3), homo-
geneity (3), shape of the proximal/distal end of the
fruit (4), asymmetry (6), internal eccentricity (5),
mean color values (9) and latitudinal section (3). All

fruit descriptors were metric. Default settings were
53

used for descriptors on block formation, proximal
end shape, and distal end shape of fruits®®,
Phenomic Analysis. A descriptive statistical analysis
was performed for the mean, minimum, maximum,
standard deviation, range and coefficient of variation
for all the characteristics studied. Scatter diagrams
were made for different groups of TA descriptors, in
order to show the variation between accessions. Sim-
ple correlation coefficients were calculated between
each trait pair to reveal the relationship between traits
within the studied genotypes. The grouping of acces-
sions was carried out based on 47 fruit TA de-
scriptors, using the conglomerate analysis through
the Average method and the Euclidean coefficient.
To understand tomato germplasm diversity and iden-
tify potential within and between variety types, the
TAL fruit descriptors were thoroughly examined
through multivariate and principal components (PC)
analysis. Discriminant analysis was used to classify
tomato accessions on the basis of shape characteris-
tics collected from the TA software. For data analy-
sis, XLSTAT software version 20 and R version
4.1.1 were used? (ggplot2, FactoMineR , Factoextra,
FactoextramissMDA, circlize and corrplot pack-
ages).

Results

Visual evaluation. A considerable diversity was ob-
served among the accessions studied, for the shape,
size and color of the fruit, Figure 1. Based on inter-
national descriptorst’8 all the genetic material was
divided into 10 groups according to the shape of their
fruits: Circular (26 %), Oblate (20 %), Obovate (20
%), Piriform (12 %), Elliptical (6 %), Cordate (6 %),
Cylindrical (4 %), Oblong (2 %), Oval (2 %) and
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Flattened (2 %). The exterior color polymorphic de-
scriptor of ripe fruit varied in four states (yellow, or-
ange, pink and red). The wild accession PNH1 be-
longing to the species S. chmielewskii was still green
when the fruits reached maturity. Accessions with

variable fruit sizes ranging from very small to large
fruits were observed. The fruits categorized as very
small were associated with S. pimpinellifolium
(BOL8451HT) and S. chmielewskii (PH1). Small
fruits were represented by S. ceraciforme.

Figure 1 The representative variability of the fruit of different types of varieties shown in the whole fruit
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Table 1 Descriptive statistics for all tomato accessions evaluated by conventional descriptors

. . Descriptive

Descriptor (Unit) code_ - -

Half Range Min Max. CcVv
conventional descriptor
Fruit weight (g) PF 75.59 213.69 3.75 21744  67.64
Equatorial Diameter (mm) DE 47.26 57.7 17.85  75.55 29.5
Pole Diameter (mm) DP 54.26 79.19 17.57 96.76 32.22
Tomato descriptor analyzer
medidas bésicas
Perimeter (mm) P 192.66 250.783 61.86 312.64 30.05
Area (mm?) A 2439.33 6118.013 24956 6367.57 48.94
Width Average Height (mm)  WMH  48.77 67.691 17.7 85.39 30.5
Maximum Width (mm) MwW 49.49 68.453 17.78 86.23 30.17
Height Half Width (mm) HMW  57.22 85.048 17.86 102.91 32.49
Maximum Height (mm) MH 59.83 91.186 17.95 109.14 3231
Curvature Height (mm) CH 63.01 92.739 20.73 113.47 32.59
Fruit Shape Index
External Index | FSEI 1.25 1421 74 2.16 29.86
External Index Il FSEI 122 1.594 .67 2.26 32.47
Fruit Curvature Index FSC 1.33 1.55 .79 234 29.11
Block
Fruit Proximal Block PFB .78 .5 .46 .96 15.14
Fruit Distal Block DFB .67 .599 .27 .87 21.47
Fruit Shape Triangle FST 1.23 2.165 .68 2.84 29.68
Homogeneity
Ellipsoid E .05 .143 .01 .15 58.91
Circular C A .245 .01 .25 61.65
Rectangular R 51 163 41 .57 7.38
Forma del extremo proximal del Fruto
Shoulder height SH .02 .070 0 .07 94.56
Proximal Micro Angle PMI 159.14 323 4.2 327.2 47.73
Proximal Macro Angle PMA 125.46 231.75 3 234.75 33.92
Proximal Indentation Area PIA .02 .102 0 i 119.8

Shape of the distal end of the fruit
Distal Micro Angle (degrees) DMI 134.73 145.75 39.65 185.4 23.72

Macro Distal Angle (degrees) DMA 110 140.85 5.65 146.5 21.97
Distal Indentation Area DIA 1.70E-03 .027 0 .03 294.79
Distal End Protrusion DEA .02 3 0 .3 239.91
Asymmetry

obovoid OB .03 .344 0 .34 238.37
Ovoid ov 14 .308 0 31 58.53
V. Asymmetry ASv 1 374 .01 .38 74.73
H. Asymmetry ob Asob .05 747 0 75 266.8
H. Asymmetry ov Asov .16 .542 0 .54 75.96
Width Widest Position WWP 48 .333 .35 .68 14.55
internal eccentricity

Eccentricity EC 7 .281 .51 .79 6.06
Proximal Eccentricity PEC .84 .319 57 .89 5.06
Distal Eccentricity DEC .84 .062 .83 .89 1.55
Index Internal Fruit Form FSI 1.19 1.664 .6 2.26 30.97
Eccentricity Area Index EA 5 .163 37 .54 6.44
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Table 1 Descriptive statistics for all tomato accessions evaluated by conventional descriptors (continued)

mean color values

Red Red 146.47 56.238 118.68 17492 9.73
Green Green 72.98 68.808 51.65 12046  22.52
Blue Blue 6123 4128 4273 8401 16.08
medium luminosity AL 97.19 40.013  77.02 117.03 10.23
L* L 40.22 21.965 30.79 52.75 12.99
a* A 26.78 41221 -271 3851  29.38
b* B 2387 20.757 1874 395 24.05
pitch angle HA 42.15 64.525 30.71 95.24 34.14
Chroma CHR 369 18444 29.69 4813 11.62
Latitudinal section

Degree of lobulation LD 1.37 4143 .32 4.47 58.64
Pericarp Area PA .55 .352 .28 .63 7.43
Pericarp thickness PT .25 13 13 .26 7.19

Descriptive statistics and variation of the characters
of the fruits. The 47 TA descriptors showed signifi-
cant variation for the different morphometric and col-
orimetric traits of the fruit. The coefficient of varia-
tion was less than 34 % for 33 descriptors in charac-
teristics related to fruit size, basic measurements,
blockage, fruit shape index, mean values of color,
pericarp area and thickness. In some cases, this vari-
ation has been very important for some descriptor
categories such as fruit weight (3.75-217.44 g), equa-
torial diameter (17.85-75.55 mm), polar diameter
(17.57-96.76 mm), fruit perimeter (61.86-312.64
mm) and fruit area (249.56-6367.57 mm). However,
for the descriptors of homogeneity, asymmetry, fruit
shape index and blockage, the range of variation ob-
served was limited (Table 1). Some accessions
showed a minimum value of 0 (zero) for the variables
of shoulder height, proximal indentation area, distal
indentation area, distal end bulge, asymmetry (obo-
void, ovoid obovoid horizontal asymmetry and ovoid
horizontal asymmetry). Taking into account the char-
acteristics of the shape of the fruit. The fruits of S.
pimpinellifolium and S. chmielewskii they were
smaller than S. ceraciforme, in addition their fruits

were rounded and with a minimum distal and proxi-
mal angle.

The TA software revealed the complexities associ-
ated with the external and internal characteristics of
the fruit through the distribution of the data, Figure
2. The longitudinal sections of the fruit generated
complete information on the size of the fruit (Figure
2a), the shape (Figure 2b-h) and color characteristics
(Figure 2i). The information related to the internal
characteristics of the pericarp, placenta and septum
was difficult to extrapolate by means of a longitudi-
nal section, therefore, latitudinal sections of the fruit
were used to detect the variation of the accession of
the area and the thickness of the pericarp (Figure 2j).
Principal Component Analysis (PCA). Multivariate
PCA was used to quantify possible combinations or
differences of traits that contributed to variation in
fruit shape, size, and color. A total of 47 main com-
ponents that contributed to the total variation were
identified (Figure 3). The analysis revealed ten prin-
cipal components that contributed the majority of the
total cumulative variance. PC1 to PC10 contributed
with 23.3 %, 14.7 %, 11.6 %, 9.7 %, 6.4 %, 5.9 %,
5.0 %, 3.9 %, 3.3 % and 2.7 % of variation, respec-
tively a total of 86.5 % of the variance (Figure 3).
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Figure 1 Dispersion diagrams showing the distribution of different morphometric and colorimetric parameters of the
fruit measured with Tomato analyzer. The external characteristics of the fruit of the longitudinal section are measured
using basic measurements (a), descriptors of fruit shape (b — h), and color (i). The internal characteristics of the fruit
pericarp, placenta and septum are seen in section j
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The results of the PCA biplot indicate that all the to-
mato accessions were distributed in four quadrants
(Figure 4). The first two components explained 30.02
% of the total variation and the remaining compo-
nents contributed approximately 61.9 % of the total
variation. The first component (PC1) determined
23.3 % of the total variation, which was contributed
by 18 strongly correlated TA descriptors. Among 18
characters, the fruit perimeter (P), height half width

(HMW), maximum width (MH) and height of curva-
ture (CH) indicate the strongest correlation (> 0.8),
while the other 14 characteristics presented correla-
tions that They vary from 0.6 to 0.7. The descriptors
that contributed to the total variation in the first com-
ponent were related to basic measures, blockage, ho-
mogeneity, shape of the proximal/distal end of the
fruit, asymmetry, internal eccentricity and fruit shape
index.

Figure 3 PCA pairwise variance plot to show the percentage variation explained by each principal component. The
red line indicates the cumulative variation from 1 to 47 components
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Different gradient colors were assigned to the char-
acters that contributed to CP1 and CP2, Figure 4. The
characters associated with the shape of the distal end
of the fruit, fruit color and eccentricity area index
have the least variation (gradient <2) while fruit
shape descriptors contributed to moderate variation
(gradient >2 and >=5). The moderate to higher vari-
ability of PC1 and PC2 was explained by size, fruit

weight, basic measurements, and fruit shape indices
(gradient of >5 and <7). The greatest variation (gra-
dient > 7) was due to equatorial diameter, mean
width, height, perimeter and polar diameter (Figure
4).

The positively correlated characters that contributed
to the total variation of PC1 were related to the polar
diameter (PD), equatorial (SD), perimeter (P), area
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(A), width half height (WMH), height half width
(HMW) and curvature height (CH) of the basic meas-
urements, as well as the fruit curvature index (FSC)
(Figure 4). Negatively correlated descriptors that
contributed to first component variation were related
to proximal fruit block (PFB), distal fruit block

(DFB), ovoid (OV), pericarp area (PA), pericarp
thickness (PT), mean values of color b and hue angle
(HA) (Figure 4). CP2 was strongly correlated with
fruit weight (PF), equatorial diameter (DE), number
of locules (NL), maximum width (MW) and mean
width height (WMH).

Figure 4 PCA biplot showing colorimetric and morphometric descriptors of the fruit in the accessions
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All tomato accessions were dispersed in all quadrants
of the principal component analysis (PCA) ellipse
plot and did not show distinct clusters (Figure 4),
however, accessions belonging to specific groups
populated mostly specific quadrants. based on TA
descriptors (Figure 4). The accessions belonging to

59

the oblate form were limited to the positive quadrant
of PC2, while the majority of the obovate and pear-
shaped accessions were found in the positive quad-
rant of CP1 and the positive quadrant of CP2. The
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accessions belonging to the circular form were dis-
tributed in the negative of CP1 and the positive quad-
rant of PC2.

Figure 5 Biplot of PCA showing groups of accessions categorized by fruit shape and different symbols and colors are

assigned to show different groupings
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Cluster analysis was used to rank accessions based
on similarity. In total, 47 AT descriptors were used.
The polar dendrogram was obtained through Euclid-
ean hierarchical clustering with the coefficient func-
tion of Average. This analysis identified six distinct
clusters regardless of their population type (Figure
6). Clusters 3 and 4 were clearly grouped with acces-
sions that correspond mainly to wild species and in-
troduced germplasm, respectively. Clusters 1, 2, 5

-

10

and 6 were populated with a mix of introduced vari-
eties and breeding lines. Group 1 was made up of 9
accessions of medium to large-sized fruits, flattened,
flattened and pear-shaped, with average perimeter
and fruit area of 241.8 and 3446.9 mm. The acces-
sions belonging to group 2 were characterized by
fruits of intermediate-medium size and variable
shapes: flattened, obovate, cordate and pyroform,

representing an average fruit weight of 88.37 g and a
60



Vol. 13 No 2 2022

Morphological diversity determination of the tomato fruit collection

pericarp area of 0.558. Cluster 3 was made up of very
small to small circular fruits, characteristic of the
species S. pimpinellifolium, S. chmielewskii and S.
ceraciforme, with a variation range in the fruit area
of 249.55-761.11 mm?, from two to three locules and
an average in the pericarp area, perimeter and fruit
area of 0.55, 81.5 and 487.06 mm, respectively.
Group 4 represented accessions of small fruits with
variable shape and color, with a fruit perimeter of
138.49 mm. The accessions of cluster five were

grouped into 6 varied subgroups. Clusters 5 and 6
were characterized by large and intermediate fruit,
flattened, cylindrical and oblong shape. The color
variation was from red to pink. Regarding the color
of the fruit, the accessions distributed in different
clusters were mostly populated with red and pink
fruits, however, some accessions within each cluster
had orange, yellow and green fruits, a mixture of dif-
ferent shades. color.

Figure 6 Cluster analysis based on Tomato Descriptors Analyzer for tomato accessions using agglomerative hierar-
chical clustering by the Euclidean method for Average dissimilarity. Red, blue, purple, orange, aqua green and green

colors represent groups 1, 2, 3, 4, 5 and 6, respectively
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The correlation between different CD and TA was
analyzed using a correlation matrix color map and
consequently the phenotype correlation results
showed that a total of 137 correlations between neg-
ative and positive were significant (p<0.05) and 283
were highly positive. significant (Figure 7). In addi-
tion, it was considered that the coefficients >0.28 cor-
respond to associations that present natural patterns
of variation, in this way, the most important correla-
tions were 9 between the characters related to the size
of the fruit, the highest value of the efficient coeffi-
cient of phenotypic correlation was maximum width

(MW) with mean width height (WMH) (r=0.998**)
and between the height of curvature (CH) with the
maximum height (MH) (r=0.977**). In general, the
phenotypic correlation coefficient values between
weight (g) with the 7 characters related to fruit size
were above 0.4. As expected, fruits with greater
weight presented higher correlation values with char-
acters such as: perimeter, area, width at half height,
maximum width, height at half width, maximum
height and height of curvature (P, A)., WMH, MW,
HMW, MH, CH).

Figure 7 Correlogram of the degree of association between morphometric characters, positive correlations are blue
and negative correlations are red. The intensity of the color is proportional to the correlation coefficients. On the right
side of the graph the color legend shows the correlation coefficients and the corresponding colors

With respect to the characters related to the shape of
the fruit, 18 correlations with highly significant val-
ues were presented, the correlation values closest to

0.8

0.6

r 0.4

r 0.2

r 0.2

r -0.4

. -1

1 were the correlations between index of the external
shape of the fruit 1 (FSEI) with index Il ( FSEII)
(r=0.989**), index of the external shape of the fruit
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Il with the index of the internal shape of the fruit
(FSI) (r=0.914**), index of the external shape of the
fruit I with the index of the internal shape of the fruit
(r=0.929**) and between the index of the curvature
of the fruit (FSC) with circular (C) (r=0.800**). 11
negative correlations were also found with high val-
ues between characters associated with fruit shape,
such as: proximal block formation (PFB) with Exter-
nal Index I (FSEI) (r=-0.515**) and with ovoid (OV)
(r=-0.560**), fruit curvature index (FSC) with rec-
tangular (R) (r=-0.597**), fruit shape triangle (FST)
with Obovoid (OB) (r=-0.394 **), and ovoid to ovoid
(OV)(r=-0.626**).

Discussion

The use of sufficient information on phenotypic var-
iation in breeding, conservation and management of
genetic resources programs has been identified as a
necessity, which marks the success of such projects.
Phenotypic information is the fundamental basis for
research in the area of improvement, however, the
characterization of quantitatively inherited shape and
size of the fruit is still limited2L.

The results of this research support the hypothesis
proposed by previous research*13, about the wide
morphological diversity of tomato, whose analysis
requires a combination of CD plus TA software for
the purpose of classifying native and international ac-
cessions and their classification. in related groups.
The results of the cluster analysis, formed six popu-
lation groups by fruit size and various shapes, in ad-
dition to fruit color, which provided us with an eval-
uation of genetic diversity. Mohan et al.2 similar dif-
ferences in morphological variability were observed
between three tomato accessions from India and ac-
cessions derived from the Tomato Genetic Resources
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Center (TGRC). Figas et al.2 postulated that a wide
range of observed variations in fruit characteristics
could encourage the local production of tomatoes for
different uses, such as the use of ceraciformes toma-
toes, and the establishment of a collection of tomato
cores.

The data measured by TA represented an important
variability compared to the conventional descriptors
related to the morphology of the fruit, this reflects the
control of a large number of loci, since most of the
descriptors related to the size and shape of the fruit
are polygenic in nature. The greatest variability is
represented in the traits of the fruit, size, shape and
color, Figure 2. Mata-Nicolas et al.?* reported that the
greatest variability is concentrated in the shape, size
and color of the fruit in a collection of 163 acces-
sions. In addition, Mohan et al.22 observed a wide di-
versity of shapes (18.11 %) including deformed,
fused, round, striped, oval, notched, and gourd-
shaped fruits. The classification of the different ac-
cessions using international descriptors can lead to
the categorization of tomato populations according to
the shape of the fruitlZ:8,

According to the characteristics of the shape of the
fruit, the accessions were distributed in ten groups
(Figure 7), and four groups that indicate a significant
population in the circular, pear-shaped, flattened and
obovate fruits compared to the other shapes. In addi-
tion, the morphometric characteristics were associ-
ated with the shape and size of the fruit. According
to Rodriguez et al.12 Obovoid and many of the ellip-
soid, rectangular and chordate fruit genotypes carry
the mutant OVATE allele while long and oxheart to-
matoes carry the mutant SUN# allele- The most fre-
quent mutation in flattened is LC followed by FAS
although the specific origin is still unknown. Alleles
of these genes explain up to 71 % of the variation ob-
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served for specific attributes of fruit shape. Accord-
ing to this data, Bai & Lindhout? reported that wild
tomatoes are almost invariably round compared to
common cultivars with different shapes, eg, round,
oblate, pear, and bell-shaped. On the other hand, gen-
erally, considering the commercial demand, the
shape of the fruit is one of the criteria of interest in
tomato improvement programs:225,

It should be noted that within the commercial field
the shape of the tomato is essential for different pro-
duction processes, for example, rectangular tomatoes
are intended for the production of tomato paste, sauce
and canned products. The ellipsoid, round and heart
shapes are intended for fresh produce markets and are
used for consumption in salads. The large, flat fruits
are used in the fresh market2Z.

The main characteristics in TA are based on the eval-
uation of the longitudinal and transverse section for
the purpose of identifying the internal characteristics
of the fruit (area and thickness of the pericarp), pre-
vious tomato works indicate similar approachest4161°
who classified the fruits of tomato based on fruit
height and width characteristics (basic measure-
ments) into three groups, namely small, medium and
large, while Henareh et al.2® characterized and
grouped 97 accessions of Iranian and Turkish toma-
toes into five groups. Information derived from clus-
ter analysis helps both breeders and genebank cura-
tors to apply the results obtained for their breeding
and conservation purposes. Based on the similarity
and comparison of the population studies, it would be
possible to know the level of heterogeneity of the de-
sirable parents for the directed crosses, the presence
of duplication in the populations and the obtaining of
nuclei from the studied accessions. In this way, not
only are collection variations maintained for differ-
ent traits, but also interpopulation variations between
heterotic clusters can be applied to obtain superior

progenies. Similar morphological studies have been
reported to characterize core collection germplasm in
some other crops®%, Paran & van der Knaap® re-
ported that attempts at domestication improvement
and continued selection have resulted in a marked in-
crease in tomato fruit characteristics, ie size and
shape.

As described for the cluster analysis, the PC analysis
was also able to group the accessions into the various
groups as shown in the PC biplot. In general, multi-
variate analyzes increase our understanding of the re-
lationships between the traits of interest and result in
the distinction of several categories that describe dif-
ferent characteristics of the traits and accessions un-
der investigation. On the other hand, the dimensional
visualization of the statistics obtained from these
studies could reveal knowing the contributions of
each characteristic in the total variation. As shown in
Table 1, PC1 is strongly related to the basic measure-
ment category, including perimeter, area, width, and
height features. The name of PC1, "Size", was con-
sidered. On the other hand, the parameters presented
in PC2 were related to the shape index, the shape of
the proximal end of the fruit, the shape of the distal
end of the fruit, homogeneity, internal eccentricity
and latitudinal section. Similarly, as concluded in this
investigation, Mohan et al.2? | indicate PC1 and PC2
as Size and Shape, respectively. In a biplot view,
most of the accessions represented in all quadrants of
the graph and the indicated PCA and canonical dis-
criminants were powerful tools for the classification
of tomato accessions based on the characteristics of
fruit shape and size. The two-dimensional visualiza-
tion of the data obtained by TA subjected to PC anal-
ysis, clearly distinguished the wild relatives from the
domesticated ones. TA demonstrated the ability to
recognize features of small fruits, such as circular or
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slightly flattened shapes. In fact, the species of S. ly-
copersicum L. were distinguished by basic measure-
ments that included features of perimeter, area,
height, and width. By means of the weight of the
fruit, it was determined that the fruits with a weight
of 10 to 18 g are ceraciformes and the fruits with
lower weights belong to S. chmielewskii. and S.
pimpinellifolium, the cherry accessions showed the
highest levels of variation as calculated by the high-
est values of fruit size characteristics. Figas et al.2
observed a high range of variation for fruit size, from
small fruit (cherry) to large fruit in a particular local
tomato collection. Tripodi & Greco® evaluated the
diversity of nine species of Capsicum from 48 re-
gions of the world through the use of TA plus con-
ventional descriptors, obtaining high variability in
the shape of the fruit. Furthermore, Nankar et al.2
evaluated the diversity of Capsicum limited to acces-
sions of C. annuum from six Balkan countries. It con-
sidered agrobiomorphological variables in order to
obtain gene sources for pre-production and the devel-
opment of locally adapted cultivars.

The fruit weight (FW) was highly correlated with the
degree of lobulation (LD) and the basic measures of
the fruit in a positive way (Figure 7). In addition to
the conventional descriptors of fruit morphological
characters, our findings demonstrate that data visual-
ization and TA tools were immensely helpful in dis-
cerning associations between fruit shape, size, and
color descriptors accurately. Overall, collecting phe-
notypic variation data allowed us to index a collec-
tion of tomatoes and introduce tomato accessions
into varietal groups derived from fruit shape. The re-
sults of this research were analogous to previous
studies on the genetic diversity of CD tomatoes and
fruit trees (TA). The variation reported for quantified
fruit shape, size, and color descriptors with both CD
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and TA were used to establish a tomato core collec-
tion and will be used further to select and improve a
tomato with desirable fruit shape.
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