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Abstract
A selection of tomato (Solanum lycopersicum L.) genotypes with diverse origin and breeding history
including 33 landraces, eight modern varieties and two commercial hybrids has been characterized
using a set of 25 qualitative descriptors and six quantitative traits. A wide range of variation was
evident for the majority of traits, highlighting their utility for characterizing tomato germplasm
collections. A plethora of qualitative traits including type of leaf blade, depression and ribbing at ped-
uncle end, fruit shape at blossom end, number of locules and flowering time, as well as measured
traits with economic importance such as fruit fresh weight, firmness and total yield per plant, were
found to be highly variable within the collection, with a diversity index greater than 0.8. Strong cor-
relations were detected among several traits related to fruit yield and quality. Two-dimensional prin-
cipal component analysis as well as the unsupervised hierarchical clustering grouped genotypes
according to their phenotypic resemblance and morphological characteristics to a great extent.
Landraces from different origins were scattered across the whole variation spectrum of PC1 and
PC2. A set of six qualitative traits could efficiently discriminate cultivars in PCA (explaining 75% of
total variation), suggesting that it can serve as a valuable breeding tool for the germplasm character-
ization. The evaluation of the phenotypic diversity in the collection as well as the identification of
traits that contribute most to heterogeneity have important implications for establishing core collec-
tions with high diversity, as well as designing breeding schemes across the Mediterranean basin.
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Introduction

The protection of plant biodiversity has become a major
priority worldwide, as the emerging necessity to protect
genetic resources is closely associated with adaptation to
climate change. The drastic reduction of the genetic

diversity of cultivated tomato (Solanum lycopersicum L.)
has required the conservation and utilization of all the ex-
isting genetic resources, including wild relatives and het-
erogeneous landrace populations (Terzopoulos and
Bebeli, 2010; Foolad and Panthee, 2012). Favourable traits
such as resistance to pathogens and high productivity have
systematically replaced other important traits including tol-
erance to abiotic stresses and enhanced nutritional value
(Gonias et al., 2019). In this context, to create new tomato
cultivars with commercial value and adaptability to adverse
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growth conditions, it is imperative that breeders exploit
wider germplasm collections (Jin et al., 2019).

A wide selection of such local germplasm is preserved at
National and International Seed Banks around the world,
which are responsible for the preservation of such – largely
untapped – genetic diversity. The ‘in depth’ exploitation
and characterization of such underutilized germplasm
may serve as a valuable tool to enrich the genetic pool of
modern tomato cultivars especially at low-input agricultur-
al systems (Gur and Zamir, 2004; Casañas et al., 2017). The
geographic pattern of diversity of tomato landraces in the
Mediterranean region has been widely documented
(Terzopoulos and Bebeli, 2010; Cebolla-Cornejo et al.,
2013; Parisi et al., 2016; Figàs et al., 2018; Lázaro, 2018;
Gonias et al., 2019). Typically, landraces serve as a valuable
reservoir of genes for fruit quality and abiotic stress toler-
ance, while they lack pathogen resistance genes (Sacco
et al., 2015; Csambalik et al., 2019; Gonias et al., 2019).

Standardized descriptor lists published by either IPGRI
(1996), or UPOV (2017) can facilitate seed banks and bree-
ders to compare their morphological characterization data-
sets across different environments, as many of them are
considered as highly informative, with high heritability and
low environmental input (Rao et al., 2006; Mazzucato et al.,
2008; Figàs et al., 2018). The characterization of phenotypic
diversity is a valuable method to discover the phenotypic
traits that contribute to the total diversity in a germplasm col-
lection.Apowerful statistical technique for analysinggenetic
relations from morpho-physiological traits is multivariate
data analysis (deOliveira et al., 2012;Mehmood et al., 2014).

Approximately 95 tomato varieties are registered at the
Greek National Register of Varieties, but none of them is
considered as ‘traditional variety’. By contrast, the
National Greek Genebank possess more than 300 acces-
sions of local tomato germplasm from all over the country,
representing different ‘gene pools’ adapted to a plethora of
diverse climates. In the light of these considerations, a set of
25 morphological descriptors were used to evaluate a col-
lection of tomato germplasm consisted of 33 landraces,
eight modern cultivars and two hybrids. Some quantitative
traits such as total yield, fruit firmness, fresh weight and dry
weight awere also evaluated. The assessment of the pheno-
typic diversity in the collection, as well as the identification
of traits that contribute significantly at most to heterogen-
eity, will be relevant for further germplasm characterization
and breeding schemes across the Mediterranean basin.

Materials and methods

Plant material

The 33 landraces studied herein originated either from the
Greek National Gene Bank, or from the Community Seed

Bank (Peliti) and local producers (online Supplementary
Table S1 and Fig. S1). The origin of these landraces was dis-
tributed across different districts in Greece (Crete, Aegean
islands and region of central Macedonia). Modern varieties
were obtained from collaborative Institutes within HAO
DEMETER. Each accession/genotype was represented by
15 plants in the collection, with 80 cm distance from
row-to-row, and 50 cm from plant-to-plant within the
row, organized in a completely randomized design.
Plants were grown in the experimental field at the
Institute of Plant Breeding and Genetic Resources which
is located at 40°32′13″ N latitude, and 23°00′01″E longi-
tude, at an altitude of 12 m during spring-summer 2018.
Conventional horticultural practises including fertilizer ap-
plication, spraying for common diseases and irrigation
were applied (Avdikos et al., 2011; Koutsika-Sotiriou
et al., 2016). Weeds were removed manually when
necessary.

Analysis of morpho-physiological traits

To evaluate phenotypic diversity, 25 morphological de-
scriptors were selected based on the protocol for tests on
distinctness, uniformity and stability (CPVO-TP/044/4,
2016) (Table 1, online Supplementary Tables S1 and S2).
These included leaf attitude (LA), leaf length (LL), leaf
width (LW), type of leaf blade (LB), size of leaflets (LS), in-
tensity of leaf colour (ILC), attitude of petiole of leaflet (AP),
type of inflorescence (IT), peduncle abscission layer (PA),
fruit green shoulder (FGSh), intensity of fruit green colour
(FIG), fruit green stripes (FGSt), fruit size (FS), fruit shape in
longitudinal section (FSL), fruit ribbing at peduncle end
(FR), fruit depression at peduncle end (FD), size of fruit
peduncle scar (FSPS), size of fruit blossom scar (FSBS),
shape at blossom end (FSB), thickness of fruit pericarp
(FTP), number of locules (FNL), fruit colour at maturity
(FC), colour of fruit flesh (FCF), time of flowering (FL)
and time of fruit maturity (MAT).

As a further step, quantitative traits that are important for
tomato breeding including total yield per plant (YD), polar
diameter (DP) and equatorial diameter (DE), firmness
(FM), fruit fresh (FW) and dry (DW) weight, were also eval-
uated. Tomato fruits were picked and weighed when indi-
vidual fruits reached maturity over the entire growing
season. Total yield was calculated as the sum of theweights
of all fruits for each plant. For the other traits, twenty fruits
were randomly harvested at the stage of red ripe for each
genotype. Firmness was measured in two opposite points
in the equatorial part of each fruit after removal of a thin
skin layer using a penetrometer (Maturity Meter 100,
ISOELECTRIC Apparecchiature Elettroniche) with an
8-mm tip probe. Dry weight (%) of homogenized fruit tis-
sues was assessed after 4 d dehydration in an oven at 72°C.
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Data scoring and statistical analysis

Coefficient of variation (CV) was calculated based on the
formula CV (%) = (standard deviation/mean values) × 100.
Mean values and standard deviation were calculated on the
basis of the 15 individual plants (qualitative traits) or of
the 20 randomly harvested fruits (quantitative traits). For
the calculation of the Shannon–Weaver diversity index,
all continuous traits were transformed into ordinal. In
brief, three discrete ranks were formed by dividing the
range of continuous trait into three equal parts, essentially
as previously described (Bechere et al., 1996; Terzopoulos
and Bebeli, 2010). The Shannon–Weaver diversity index
(H′) used to characterize the phenotypic frequencies was
defined as:

H =
∑n

i=1

pi lnpi

where n is the number of phenotypic classes for a trait, and
pi is the proportion of the total number of entries in the ith
class (Mengistu et al., 2015). The relative phenotypic diver-
sity indexH′was calculated by dividing each value of H by
Hmax = ln(n) in order to express the values of H′ in the
range of 0–1. The diversity index was considered as low
(0.10≤H′≤ 0.40), intermediate (0.40≤H′≤ 0.60) or high
(H′≥ 0.60) according to Eticha et al. (2005).

The classification of landraces and modern varieties on
the basis of both qualitative and quantitative traits was per-
formed using multivariate principal component analysis
(PCA) in XLSTAT software (2019). Factor loadings greater
than 0.55 were regarded as significant. Non-parametric
Spearman correlations were used to analyse qualitative
traits, while parametric Pearson correlations were used to
analyse quantitative traits (Mehmood et al., 2014). The con-
struction of two-dimensional (2-D) plots was based on the
first two principal components (PCs). Agglomerative hier-
archical clustering (AHC) analysis was performed using
Euclidean distance, and Ward’s method, to systematically
analyse and visualize the genetic dissimilarity for the full
set of data.

Results

Morphological characterization of the collection
based on qualitative traits

In total, a collection of 33 diverse local and eight modern
varieties from different districts of Greece, as well as two
hybrids, were used in the present study (online
Supplementary Table S1 and Fig. S1). The 25 qualitative
traits (based on CPVO descriptors) and the descriptive sta-
tistics of average, minimum/maximum values, as well as
CV are presented in Table 1. Within this tomato collection,
the majority of cultivars was characterized as medium-large
fruited (51%) with indeterminate growth (77%) (online
Supplementary Table S1). Additionally, most of the se-
lected CPVO descriptors were polymorphic and showed
more than two phenotypes, apart from LB (pinnate and bi-
pinnate), PA, FGSh and FGSts (absent or present) (Table 1,
online Supplementary Table S3). Several traits had high
CVs, including FSL (82.0%), FD (58.7%), FR (49.4%), FSBS
(49.4%), FGSh (48.0%), IT (44.7%) and FNL (43.8%). These
results are indicative of the extensive morphological vari-
ability within the collection of Greek tomato landraces.
By contrast, qualitative traits such as PA (13.7%), LA
(16.5%), ILC (18.0%) and FCF (19.0%) displayed the lowest
CV, suggesting that these traits are less informative within
the population studied herein.

Table 1. Descriptive statistics, CV%, as well as the estimated
phenotypic diversity index (H′), for the 25 qualitative traits
(CPVOmorphological descriptors) evaluated in the 43 tomato
genotypes

Trait/CPVO
descriptors Mean Min Max CV % H′

LA 4.89 ± 0.80 3 7 16.5 0.34
LL 4.86 ± 1.16 3 7 23.7 0.79
LW 4.76 ± 1.10 3 7 22.4 0.74
LB 1.59 ± 0.49 1 2 30.5 0.98
LS 4.71 ± 1.37 1 7 28.7 0.64
ILC 4.58 ± 0.82 3 5 18.0 0.47
AP 3.83 ± 0.99 3 5 25.8 0.62
IT 1.27 ± 0.57 1 3 44.7 0.43
PA 8.82 ± 1.19 1 9 13.7 0.16
FGSh 7.15 ± 3.38 1 9 48.0 0.78
FIG 3.65 ± 1.17 1 7 32.4 0.55
FGSt 1.58 ± 1.95 1 9 23.7 0.35
FS 4.07 ± 1.52 1 9 37.8 0.58
FSL 3.70 ± 3.08 1 10 82.0 0.73
FR 5.74 ± 2.80 1 9 49.4 0.96
FD 3.36 ± 1.98 1 7 58.7 0.82
FSPS 5.01 ± 1.74 1 9 35.0 0.76
FSBS 4.78 ± 1.23 1 7 25.3 0.57
FSB 2.54 ± 1.28 1 5 49.4 0.94
FTP 4.77 ± 1.29 3 7 27.4 0.65
FNL 3.31 ± 1.44 1 5 43.8 0.95
FC 4.33 ± 1.01 1 5 23.6 0.47
FCF 4.33 ± 0.81 1 5 19.0 0.52
FL 4.65 ± 1.25 3 7 26.8 0.85
MAT 4.87 ± 1.45 3 7 29.6 0.65

Mean values and standard deviation were calculated on the
basis of the 15 individual plants. Full details of the CPVO
descriptors can be found in online Supplementary Table S2.
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The estimated diversity (H′) for individual traits ranged
from 0.16 (PA) to 0.98 (LB), with an average of 0.65
(Table 1), indicating a high phenotypic diversity. Among
the qualitative traits, traits showing high levels of
polymorphism and noticeable diversity included FR
(H′ = 0.96), FNL (H′ = 0.95), FSB (H′ = 0.94), FL (H′ = 0.85)
and FD (H′ = 0.82). Most of the accessions were equally
dispersed between pinnate (40.9%) and bipinnate
(59.1%) LB. A similar trend was observed for FR, FNR
and FSB, for which the collection has been nearly
proportionally classified in five groups. Furthermore,
most of the accessions had medium LL (65.9%), and mainly
uniparous IT (78.9%). Lower levels of diversity were
observed for LA (H′ = 0.34) and FGSt (H′ = 0.35).
Indeed, the majority of germplasm had no PA (97.7%), a
horizontal LA (83.9%) and no FGSt (93.4%). Half of the
accessions had pink (41.8%) or red (48.0%) FCF.
Regarding the earliness of flowering and fruit maturity,
most of the landraces were characterized as medium
(58.2 and 47.3%, respectively).

Strong positive correlations (P < 0.01) were observed
among several qualitative traits (online Supplementary
Table S4). In particular, high positive correlations were de-
tected between LW and LS (0.823), FR and FNL (0.829), FR
and FD (0.819) as well as FD and FNR (0.806). Additionally,
significant correlations were observed between FSPS and
FSBS (0.727), FSL and FSB (0.726), LL and LW (0.678), LL
and LS (0.662), FS and FNR (0.649) and FS and FR
(0.629). On the contrary, high negative correlations were
spotted between FSL and FD (−0.822), or FR (−0.707) or
FNR (−0.686). Other significant negative correlations
were observed between FD and FSB (−0.686), FTP and
FNR (−0.663) or FR (−0.649). It should be noted that
most of the correlations between traits were found to be
significant at P < 0.05.

Morphological characterization of the collection
based on quantitative traits

In this study, six quantitative traits were also measured to
characterize the tomato collection, and their descriptive sta-
tistics are shown in Table 1. Traits such as FM, FW and YD
displayed high CV (65.7, 56.1 and 47.1%, respectively), re-
vealing extensive morphological diversity within the col-
lection. On the contrary, DW had the lowest CV (12.6%),
ranging from 4.0% (GRC 488/04) to 7.3% (GRC 442/04).
High phenotypic diversity was observed for FM,
with a range from 0.1 kg/cm2 (K14, also known as
‘Kerasotomata’, a cherry-type tomato landrace) to 1.8 kg/
cm2 (K5, also known as Pink tomato, a large-fruited land-
race). Notably, with regard to YD, it was evident that
some landraces had comparable fruit production with the
hybrids. Specifically, GRC 492/04, HL 229/07 and

‘Psomotomata’ (marmande type) had on average total
fruit yield greater than 4 kg per plant, similar to the hybrids,
at least under our experimental and environmental
conditions.

The estimated diversity (H′) for individual traits after nor-
malization was relatively high (H′ > 0.60) for all the quanti-
tative traits measured in this study, with an average of 0.74
(Table 1). Total YD and DE showed the highest levels of
polymorphism with H′ values of 0.86 and 0.84, respective-
ly. Moderate levels of diversity were observed for DW (H
′ = 0.62) and FM (H′ = 0.63). The majority of accessions
had medium DP and DE (71.8 and 62.3%, respectively),
small FW (64.3%), medium DW (77.5%), low FM (75.2%)
and medium YD (52.1%). In online Supplementary
Table S5, correlation coefficients among quantitative traits
within the whole collection of tomato landraces are dis-
played. Strong positive correlations were detected between
fruit DE and FW (0.921), and to a lesser extent between YD
and DE (0.678) or FW (0.604).

Principal component analysis of qualitative
parameters

In order to identify the most important traits included in our
developed database we used PCA analysis, which allows
themultivariate statistical analysis of a dataset. Themethod-
ology of Ganopoulos et al. (2015) was used because of the
large number of variables. The distribution of varieties
based on the PC-1 and PC-2 reveals part of the underlying
phenotypic variation (35.7%) among the varieties used and
showed the magnitude of their dispersion along both axes
(Fig. 1a). The Kaiser’s criterion (‘Eigenvalue’ >1) (Kaiser,
1958) was satisfied by seven components (total variation
explained 74.7%; Table 2). Specifically, the first compo-
nent, which accounted for 26.1% of total variation, included
many fruit-related traits such as FR and FD, FNL, FSL, FS,
FTP and FSB. Leaf-related traits such as LW and LL, as
well as LS were the most important traits contributing to
the second principal component. The third component
explaining 9.67% of total variation included FGSh,
FSPS and FGSt. In principal component four, which
described 7.94% of total variation, FL and LA showed
large contributions, whereas PA and AP accounted for
much of the total variance in principal component five.
The last two significant principal components, sixth and
seven, explained 6.36 and 5.58% of total variation,
respectively. The sixth component was mostly determined
by traits such as LB and FSPS, while the seventh component
by FCF and LB.

It was of interest to conduct a multivariate analysis to de-
termine the existence of clusters that discriminate landraces
frommodern varieties and hybrids. A 2-D plot based on the
first two components grouped landraces, modern varieties
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and hybrids according to phenotypic resemblance and
qualitative characteristics (Fig. 1a). Landraces from differ-
ent origins (Greek National Gene Bank, Community Seed
Bank, Independent Producers) were generally scattered
covering almost the whole variation spectrum along PC1
and PC2, and could not form a distinct cluster that can be
separated from the other groups. Several outliers were
identified including GB9 (GRC 490/04), IP6 (Katerini),
CB7 (K9) and CB9 (K14). Landrace ‘Katerini’ produces ex-
tremely large fruits, marmande-type, while K14 or also
known ‘Kerasotomata’, has extremely small (cherry) fruits.

Notably, when we filtered our variables according to the
principle of Kaiser criterion (eigenvalue >1) retaining the
six ones with the highest values of diversity index
(H′ > 0.8) (according to Table 3; LB, FR, FD, FSB, FNL
and FL), the first two PCs sufficed to explain as much as
74.5% of variation (online Supplementary Table S6). The
discrimination of germplasm based on the evaluation of
only six parameters can serve as a valuable pre-breeding
tool to characterize tomato germplasm.

Principal component analysis of quantitative
parameters

The dispersal of accessions based on the first two principal
components represents the existing phenotypic variation
within the collection and shows how widely they are
spread across the axes (Fig. 1b). By using eigenvalue great-
er than 1, it was possible to reduce the dimension of quan-
titative traits to three components, explaining 83.7% of total
variation (Table 4). The first PC, which accounted for 46.3%
of total variation, was strongly correlated with DE and FW.
Traits such as FW and DP were larger contributors to the
second component, explaining 19.4% of total variance,
while fruit DW was the major contributor to the third com-
ponent accounting for 18.0% of total variance within the
collection. A 2-D PCA plot was constructed based on the
first two components contributing to 65.7% of total vari-
ation (Fig. 1b). In general, landraces belonging either to
National Gene Bank or Community Seed Bank and
Independent Producers were less dispersed compared to

Fig. 1. 2-D PCA plot of the first two components of the 43 tomato genotypes based on the 25 qualitative traits (a) or the six
quantitative traits (b).

Table 2. Descriptive statistics, CV%, aswell as the estimated phenotypic diversity index (H′), for the six fruit-related quantitative
traits evaluated in the 43 tomato genotypes

Trait Units Mean Min Max CV % H′

DM cm 5.73 ± 1.34 2.3 9.4 23.5 0.71
DE cm 6.45 ± 1.80 2.3 10.3 27.4 0.84
FW g 160.8 ± 107.9 8.6 458 56.1 0.77
DW % 5.78 ± 0.73 4.0 7.3 12.6 0.62
FM kg/cm2 0.67 ± 0.38 0.1 1.8 65.7 0.63
YD kg 2.56 ± 1.21 0.2 5.5 47.1 0.86

Mean values and standard deviation were calculated on the basis of the 20 randomly harvested fruits.
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the PCA plot that was based on qualitative data (Fig. 1a).
Yet, some outliers were also identified in this case,
including IP6 (Katerini) and CB9 (K14), similar to the

PCA plot on qualitative traits, that both have extreme
fruit sizes. In the same context, GB3 (GRC 442/04) and
IP5 (‘Psomotomata’) have extreme fruit shapes (cylindric/
parallel and flattened, respectively). Interestingly, the
majority of modern varieties and both hybrids were placed
closed to the cross-section of the axes, indicating that these
genotypes had the lowest influence on total variation
within the collection.

Cluster analysis

As a further step to investigate phenotypic diversity within
out tomato collection, AHC analysis on combined qualita-
tive and quantitative traits was used to enable grouping of
the 43 accessions into clusters of increasing genetic dissimi-
larity, using the Euclidean distance and Ward’s method for
agglomeration. The resulting dendrogram revealed three
distinct groups: Group I is comprised 12 genotypes,

Table 3. First seven components from the PCA analysis of 25 qualitative traits studied in the 43 tomato genotypes

Trait/CPVO descriptors F1 F2 F3 F4 F5 F6 F7

LA −0.219 0.116 −0.058 −0.605 0.317 0.243 −0.204
LL 0.109 0.779 −0.219 −0.036 −0.158 −0.140 −0.181
LW 0.071 0.866 −0.160 0.150 −0.109 0.197 −0.175
LB −0.258 0.315 −0.141 0.051 0.291 0.452 0.535
LS 0.317 0.789 −0.153 −0.048 −0.121 0.174 −0.278
ILC −0.525 0.177 −0.190 0.222 −0.185 0.343 0.065
AP −0.050 −0.002 −0.117 −0.345 0.527 −0.376 −0.163
IT 0.587 0.179 0.353 −0.264 0.099 −0.185 −0.228
PA 0.058 0.227 0.489 0.213 0.600 0.098 0.035
FGSh 0.305 −0.127 0.646 0.312 0.008 0.170 −0.404
FIG −0.108 −0.314 0.064 −0.461 −0.451 0.181 −0.057
FGSt −0.102 −0.172 −0.520 −0.169 0.454 0.044 −0.346
FS 0.711 0.369 −0.125 0.177 0.120 0.020 0.085
FSL −0.782 0.192 0.127 −0.005 −0.117 −0.362 0.087
FR 0.909 −0.065 −0.046 −0.050 −0.077 0.123 −0.115
FD 0.869 −0.298 −0.034 −0.097 0.005 0.188 0.003
FSPS 0.564 0.124 −0.547 0.014 −0.056 −0.451 0.136
FSBS 0.641 −0.138 −0.466 −0.088 −0.196 −0.300 0.207
FSB −0.708 0.049 −0.067 −0.050 0.262 −0.330 −0.149
FTP −0.711 0.038 −0.369 0.368 0.101 −0.012 −0.068
FNL 0.868 −0.110 −0.071 −0.086 0.188 0.148 0.047
FC −0.052 −0.588 −0.409 0.342 0.105 0.190 −0.095
FCF −0.053 −0.294 −0.502 0.347 −0.024 0.217 −0.534
FL 0.263 −0.038 0.261 0.643 −0.061 −0.426 −0.188
MAT 0.531 0.034 −0.090 0.348 0.377 −0.019 0.330
Eigenvalue 6.517 3.102 2.419 1.986 1.676 1.590 1.396
Variability (%) 26.07 12.41 9.67 7.94 6.70 6.36 5.58
Cumulative % 26.07 38.48 48.15 56.10 62.80 69.16 74.74

Table 4. First three components from the PCA analysis of six
quantitative traits studied in the 43 tomato genotypes

Trait F1 F2 F3

DM 0.610 0.610 0.111
DE 0.915 −0.279 −0.032
FW 0.271 0.706 −0.553
DW 0.922 −0.187 0.032
FM 0.217 0.329 0.862
YD 0.773 −0.267 −0.136
Eigenvalue 2.780 1.163 1.082
Variability (%) 46.326 19.377 18.026
Cumulative % 46.326 65.704 83.730
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Group II of 14 genotypes and Group III of 17 genotypes
(Fig. 2). Notably, Group III only contains landraces, where-
as most of the modern varieties and the two hybrids were
clustered in Group II. In accordance with PCA results, there
were no specific clusters based on the source of origin or
locality. Another interesting note, GB4 (GRC443/04) and
GB12 (HL 123/7), were largely phenotypically dissimilar
from the other genotypes within the same cluster. These
two landraces originated fromChania and Iraklion, respect-
ively, indicating potentially valuable genetic pools of
phenotypic diversity.

Discussion

The current global agenda poses new challenges for both
producers and researchers to develop high-quality agricul-
tural products, with lower inputs (agrochemicals and low
carbon footprint) (Parisi et al., 2016; Bai et al., 2018).
However, it is a common phenomenon that seed compan-
ies have no commercial interest in preserving such largely
untapped germplasm including local cultivars/landraces.
In Greece, for example, there are no landraces registered
at the National Catalogue of Varieties Vegetables. In this
context, landraces that arewidely cultivated by local produ-
cers have mainly survived due to their exceptional flavour
and/or taste, besides their usually peculiar morphological
or organoleptic characteristics. The genetic pool of such
largely unexploited germplasm can be of outmost import-
ance in developing breeding strategies, as modern varieties
and hybrids have considerable less flavour when com-
pared to ‘so-called’ old cultivars. Consequently, local pro-
ducers play a vital role not only in preservation of such

germplasm, but also in landrace improvement, and incorp-
oration into breeding schemes (Campanelli et al., 2019).

The aim of the present work was to provide information
for the phenotypic diversity and potential utilization of a
collection of tomato landraces grown in Greece. The col-
lection, consisted of 33 landraces, eight modern varieties
and two commercial hybrids, was investigated by using
several economically important traits, in particular, those
related to fruit yield, fruit morphology and fruit quality, to
determine if such characteristics could be useful to detect
valuable materials for breeders and growers (Ortiz Ríos,
2015). Results support the notion that some of these traits
can be efficiently used in evaluating and discriminating cul-
tivars, highlighting the extensive diversity across the collec-
tion. Overall, the present work confirmed findings on
several features from other tomato collections of
Southern Europe (Terzopoulos et al., 2009; Terzopoulos
and Bebeli, 2010), or other local cultivars around the
world (Mazzucato et al., 2008; Figàs et al., 2015, 2018;
Parisi et al., 2016).

Tomatoes in Greece are usually cultivated in small open-
field systems requiring plant support and pruning by tutors.
In this respect, the studied collection herein mainly dis-
played indeterminate (according to CPVO), or indetermin-
ate to semi-determinate growth habit (according to IPGRI,
1996), similar to previous reports (Terzopoulos and Bebeli,
2010; Lázaro, 2018). Furthermore, the majority of the se-
lected accessions, which in principal originated from differ-
ent parts of Crete, showed a wide range of fruit shapes and
colour (online Supplementary Fig. S1), probably indicating
local preferences and adaptability (Lázaro, 2018). For ex-
ample, fruit shape was distributed into 9 out of 11 groups
(according to CPVO classification system), with flattened,
oblate, circular and pyriform shapes being the dominant

Fig. 2. Dendrogram of the 43 tomato genotypes based on both the 25 qualitative and the six quantitative traits.
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ones across the collection. Another trait which is associated
with fruit quality is the size of blossom end scar. Typically,
large scar can reduce the market value of the fruit, as a re-
sult of pathogen attack or juice leakage (Elkind et al., 1990).
Consistently to other tomato landrace-related studies
(Terzopoulos and Bebeli, 2010), the majority of accessions
(79%) had medium to large size of blossom end scar, indi-
cating the lower commercial value of the product, which
could probably be balanced, however, with the better fla-
vour that consumers require. Other traits common to land-
race populations, already described by others
(Terzopoulos and Bebeli, 2010; Lázaro, 2018), included
the presence of green shoulder, and the occurrence of
slightly flattened or pear-shaped tomatoes. It is evident
that local farmers around the Mediterranean basin are inter-
ested in variability in fruit shapes, colours and sizes
(Mazzucato et al., 2010; Terzopoulos and Bebeli, 2010), ra-
ther than total yield.

Among the studied quantitative characteristics, fruit
weight and yield are also of high commercial value
(Mehmood et al., 2014). In this study, fruit weight values
had a range from 8.6 to 458 g, which is higher compared
to other collections (Cebolla-Cornejo et al., 2013; Parisi
et al., 2016; Figàs et al., 2018). Landraces such as
‘Katerini’ (IP6), HL 073/07 (GB11) and ‘Psomotomata’
(IP5) had the highest fruit weight (>380 g), whilst others
such as K8, K9, K10 and GRC 451/04 had the lowest ones
(<50 g). Fruit dimensions are also important in packaging
and transportation (Padilla-Ramirez et al., 2012). Our re-
sults revealed significant phenotypic diversity, as indicated
by the diversity index for both fruit length and diameter
(0.71 and 0.84, respectively). Furthermore, the majority of
accessions within the collection had low FM (0.67 kg/cm2

on average) compared to other reports (Figás et al.,
2018), although some landraces (GRC 443/04, K7 and
K9) had higher FM compared to modern varieties or hy-
brids. Notably, all of the ‘firm’ cultivars have determinate
type of growth, while K7 and K9 also have pink colour of
fruits. This finding highlights the potential use of such cul-
tivars in processing industry that requires plants with deter-
minate growth type and fruits that tolerate mechanical
damage. High temperature can affect fruit colour (lycopene
synthesis), vitamin C accumulation and biosynthesis
(Mellidou and Kanellis, 2017) and total yield through bar-
riers in pollen viability and fruit set (Paupière et al.,
2017). Indeed, the high summer temperature in Greece
for the entire growing period may account for the large per-
centage of light-red fruit colour in the collection (online
Supplementary Fig. S1), as lycopene biosynthesis is strongly
inhibited by high temperatures (Steven and Rick, 1986).

Correlations among quantitative or qualitative traits
revealed interesting relationships between characteristics.
For instance, very strong correlations (P < 0.01) were de-
tected among several traits related to fruit yield and quality,

including FSK and FD, FNR and FR or FD, FW and DE or
DP, YD and DE or FW. Overall, these results agree with
those of previous reports for many traits (Cebolla-Cornejo
et al., 2013; Cortés-Olmos et al., 2015; Parisi et al., 2016).
The strong correlations between traits contributing to fruit
yield and quality could be efficiently used as a selection
parameter for the rapid assessment of tomato accessions
that have, for instance, many locules, or high yield, and
might be helpful for plant improvement.

Phenotypic diversity arises not only from different
genetic backgrounds, but also due to environmental
conditions, especially for traits related to nutritional value
(Csambalik et al., 2019). In principal, heterogeneity of to-
mato landraces related to fruit yield is expected to be
wide between different climates, soil fertilization and
irrigation regimes. Indeed, total yield per plant was signifi-
cantly lower compared to other studies (Lázaro, 2018).
Presumably, these differences are due to both genotypic
differences and adaptability to local conditions and
cultivation systems. Although the evaluation of our
collection was only performed during 1 year, and thus
the environment × genotype interaction could not be as-
sessed, the analysis of these morphological traits was still
valuable to characterize our collection, as it gave us an es-
timation of the wide variability present, pointing out at
genotypic effects between landraces. Indeed, low and
high yield genotypes have been identified, and in fact,
some landraces had even higher yield than hybrids and
modern varieties.

Undoubtedly, some of the local accessions represent a
valuable material either to be incorporated into breeding
schemes as the starting material, or to further be character-
ized in order to be registered as landraces at the National
Catalogue of Vegetables. In order to efficiently identify
the most promising germplasm, we have previously carried
out the molecular screening of such local germplasm for re-
sistance to Fusarium oxysporum f.sp. radicis lycopersici
and to Phytophthora infestans by employing molecular
markers coupled with high resolution melting analysis
(Gonias et al., 2019). Although almost all of them were
found to be heterozygous resistant for both diseases, a
landrace from the National Gene Bank (GRC 488/4) was
found to be homozygous resistant to Phytophthora infes-
tans. This genotype produced small fruits with oblate
shape and relative low values of FM and DW. Therefore it
could only be used as a donor for resistance genes in mat-
ing schemes.

Unravelling inter- and intra-population diversity, as well
as identifying the key components that contribute the most
to such diversity, is of outmost importancewhen evaluating
landrace heterogeneity (Terzopoulos and Bebeli, 2010).
Morphological traits such as FSL, FD and FR, FSB, FGSh
and FNR were identified as key traits in discriminating to-
mato landraces. This is consistent with other reports
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concerning phenotypic diversity in tomato populations
(Cortés-Olmos et al., 2015; Lázaro, 2018). Nevertheless, un-
like to other reports indicating that vegetative traits contrib-
ute less to phenotypic diversity (Terzopoulos and Bebeli,
2010), in our set of cultivars, traits with the lowest value of
the diversity index included the fruit-related traits peduncle
abscission layer and fruit green stripes (most fruits – over
90% – had abscission layer and absence of green stripes).

The PCA results show that the most appropriate traits for
grouping the cultivated tomato germplasm are FR and FD,
FNL, FSL, FS, FTP, FSBS and FW. Landraces from different
origins were scattered across the whole variation spectrum
of PC1 and PC2. Morphological and genetic characteriza-
tion of eggplant germplasm originated from Greece re-
vealed that the accessions from mainland were
differentiated from those from islands, underlying the im-
portance of the environment, the geographic location and
the agro-ecological conditions (Gramazio et al., 2019). No
similar correlations were identified in this study, probably
due to the small number of landraces originated from the
mainland. Notably, by evaluating the six traits with the
highest values of the diversity index (H′ > 0.8), the first
two principal components could efficiently discriminate
cultivars, suggesting that it can serve as a valuable breeding
tool for the characterization of a collection.

For qualitative traits, the first three axes explained 48.2%
of total variation. This is in agreement with previous studies
reporting relatively low percentages of variation that could
be attributed, presumably, to the high intra-population het-
erogeneity (Terzopoulos and Bebeli, 2010). Nevertheless,
cluster analysis clearly separated tomato germplasm into
three groups, with the third cluster containing only land-
races, and the second one mostly modern varieties and hy-
brids. Results from both PCA and cluster analysis revealed
several genotypes as potential optimal parents for the de-
velopment of heterotic patterns in mating schemes for to-
mato breeding (Jin et al., 2019).

By analysing a broad range of qualitative and quantitative
traits, the present study demonstrates a considerable
phenotypic diversity for a collection of tomato landraces
originated from a semi-arid region in the Mediterranean
basin. Results point at valuable germplasm that could be
used as the starting material for the selective breeding of
particular traits of interest, such as yield, firmness and alter-
native fruit shape/colour. Furthermore, these findings indi-
cate that genotypes with high morpho-physiological
diversity could be employed to develop a Multi-parent
Advanced Generation Intercross tomato population to tap
local phenotypic diversity, and create new cultivars well-
adapted to low-input agricultural systems.

Supplementary material
The supplementary material for this article can be found at https://
doi.org/10.1017/S1479262120000088.
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