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The olive tree is one of the most important economic, cultural, and environmental
resources for Italy, in particular for the Apulian region, where it shows a wide diversity.
The increasing attention to the continuous loss of plant genetic diversity due to social,
economic and climatic changes, has favored a renewed interest in strategies aimed at the
recovery and conservation of these genetic resources. In the frame of a project for the
valorization of the olive Apulian biodiversity (Re.Ger.O.P. project), 177 minor genotypes
were recovered in different territories of the region. They were submitted to morphological,
molecular, technological and phytosanitary status analysis in comparison with reference
cultivars, then they were propagated and transferred in an ex situ ﬁeld. All the available
information was stored in an internal regional database including photographic
documentation and geographic position. The work allowed obtaining information about
the genetic diversity of Apulian germplasm, to clarify cases of homonymy and synonymy,
to check the sanitary status, and to identify candidate genotypes useful both to set up
breeding programs and to enrich the panel of olive cultivars available to farmers for
commercial exploitation.
Keywords: olive, rare germplasm, homonymy and synonymy, characterization, diversity, resources for breeding

INTRODUCTION
The cultivated olive (Olea europaea subsp. europaea var. europaea) is a typical fruit tree crop of the
Mediterranean Basin where it is spread on over eight million of hectares. In Italy, the olive culture
represents one of the most important economic, cultural and environmental resource (Clodoveo
et al., 2014; Famiani et al., 2014). The Italian olive germplasm is estimated to include about 800
cultivars, most of them landraces vegetatively propagated at a farm level since ancient times
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phytoplasmas) that persist in the budwood and can be
transmitted and disseminated with it, with severe economic
effects on yield and production quality (Martelli et al., 2002;
Loconsole et al., 2010). The use of ‘healthy’ plants for new
plantations is crucial for the quality of crop production,
restraining the spread of pathogens and diseases, and
potentially reducing chemical applications and the
environmental impacts of agricultural practices (García-Mier
et al., 2013). Moreover, the use of local varieties, recovered
from autochthonous germplasm, could support programs of
resistance evaluation to emergent pests (Giampetruzzi et al.,
2016; Saponari et al., 2019).
Despite the economic importance of olive (ISMEA, 2019), few
major cultivars are generally used for virgin olive oil (VOO)
production, neglecting the heritage of minor cultivars that could
be an important resource to broaden the product offer to the
consumers. Indeed, the genotype component, coupled with the
extraction technology, strongly affect the VOO characteristics in
terms of quality, oxidative stability and organoleptic features
(Rotondi et al., 2010; Caponio et al., 2018a; Caponio et al., 2018b;
Tamborrino et al., 2019).
The aim of this work was to obtain information about genetic
variability among Apulian germplasm, to clarify cases of
homonymy and synonymy, to check the sanitary status, and to
identify candidate genotypes useful both to set up breeding
programs and to enrich the existent panel of olive cultivars.
The integrated approach here proposed allowed to reach a deep
knowledge on several aspects connected to the olive germplasm
for a faster and efﬁcient recognition of the best candidates
suitable for commercial and economic valorization.

(Muzzalupo, 2012), and new local genotypes are continuously
described. This wealth is due to the high environmental
variability of Italian growing area, and it represents an
opportunity for the Italian olive oil sector. The increasing
attention to the continuous loss of plant genetic diversity,
known as genetic erosion, due to social, economic and climatic
changes, determined targeted international policies to preserve
plant species subjected to extinction risk. The International
Treaty on Plant Genetic Resources for Food and Agriculture
(FAO, 2001) created a mechanism for an equitable use of these
resources and envisaged the creation of a global information
system to facilitate the recovery and sharing of plant genetic
resources (Sardaro et al., 2018). Plant biodiversity is a resource of
genes useful to adaptation to environmental changes. The
characterization of ancient and rare plant genetic resources is
prominent as source of agronomical traits important for
cropping system evolution (Caruso et al., 2014; Vivaldi et al.,
2015; Rosati et al., 2018a; Rosati et al., 2018b), reduction of water
consumption (Pellegrini et al., 2016), facing emergent diseases
resistance (Saponari et al., 2019) and resilience to climate
changes (Taranto et al., 2018).
Apulia region (Italy) hosts one third of the Italian olive
cultivated area, with about 50 million of olive trees showing a
wide diversity. The particular conformation of the Regional
territory, stretched on more than 400 Km, offers a great
variability of pedoclimatic conditions (Sardaro et al., 2015).
Due to its geographical position, Apulia was a cross point for
commercial routes since ancient times, allowing a remarkable
complexity and richness in autochthonous varieties as
documented in several researches (D'Agostino et al., 2018).
In 2013, the integrated project Re.Ger.O.P. (Apulian Olive
Germplasm Recovery) focused the attention on the Apulian olive
biodiversity through a structured program of activities including
historical investigation, cataloguing, genetic and technological
characterization, sanitary status investigation and conservation
of the collected local germplasm.
Morphological descriptors are an important tool to study the
genetic diversity within a cultivated plant species; indeed, they
represent the phenological traits normally used in taxonomic
classiﬁcation (Blazakis et al., 2017). The International Union for
the Protection of New Varieties of Plants (UPOV) established
both parameters and methodology for olive germplasm
characterization (UPOV, 2011).
Nonetheless, in the last two decades, the morphological
descriptors have been integrated with molecular markers, such
as SSR markers that have demonstrated a very good efﬁciency in
olive genotyping (Muzzalupo et al., 2008; Muzzalupo et al., 2014;
Boucheffa et al., 2017; Chiappetta et al., 2017; Boucheffa et al.,
2019; Sion et al., 2019), population genetics (Albertini et al.,
2011; Mousavi et al., 2017; di Rienzo et al., 2018a), and
traceability of products (Pasqualone et al., 2015; Montemurro
et al., 2015; Binetti et al., 2017; Sabetta et al., 2017).
An essential prerequisite in the genetic resources'
conservation is also the assessment of the phytosanitary status
(Fontana et al., 2019). As for other vegetative propagated crops,
olive is affected by several pathogens (viruses, fungi, bacteria and
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MATERIALS AND METHODS
Collection of Olive Germplasm
To identify the minor genotypes spread in Apulia region
(Southern Italy), bibliographic researches about the varieties
cultivated in the past centuries were conducted in cooperation
with local farmers and by means of meetings organized along the
regional territory. Plants were recovered in the marginal areas of
the Apulian provinces of Foggia, Bari, Brindisi, Taranto, BAT
(Barletta–Andria–Trani) and Lecce (Figure 1). Genotypes were
geo-referenced trough cartography and GPS data of the ﬁelds. In
addition, a photographic documentation with a geotag system
and 3D photographs for remote recognition of tree canopy, rural
landscape and soil characteristics were obtained. A total of 177
genotypes were collected and they were submitted to the different
characterizations, depending on the availability of the plant
material (Supplementary Table 1).

Morphological Characterization
The morphological characterization was performed on 97
genotypes using 24 descriptors indicated by UPOV, including
three descriptors for the leaf, 11 for the fruit, and 10 for the stone
(Supplementary Table 2). Each genotype was represented by
one to three trees, depending on genotype; in few cases the tree
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FIGURE 1 | Geographic map of ‘Apulia’ with collection sites of samples.

analysis were conducted according to di Rienzo et al. (2018a).
Detection, sizing and data collection were carried out using the
GeneMapper 5.0 software (Applied Biosystems, Foster City,
CA, USA).
Genetic diversity was investigated through different genetic
indices, such as Number of alleles (Na), effective alleles (Ne),
Shannon's information index (I), observed (Ho) and expected
(He) heterozygosity and ﬁxation index (F) (Wright, 1949)
implemented in GENALEX software v.6.5 (http://anu.edu.au./
BoZo/GenAIEx). This software was also used to calculate the
allelic similarity for codominant data based on the pairwise
relatedness, following the Lynch and Ritland estimator (LRM)
(Lynch and Ritland, 1999). To determine the most informative
primers, the polymorphic information content (PIC) (Botstein
et al., 1980) was calculated by using Cervus v 3.0 (Kalinowski
et al., 2007).
To study the relationships among genotypes, an Unweighted
Neighbor–Joining dendrogram was generated in DARWIN
software v. 6.0.010 (http://darwin.cirad.fr), using bootstrapping
with 1,000 replicates to determine support for each node.
To infer the structure of olive germplasm, a Bayesian
clustering algorithm implemented in STRUCTURE software
version 2.3.4 (https://web.stanford.edu/group/pritchardlab/
structure.html) (Pritchard et al., 2000) was used. To evaluate
the optimal number of sub-populations (K), ten independent
runs for each K (from 1 to 10) were performed, using 100,000
MCMC repetitions and 100,000 burn-in periods. The optimal K
value was determined depending on DK test (Evanno et al., 2005)
using the STRUCTURE HARVESTER software (Earl and Von
Holdt, 2012). Genotypes were assigned to deﬁned populations if

consisted in a primary branch only. Observations were made on
50 leaves, 50 fruits and 50 stones per genotype. Leaves were
collected in late spring, on 1-year shoots; fruits were harvested in
middle autumn, with a pigmentation index between 3 and 5
(Camposeo et al., 2013). The morphological data were converted
in a discrete data matrix (Supplementary Table 3) and used to
obtain a Neighbour–Joining dendrogram performed with
Darwin software version 6.0.010 (http://darwin.cirad.fr)
(Felsenstein, 1985), using 10,000 bootstrap replications. The
data were compared with the reference cultivars present in the
OLEA database (OLEADB, http://www.oleadb.it) which includes
1,626 cultivars preserved in 102 ﬁeld collections of different
countries (Bartolini et al., 2014).

Genetic Characterization
The molecular characterization was performed on 177 Apulian
genotypes using 11 preselected microsatellite markers suitable
for olive cultivar discrimination (Sefc et al., 2000; Carriero et al.,
2002; Cipriani et al., 2002; Dela Rosa et al., 2002; Baldoni et al.,
2009) (Supplementary Table 4). The obtained genetic proﬁles
were compared with that of 59 olive cultivars diffused in all the
Italian territory and maintained at the conservation ﬁeld of
Palagiano (TA, Italy), used as references (Supplementary
Table 1). For genomic DNA extraction, three young leaves of
each sample were lyophilized and ﬁnely grinded, and 50 mg of
tissue were used, following the protocol of Spadoni et al. (2019).
DNA quality and concentration were assessed using a
NanoDropTM ND2000C (Thermo Fisher Scientiﬁc, Waltham,
MA, USA), and normalized at 50 ng/ml into a 96-well plate
(Nunc 96-Well Multiwell Plates). DNA ampliﬁcation and
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injector temperature was 290°C with a split ratio of 1:25. The
identiﬁcation was carried out by comparing the retention time
with those reported in the ofﬁcial method (Commission
Regulation (EEC) No 2568/91). Single sterols content was
reported as area percentage respect to the total sterol area,
while the total content was calculated using the internal
standard method and expressed as mg kg. All the chemical
analyses on VOOs were made in triplicate, in all cases, with a
coefﬁcient of variation <5%. Descriptive statistics of the VOOs
characteristics were calculated using Microsoft Excel 2010
(Microsoft Inc., Redmond, WA, USA). The principal
component analysis (PCA) was also performed and the CAT
(Chemometric Agile Tool) R-based chemometric software (R
version 3.1.0 (2014-04-10) on the autoscaled matrix, was used.

the value of the corresponding membership coefﬁcient (qi) was
higher than 0.6, otherwise they were considered to be of
admixed ancestry.

Technological Characterization of Virgin
Olive Oils
The technological characterization was performed on 34 genotypes
(Supplementary Table 1) using 1 kg of olives from a homogeneous
batch collected by hand during the harvest season 2014–2015 from at
least two different trees, when the pigmentation index was about 2
(Squeo et al., 2016). The extraction of the corresponding monovarietal
virgin olive oils (VOO) was obtained within 12 h after harvesting,
using a semi-industrial scale hammer crusher (RETSCH GmbH
5657, Haan, Germania) provided with three hammers positioned at
120° on a single plane. Thirty counter beaters (height = 5 mm) were
embedded in the side of the chamber with an angle of 42° while the
lower part of the chamber was covered by a grid with 65 holes (j = 5
mm). The angular velocity was set at 2,850 rpm (Caponio and
Catalano, 2001). The recovered olive paste was indirectly heated at 30
± 1°C using a hot water treatment and mixed for 15 min. Thereafter,
the oily phase was collected by a basket centrifuge (Marelli Motori
S.p.A., Arzignano, VI, Italia) with a bowl of 19 cm, at rotational speed
of 2,700 rpm. Once extracted, the oils were stored in 100 ml dark glass
bottles until the analyses.
For the technological characterization, fatty acids (FA) and
sterols composition was determined as described respectively in
Difonzo et al. (2018) and the Commission Regulation (EEC) No
2568/91. Brieﬂy, for FA analysis, about 20 mg of oil was added
with 1 ml of hexane and vortexed. Then, 1 ml of KOH solution in
methanol (2 N) was added and the sample sonicated by an
ultrasound bath (CEIA, Viciomaggio, Italy) for 6 min at 25°C.
Two microliters of the recovered upper layer, containing the fatty
acids methyl esters (FAME), were withdrawn and injected into
the GC system (Regulation (ECC) No 2568/91). The GC-FID
system was composed by an Agilent 7890A gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA) equipped with a
FID detector (set at 220°C) and a SP2340 capillary column, 60 m
× 0.25 mm (i.d.) × 0.2 mm ﬁlm thickness (Supelco Park,
Bellefonte, PA, USA). The identiﬁcation of each fatty acid was
carried out by comparing the retention time with that of the
corresponding standard methyl ester (Sigma-Aldrich, St. Louis,
MO, USA) and the results were expressed as area percentage
respect to the total FAs area.
For sterols composition, about 5 g of oil were added with acolestanol as internal standard, and sample was subjected to
saponiﬁcation with a solution of KOH in ethanol (2 N) under
heating. Sample was transferred in a separating funnel and
washed three times with ethyl ether in order to collect the
unsaponiﬁable fraction. The etheric phase was neutralized and
ﬁltered by sodium sulphate anhydrous and dried. The sterol
fraction, resuspended in chloroform (5%), was separated from
the unsaponiﬁable matter by tin layer chromatography and then
recovered, ﬁltered and silanised. Finally, about 1 ml of the
solution was injected in the GC system (Agilent 7890A) using
a capillary column HP-5 30 m × 0.32 mm (i.d.) × 0.25 mm ﬁlm
thickness (Agilent Technologies, Santa Clara, CA, USA). The
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Phytosanitary Evaluation of Olive
Germplasm
The phytosanitary characterization was performed on 129
accessions, assessing either the presence of viruses listed in the
phytosanitary requirements (D.M 20/11/2006) (Supplementary
Table 1; Supplementary Table 5) and the bacterium Xylella
fastidiosa. For the viruses, a previously validated one tube RTPCR protocol was used (Loconsole et al., 2010), while for X.
fastidiosa, the standard procedure based on CTAB-protocol for
the extraction of total DNA and qPCR was applied (Harper et al.,
2010; EPPO - PM 7/24 (3), 2018). Olive accessions resulted
infected by CLRV and OLYaV, were submitted to sanitation
treatments by in vivo or in vitro thermotherapy (Bottalico et al.,
2004; Acquadro et al., 2009; Chiumenti et al., 2013; Abou Kubaa
et al., 2018; Spanò et al., 2018). In in vivo thermotherapy, 2-year
old infected plants were exposed to 35–38°C for 3–4 months;
successively their vegetative tips were excised and micro-grafted
on 1-year old “virus-free” seedlings (Onay et al., 2004; Wu et al.,
2007; Farahani et al., 2011) (Supplementary Figure 1). In in
vitro thermotherapy, young shoots were excised from 2-year old
infected plants; nodal cutting explants were surface sterilized
washing in running water and dipping in a NaClO (7–9% Cl
active) solution for 20 min, then washed in steril water for three
times for 1'–2' for each one. The explants were cultivated in Petri
dishes with 25 ml of Olive media (Rugini, 1984) modiﬁed with
zeatin 1.0 mg l−1 and mannitol 36 g l−1. Petri dishes were
maintained in growth chamber at 24°C with a 16 h light/8 h
dark period and 3,000 lx light intensity. The in vitro sprout
shoots were subcultivated on the same media composition every
20 days for 4 months. When shoots became about 2 cm long they
were submitted to in vitro thermotherapy. The shoots transferred
in glass vessels with 100 ml of the same media were exposed to
35–38°C, 16 h light/8 h dark period and 3,000 lx light intensity
for 1 month, then their vegetative tips (0.5–0.8 cm) were directly
micro-grafted on “virus-free” seedlings. The micrografted plants
were protected by a plastic bag and maintained in a chamber
room for 1 month at the same condition described before. Plastic
bags were gradually removed, and the plants were transferred in
greenhouse. Micrografted plants resulted negative to OLYaV and
CLRV at a ﬁrst testing, were maintained in greenhouse and
checked two times in 18–24 months after the ﬁrst assay. Finally,
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‘healthy plants’ were transferred in screen house and maintained
isolated to avoid any type of contamination, and routinely tested
for the pathogens reported before.

remaining 64 genotypes, 49 genotypes were not described in
OLEADB but they were called with a local name, and 15
genotypes were nameless and they were tagged as “unknown”.
The dendrogram grouped the olive genotypes in three main
clusters (Figure 2). Cluster I consists of 20 genotypes including
the white-fruit phenotype such as ‘Oliva bianca’ (I A) and
‘Leucocarpa 1’ (I B), and all the genotypes characterized by
pointed apex and asymmetric stone, such as ‘Cornale’,
‘Cornulara’ and ‘Pizzutella 1’. This cluster also includes four
unknown genotypes (Unknown-7, Unknown_13, Pendolinotype 1, Koroneiki-type) and eight not described genotypes:
‘Cornetto’, ‘Leucocarpa 2’, ‘Passa dolce’ ‘Pizzutella bianca’,
‘Primamezzana 4’, ‘San Giovanni’, ‘Signora Francesca’, and
‘Trigno’. Cluster II included 48 genotypes, 25 not present in
OLEADB (‘Canua 1’, ‘Fragile’, ‘Fragolina’, ‘Grappa’, ‘Mennella’,
‘Orniella’, ‘Primamezzana 3’, ‘Rumanella’, ‘Sanguinella’, ‘Silletta
2’, ‘Silletta Nisi’, ‘Torremaggiorese’, ‘Torremaggiore’, ‘Uaccdain’,
four ‘Ogliarola’, seven ‘Cellina’), and one oleaster. Cluster III
comprises 29 genotypes characterized by medium-high fruit size
and stone weight and size: three genotypes not described in
OLEADB (‘Ogliarola di Biccari’, ‘Oliva maggiorata’ and
‘Rosciolone’ etc.), ﬁve accessions of ‘Ogliarola’ and ‘Cellina 7’

RESULTS
Plant Material
Historical investigations about the varieties locally cultivated in
the past centuries in Apulia, and the prospections on the territory
allowed to identify a total of 177 minor genotypes survived in
marginal olive orchards (Supplementary Table 1; Figure 1). All
the genotypes were geo-referenced through cartography and GPS,
and all data were merged in a database speciﬁcally created as
repository of molecular, morphological, phytosanitary and
technological information (data available on request to Apulia
Region Misura 10.2.1: www.psr.regione.puglia.it).

Morphological Characterization
Fruit and stone separated the 97 Apulian olive genotypes in
clusters and allowed to recognize 32 varieties already described in
OLEADB, as well-known cultivated varieties. Among the

FIGURE 2 | Dendrogram generated by Neighbor-Joining clustering method, illustrating the relationships among 97 olive Apulian genotypes, using the morphological
markers.
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positive for all markers except for DCA05, GAPU71b and
GAPU101. The Na in the reference cultivars was higher
(143), and Ho (mean 0.71) was lower than He (mean 0.79).
On the whole collection (local genotypes and reference
cultivars), the total Number of alleles was 172 (Table 2), with
a mean of 16 alleles per locus, ranging from 10 alleles for EMOL
to 27 alleles for DCA18. The average number of effective alleles
(Ne) was 6.43, ranging from 1.79 (EMOL) to 13.61 (DCA09).
Shannon's information index (I) ranged from 0.93 (EMOL) to
2.73 (DCA09). The observed Heterozygosity (Ho) varied
between 0.19 for EMOL and 0.85 for GAPU101 (mean Ho =
0.66), whereas the expected Heterozygosity (He) ranged
between 0.44 (EMOL) and 0.93 (DCA09) (mean He = 0.80).
The Fixation Index (F) was positive for all markers except for
GAPU71b. The genetic analysis was also carried out on the
three clusters resulting by the Neighbor Joining Analysis
(Supplementary Table 6). The Na for the cluster I (11
genotypes), the cluster II (87 genotypes) and the cluster III
(137 genotypes) was 70, 162 and 106, respectively, while Ne was
4.23, 7.53 and 4.68, respectively.
Estimation of pairwise relatedness (LRM) revealed gave a
coefﬁcient ranging from −0.147 to of 0.5, that corresponds to
identical genetic proﬁles. Full identity was revealed between the
samples ‘Ogliarola 2, 5, and 6’, between ‘Peranzana 2’ and
‘Peranzana 3’, and between the samples ‘Donna Francesca’ and

(subcluster IIIA), three table olives cultivars (‘Grossa di Spagna’,
‘Sant'Agostino’ and ‘San Francesco’), and ﬁve other genotypes
(Unknown-1, Unknown-14, ‘Troia’, ‘Sperone di Gallo’ and
‘Martucci 1’) (sub-cluster III B). This sub-cluster also includes
two of the most typical ‘sweet olives’, ‘Dolce di Cassano’, and
‘Dolce di Sannicandro’, and seven local genotypes (‘Ciciulara’,
‘Daoli’, ‘Dolce paesana’, ‘Morosino’, ‘Piccolina’, ‘Sannicandrese’,
and ‘Stelletta’). Most of “unknown” genotypes showed high
similarity with cultivars ‘Ogliarola’ and ‘Cellina’; only
‘Unknown 3’ and ‘Unknown 5’ did not revealed similarity with
any other variety, showing a unique proﬁle (Table 1).

Genetic Characterization
The eleven selected SSR markers successfully ampliﬁed the 177
olive studied samples, conﬁrming to be highly informative as
indicated by PIC values that was higher than 0.5 at all loci
(mean 0.72), except for EMOL (Table 2). Total number of
alleles (Na) of 113 alleles was obtained, with a mean of 10 alleles
per locus, ranging from four alleles for EMOL to 17 alleles for
DCA09. The average number of effective alleles (Ne) was 4.86,
ranging from 1.57 (EMOL) to 11.02 (DCA09). The observed
Heterozygosity (Ho) varied between 0.10 for EMOL and 0.89
for DCA09 (mean Ho = 0.64), whereas the expected
Heterozygosity (He) ranged between 0.36 (EMOL) and 0.91
(DCA09) (mean He = 0.74). The Fixation Index (F) was

TABLE 1 | Results of the clustering of the 97 Apulian genotypes based on morphological traits. Known genotypes indicate genotypes present in the databank
OLEADB.
Cluster

I

Subcluster
IA

IB

II

II A

II B
III

III A

III B

Proﬁle Genotypes described in OLEADB

–

1

Pizzutella, Uccellina

2
3
4
5

Butirra di Melpignano
Cornale, Marinese, Oliva bianca
Leucocarpa 1, Cornulara
–

6
7
8

Piangente, Racioppa
Peppino Leo, Olivetta

9
10
11
12
13
14
15
16
17
18

Colozzese, Dritta, Nolca, Rosciola (1, 2), Termite
di Bitetto, Tunnella
Peranzana
Provenzale
–
Barone di Monteproﬁco
–
Corniola, Oliva dolce
–
–
–

19

–

20
21
22
23

–

Grossa di Spagna, Sant'Agostino, San
Francesco
Dolce di Cassano, Ravece
Dolce di Sannicandro
Sperone di gallo, Usciana

Frontiers in Plant Science | www.frontiersin.org

Genotypes undescribed in OLEADB

–
Cornetto, Pizzutella bianca
Trigno, Primamezzana 4
Leucocarpa 2, Passa dolce, San Giovanni,
Signora Francesca
Fragolina, Uaccdain
Canua 1,
Silletta Nisi, Torremaggiore Sacco,
Torremaggiorese
Rumanella, Ogliarola 1
–
Grappa, Cellina 3, Ogliarola 2,5,7,
Cellina 2,4,5,8,9
Orniella, Cellina 6
–
Fragile, Mennella, Silletta
Primamezzana 1, Sanguinella
Ogliarola 3,4,6,8,9, Cellina 7
Ogliarola di Biccari, Oliva maggiorata,
Rosciolone
Ciciulara, Morosino, Piccolina,
Sannicandrese,
Daoli
–
Dolce paesana
Stelletta

6

Unknown
genotypes

Other new
genotypes
–

Unknown 7,
Koroneiki-type
Unknown 13
–
Pendolino-type 1
–

–
–
–
–

Unknown (Gulliver)
–
–

–
–
–

Unknown 01

–

–
Unknown 6

–
–
–
Oleaster
–
–
–
–
–

Pendolino-type 2
Unknown secolare
Arbequina-type

–
Unknown 14

–

Unknown 1,
Unknown (SG)
–
Unknown Troia
Martucci 1

–
–
–
–
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TABLE 2 | Genetic indices obtained by SSR analysis on 177 minor Apulian accessions.
Minor Apulian
genotypes (177)

Locus

Na

Ne

I

Ho

He

F

PIC

DCA03
DCA05
DCA09
DCA13
DCA15
DCA17
DCA18
GAPU71b
GAPU101
EMO90
EMOL
TOTAL
Mean

11
11
17
8
9
15
14
8
8
8
4
113
10

6.48
3.82
11.02
3.24
3.37
4.99
6.52
3.99
5.04
3.44
1.57

2.04
1.74
2.51
1.55
1.49
1.94
2.13
1.54
1.76
1.47
0.68

0.82
0.76
0.89
0.44
0.35
0.65
0.77
0.83
0.85
0.56
0.10

0.85
0.74
0.91
0.69
0.70
0.80
0.85
0.75
0.80
0.71
0.36

0.03
−0.02
0.03
0.37
0.50
0.19
0.09
−0.11
−0.07
0.20
0.72

0.829
0.716
0.902
0.664
0.662
0.777
0.83
0.713
0.773
0.67
0.332

4.86

1.71

0.64

0.74

0.18

0.72

DCA03
DCA05
DCA09
DCA13
DCA15
DCA17
DCA18
GAPU71b
GAPU101
EMO90
EMOL
TOTAL
Mean
DCA03
DCA05
DCA09
DCA13
DCA15
DCA17
DCA18
GAPU71b
GAPU101
EMO90
EMOL
TOTAL
Mean

11
11
16
14
7
17
22
10
14
12
9
143
13
12
12
21
15
13
22
27
11
15
15
10
172
16

5.22
3.91
10.45
3.22
3,61
6.88
9.02
4.97
8.17
4.41
2.64

1.92
1.74
2.50
1.69
1.53
2.25
2.56
1.89
2.33
1.84
1.32

0.88
0.73
0.69
0.51
0.73
0.62
0.76
0.84
0.83
0.75
0.46

0.81
0.74
0.90
0.69
0.72
0.85
0.89
0.80
0.88
0.77
0.62

−0.09
0.02
0.24
0.26
−0.01
0.27
0.14
−0.06
0.05
0.04
0.26

0.79
0.72
0.90
0.67
0.69
0.84
0.88
0.78
0.87
0.75
0.58

5.68
6.27
5.12
13.61
4.19
4.8
7
9.67
5.84
7.33
5.08
1.79

1.96
2.05
1.93
2.73
1.83
1,9
2.33
2.63
1.99
2.25
1.95
0.93

0.71
0.83
0.75
0.84
0.45
0.45
0.64
0.77
0.83
0.85
0.61
0.19

0.79
0.84
0.8
0.93
0.76
0.79
0.86
0.9
0.83
0.86
0.8
0.44

0.10
0.01
0.07
0.1
0.4
0.43
0.25
0.14
−0.01
0.02
0.24
0.57

0.77
0.824
0.785
0.922
0.738
0.769
0.844
0.889
0.81
0.85
0.782
0.411

6.43

2.05

0.66

0.8

0.2

0.78

Reference cultivars (59)

Whole collection (236)

Size range (bp); Na, number of observed alleles; Ne, number of effective alleles; I, Shannon's information index; Ho, observed heterozygosity; He, expected heterozygosity; F, ﬁxation index;
PIC, polymorphic information content.

‘San Francesco’. These genotypes showed high similarity also with
‘Colmona’ and ‘Lecllin’ (0.4 < LRM < 0.5), while ‘Dolce di Cassano’
was very similar to ‘Dolce di Sannicandro’ (Table 3). Several cases of
homonymies were observed regarding, in particular, cultivars
‘Ogliarola’, ‘Cellina’, ‘Racioppa’, and ‘Nolca’ (Table 4).
The dendrogram obtained by the Neighbor Joining Analysis
disclosed the inter-individual relationship between genotypes,
revealing three main clusters (Figure 3). Cluster I includes 11
Apulian cultivars and two Calabrian reference cultivars
‘Ciciariello’ and ‘Tonda di Filogaso’. Cluster II includes few
table olive varieties (sub-cluster IIA), a group of reference
cultivars (sub-cluster II B.1), most of the samples collected in
Lecce province, in particular ‘Ogliarola’ and ‘Cellina’ (sub-cluster
IIB2.1), and the genotypes characterized by pointed apex and
asymmetric stone (‘Crnlecchie’, ‘Cornale’ and ‘Cornola’) (subcluster II B2.2). Cluster III includes genotypes coming from all
over Apulia except from Lecce province (Figure 3).
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TABLE 3 | List of pairwise relatedness based on LRM estimator (Lynch and
Ritland, 1999).
Genotypes with LRM = 0.5
OGLIAROLA2
OGLIAROLA2
OGLIAROLA5
PERANZANA2
SAN FRANCESCO

OGLIAROLA5
OGLIAROLA6
OGLIAROLA6
PERANZANA3
DONNA FRANCESCA
Genotypes with an 0.5 > LRM > 0.4

COLMONA
COLMONA
LCELLIN
COLMONA
LCELLIN
DOLCE DI CASSANO
UACCIDIN 2
RUMANELLA GRAZIANO INTERNA
CAZZALORA

7

LCELLIN
SAN FRANCESCO
SAN FRANCESCO
DONNA FRANCESCA
DONNA FRANCESCA
DOLCE DI SANNICANDRO
MELE
ROTONDELLA O ROSCIOLA
GROSSA DI SPAGNA
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TABLE 4 | Cases of homonymies based on LRM estimator (Lynch and Ritland,
1999).

The population structure indicated a maximum for DK at K = 2
(Supplementary Figure 2), separating the national Italian
germplasm from the local varieties under investigation
(Supplementary Figure 2A).

9.36%). Linolenic acid showed a mean value of 0.31%, with a
minimum of 0.14% (‘Sannicandrese’) and a max. 0.80% (‘Pizzuta
Graziano’). Palmitic, oleic and linoleic acids showed the highest
variability among the dataset according to the IQR, followed by
palmitoleic fatty acid. Oleic/linoleic and MUFA/PUFA ratios
were very similar because, as previously reported, oleic and
linoleic acids accounted for the great majority of MUFA and
PUFA, respectively. Cultivar ‘Bianca’ had the highest value of
oleic/linoleic (19.35), while ‘Cornale’ showed the lowest value
(3.63), having the lowest and the highest content of oleic and
linoleic, respectively. The same genotype showed the highest and
lowest values of MUFA/PUFA ratio. About the sterol
composition, apparent b-sitosterol was the most abundant
form, ranging from 93% (‘Marinese’, ‘Mennella’, ‘Rumanella’
and ‘Silletta’) to 95.3% (‘Torremaggiorese’), highlighting also a
small variability among the oils. Campesterol and stigmasterol
were the next abundant sterols with mean values of 2.7 and 1.1%,
respectively. ‘Racioppa’ featured the lowest amount of
campesterol (1.9%) and ‘Sepponisi’ the highest (3.7%) whilst
‘Torremaggiorese’ and ‘Leucocarpa’, and ‘Pizzuta’ cultivars had
the minimum and maximum stigmasterol content (0.3 and 2.7%,
respectively). Total sterol content was always higher than 1,000
mg kg−1 and reached a maximum of 2,791 mg kg in ‘Racioppa’
oil. Fatty acids and sterols of the VOOs were also explored by
means of PCA and used to study the similarity among the oils
(Supplementary Figure 3). The ﬁrst two principal components
(PCs) explained around 35% of the total dataset variability. In
particular PC1, which explained 26% of the data variability, was
mostly affected by oleic and linoleic acids together with the sum
of MUFA, PUFA and the respective ratios, while PC2, which
explained about 9.5% of the data variability, was strongly
inﬂuenced by single saturated fatty acids (C17:0, C20:0) and by
sterols. No clear samples clusters were observed in the score plot
and the majority of them stand around the origin.

Technological Characterization of MonoVarietal Oils

Evaluation of Phytosanitary Status and
Sanitation

FA and sterol composition of the samples under study resulted
within the limit set by the European regulations (Commission
Regulation (EEC) No 2568/91, Ofﬁcial Journal of the European
Communities, 1991) (Table 5). Five main fatty acids were
detected, with oleic acid being the most abundant, followed by
palmitic, linoleic, stearic and palmitoleic. Oleic acid accounted
for about 97% of the total Mono Unsaturated Fatty Acids
(MUFA) content, ranging from less than 59% (‘Cornale’) to
around 80% (‘Bianca’) (mean value of 71.23%). Palmitoleic acid
was the second most abundant monounsaturated fatty acid
(mean value of 1.52%) ranging from 0.1 (‘Signora Francesca’)
to 3.05% (‘Dolce di Cassano’). Among Saturated Fatty Acids
(SFA), palmitic acid was the most abundant (85%), ranging from
9.67% (‘Limongella’) to 19.99 (‘Mennella’) (mean value of
14.46%). It was followed by stearic acid (11%) and arachidic
acid (0.50%) (Table 5). Poly Unsaturated Fatty Acids (PUFA)
were the less abundant fatty acids (mean 9.67%), and were
represented for more than 96% by linoleic acid (mean value of

Out of 129 analyzed genotypes, only 16 satisﬁed the sanitary
status “virus free”. While no infection associated to the viruses
ArMV, SLRV, OLV-1, OLV-2, CMV, TNV and to the bacterium
X. fastidiosa was found on all the samples, 106 genotypes resulted
infected by OLYaV, two genotypes by CLRV and ﬁve genotypes
by both OLYaV and CLRV (Supplementary Table 7). Forty-four
genotypes infected by OLYaV and CLRV were submitted to
sanitation treatments, and 30 and 14 genotypes were treated
respectively, with in vivo and in vitro thermotherapy, followed by
micrografting (Supplementary Table 7). Thirty-eight out of 44
genotypes were assessed free from OLYaV and CLRV, 25 by in
vivo thermotherapy and 13 by in vitro thermotherapy. Overall,
81 “healthy plants” were produced, including the 76 coming
from sanitation treatments. Moreover 42 out of them, belonging
to 20 presumed different varieties, also genetically and
pomologically characterized, were maintained in screen house
as Primary Sources to be shortly registered in the national
certiﬁcation system (DDG 06/12/2016).

Homonyms LRM < 0.2
CELLINA 7
DRITTA 2
MELILL 1
NOLCA 1
OGLIAROLA 01
OGLIAROLA
OGLIAROLA 2
OGLIAROLA 3
OGLIAROLA 4
OGLIAROLA 5
PENDOLINO TYPE1
PEPPERINELLA CHIEUTI 1
PRIMEMEZZANA 3
PROVENZALE
PROVENZALE
PROVENZALE CHIEUTI
PASOLINA
PIZZUTA SEPPUNISI
PIZZUTA SEPPUNISI
PIZZUTA
RACIOPPA 1
RACIOPPA 2
RUMANELLA 1
RUMANELLA 2
ROSCIOLA 1
ROSCIOLA SERRA
ROSCIOLONE
SILETTA NISI
TRIGNA
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CELLINA 1, 2, 3, 4, 6, 5, 8
DRITTA 1
MELILL 2
NOLCA 2
OGLIAROLA 1, 2, 3, 4, 5, 6, 7,8
OGLIAROLA 2, 3, 4, 5, 6, 7, 8
OGLIAROLA 3, 8
OGLIAROLA 4, 5, 6, 7
OGLIAROLA 8
OGLIAROLA 8
PENDOLINO TYPE2
PEPPERINELLA CHIEUTI 2
PRIMEMEZZANA 4
PROVENZALE CHIEUTI
PRUVENZALE
PRUVENZALE
PASOLA OSTUNI
PIZZUTA
PIZZUTA ESTERNA GRAZIANO
PIZZUTA ESTERNA GRAZIANO
RACIOPPA 2
RACIUEPP
RUMANELLA 2
RUMANELLA GRAZIANO INT.
ROSCIOLA 2
ROSCIOLA 1
ROSCIOLA 1
SILLETTA 1, 2
TRIGNO

8
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FIGURE 3 | Dendrogram generated by Neighbor-Joining clustering method, illustrating the phylogenetic relationships among 236 olive genotypes, using the SSR markers.

production of oil and table olives, it is essential to proceed to
an accurate varietal identiﬁcation and characterization of this
germplasm. The regional Re.Ger.O.P. project allowed to identify,
collect and characterize this marginalized germplasm
investigating morphological, molecular, technological and
phytosanitary aspects, and supported in situ and ex situ
conservation. Based on the bibliographic sources, notary
studies, meetings, archives and libraries, numerous varieties
locally cultivated in the past centuries, were identiﬁed, mainly
in the minor olive groves, or as single specimens' relicts of old
orchards. A total of 177 olive genotypes were collected from all
the Apulian provinces and compared with a set of 59 Italian
cultivars already characterized and used as reference. Although
several authors have already described the genetic diversity of
ancient and local Italian cultivars and evaluated the phenological,
physiological and molecular characteristics (Erre et al., 2012;
Lombardo et al., 2019), this work represents the ﬁrst
investigation conducted with a multidisciplinary approach.
The morphological characterization of 97 minor genotypes
based on descriptors of leaf, fruit, and stone, revealed an
extremely variability within the Apulian olive germplasm.

Database Release and Olive Germplasm
Management
All data obtained from the molecular, morphological, phytosanitary
and technological characterization were collected in a database
integrated with the regional GIS portal (Supplementary Figure
4), accessible on request to Apulia region website (misura 10.2.1:
www.psr.regione.puglia.it). The database contains additional
information about the GPS position of ﬁeld collections, reports of
public meetings, consulted documents related to olive cultivation
history, and geotagged photographs related to the recovered
genotypes, the pictures of the countryside and rural landscape
where the genotypes were found and further detailed pictures
about leaves, ﬂowers, fruits and stem.

DISCUSSION
Olive tree is a primary economic source for Apulia region, where
it has a wide and ancient varietal richness, still largely
uncharacterized and not exploited. In order to enhance the
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TABLE 5 | Descriptive statistics of the purity characteristics of the monovarietal
oils obtained from 34 minor olive Apulian accessions.
Min
Fatty acids composition (area %)
Myristic acid C14:0
0.00
9.67
Palmitic acid C16:0
Palmitoleic acid C16:1
0.10
0.00
Margaric acid C17:0
0.02
Heptadecenoic acid C17:1
Stearic acid C18:0
0.97
58.73
Oleic acid C18:1
4.12
Linoleic acid C18:2
0.14
Linolenic acid C18:3
0.22
Arachidic acid C20:0
Gadoleic acid C20:1
0.15
0.00
Behenic acid C22:0
0.00
Lignoceric acid C24:0
SFA
12.63
MUFA
62.29
PUFA
4.51
Oleic/Linoleic
3.63
MUFA/PUFA
3.80
Sterols composition (area %)
Cholesterol
0.00
Brassicasterol
0.00
Campesterol
1.90
Campestanol
0.10
Stigmasterol
0.30
D-7-Campesterol
0.00
Apparent b-Sitosterol
93.00
D-7-Stigmastenol
0.00
D-7-Avenasterol
0.10
Total sterols (mg kg)
1017

Max

Mean

Q1

Q3

IQR

0.03
19.99
3.05
0.31
0.33
2.82
79.73
16.18
0.80
0.60
0.49
0.18
0.20
22.39
81.27
16.41
19.35
18.02

0.01
14.46
1.52
0.09
0.12
1.91
71.23
9.36
0.31
0.50
0.34
0.08
0.03
17.07
73.21
9.67
8.47
8.33

0.00
12.52
0.83
0.04
0.08
1.65
69.16
7.61
0.23
0.46
0.30
0.05
0.00
15.59
71.67
7.92
6.53
6.47

0.02
16.08
2.08
0.13
0.14
2.16
74.36
10.70
0.36
0.56
0.39
0.11
0.05
18.33
75.98
11.09
9.64
9.48

0.02
3.56
1.25
0.09
0.06
0.51
5.20
3.09
0.13
0.10
0.10
0.06
0.05
2.74
4.31
3.18
3.10
3.01

0.40
0.10
3.70
1.00
2.70
0.90
95.30
0.50
0.80
2791

0.20
0.00
2.70
0.40
1.10
0.20
93.50
0.30
0.40
1846

0.00
0.00
2.40
0.30
0.80
0.00
93.10
0.20
0.30
1390

0.20
0.00
3.00
0.50
1.40
0.30
93.70
0.30
0.60
2222

0.20
0.00
0.60
0.30
0.60
0.30
0.60
0.10
0.30
832

germplasm is also conﬁrmed by the high total number of alleles
in Cluster II that includes the large part of the Apulian
genotypes. It is interesting to observe that in the Cluster II,
that grouped both Apulian genotypes and national cultivars, the
total number of alleles is higher than Cluster III. This could be
explained by the fact that the national cultivars originated by
different ancestors coming from different parts of Mediterranean
basin (D'Agostino et al., 2018); thus, they are characterized by a
more heterogeneous gene pool reﬂecting their multiple origin.
The genetic analysis conﬁrmed a large genetic diversity on the
whole sample of the olive trees analyzed, indicating an observed
heterozygosity lower than the expected heterozygosity. This is in
contrast with the fact that olive is a predominantly allogamous
species (Diaz et al., 2006; Farinelli et al., 2008), but similar results
were obtained by other researches on Apulian olive germplasm
(Muzzalupo et al., 2009; Boucheffa et al., 2017; di Rienzo et al.,
2018b). This could be explained with the fact that reproduction
in olive is strongly inﬂuenced by the rating of selfincompatibility, which is, in turn, under the effects of the
genetic control but also environmental and climatic conditions
(Lavee, 2013; Montemurro et al., 2019).
The Lynch and Ritland analysis highlighted only a single true
case of synonymy between the genotype ‘Donna Francesca’ and
‘San Francesco’, probably as the result of a misnaming. On the
contrary, several homonymies were observed, mostly regarding
the varieties ‘Ogliarola’ and ‘Cellina’, that are the two most
common cultivars in southern Apulia area. It is probable that,
under the generic denomination ‘Ogliarola’ (meaning ‘producer
of oil’), different genotypes derived by clonal variation or
spontaneous crossing between cultivars and/or feral forms, are
included (Muzzalupo et al., 2014; D'Agostino et al., 2018).
‘Ogliarola’ and ‘Cellina’ are both susceptible to X. fastidiosa
(Giampetruzzi et al., 2016) but the showed great variability
among samples of these two cultivars could represent an
interesting aspect in order to recognize a different behaviour of
the plants to the disease.
Morphological and molecular analyses clustered together the
genotypes ‘Peranzana’, ‘Provenzale’, ‘Dritta’ ‘Torremaggiorese’
and ‘Torremaggiore’. These varieties all originate from the SubAppennino Dauno area, which is a geographical area
characterized by mountains that create the conditions for the
genetic isolation of olive genotypes. It is possible that these
varieties have a common genetic background to those
introduced in Apulia from the south France (Provenza) at the
end of 1700 (Fiore, 2018).
Oil macro and micro components deﬁnes the product's
nutritional, qualitative and sensorial features (Boskou, 2006;
D'Imperio et al., 2007; Rotondi et al., 2010). Fatty acids and
sterols proﬁles and content greatly affect the nutritional and
stability characteristics of the product and they are strongly
linked to the genotype.
Overall, the VOOs obtained from the 34 studied Apulian
accessions were generally rich in MUFA content, which was
always higher than 60% of total fatty acids, and oleic acid appears
to be the most signiﬁcant variable affecting the samples
distribution. Oleic acid inﬂuences oil stability to oxidation

Q1, ﬁrst quartile; Q3, third quartile; IQR, inter-quartile range; SFA, total saturated fatty acids;
MUFA, total mono-unsaturated fatty acids; PUFA, total poly-unsaturated fatty acids.

Forty-nine genotypes were recognized as already described varieties,
while 64 were found to be known only with local name or nameless.
These genotypes could be both the result of the processes of
hybridization or between cultivars or between cultivars and wild
oleaster naturally present in Apulian countryside. The dendrogram
obtained using the morphological markers separated the germplasm
in three main clusters. One group included the white-fruit
genotypes, such as ‘Oliva bianca’ and Leucocarpa, and genotypes
characterized by the pointed apex and asymmetric stone, such as
‘Cornale’, ‘Cornulara’ etc. A second group included various
phenotypes, while the third group included 29 genotypes
characterized by medium-high weight and size of fruit and stone,
including several important table olives such as ‘Grossa di Spagna’,
‘Sant'Agostino’, ‘Rosciolone’, ‘Grappolo’ and ‘San Francesco’, and
the most typical Apulian ‘sweet olives’, such as ‘Dolce di Cassano’,
and ‘Dolce di Sannicandro’. This clusterisation was not supported
by the SSRs analysis since the microsatellites did not separate the
cultivars according to the fruit size and weight. In contrast, this
clustering was obtained by Montemurro et al. (2005) using AFLPs
and by D'Agostino et al. (2018) using GBS analysis, probably due to
the multilocus strategy of these two approaches.
Both the Neighbor Joining dendrogram and Structure
analysis revealed a clear differentiation between the national
Italian germplasm from the local one, indicating that it could
have a different origin. The richness in alleles of the Apulian
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eliminating both viruses with 83% and 92% efﬁciency for in
vivo and in vitro thermotherapy, respectively. Thus, the protocols
here described, resulted to be very efﬁcient and could be
suggested to simultaneously and quickly remove these two
viruses. The 42 primary sources produced by Re.Ger.O.P
project have been ofﬁcially declared compliant to the
phytosanitary requirements for the commercialization of
certiﬁed materials in EU (Annex I of DDG 6/12/2016).
Several works have been made on the phenotypic and genetic
variability of local olive germplasm at regional level (Erre et al.,
2010; Hmmam et al., 2018; Mousavi et al., 2019; Rotondi et al.,
2018) including Apulia region (Salimonti et al., 2013; di Rienzo
et al., 2018a). Nevertheless, this study represents the ﬁrst
investigation conducted with a multidisciplinary approach,
taking into consideration several aspects about the biodiversity
of the Apulian germplasm. The Re.Ger.O.P. project has allowed,
through the integration of different activities and competences,
to bring out, in the Apulian olive germplasm, a richness, certainly
not unexpected, but now completely ascertained. The cultural
history of this region, thanks to the geographical location that
has make it a transit point for centuries, explains the complexity
of relationships existing among the hundreds of cultivars of the
wide Apulian olive-growing panorama. At the same time, we can
observe how, in Apulia, a heritage of unique genetic diversity has
been preserved, which certainly deserve to be deepened and
valued. The information obtained are encouraging, and they will
help to valorize this germplasm with economic advantages and it
will prevent genetic erosion.

(Choe and Min, 2009) and plays an important nutritional role
(Huang and Sumpio, 2008). The samples ‘Cornale’, ‘Mennella’,
‘Oleaster’, ‘Racioppa’ and ‘Sannicandrese’ showed the lowest
amount of oleic acid (below 70%) and were well separated
from the cloud in the PCA score plot. About linoleic acid
content, in 28 out of 34 samples it ranged from 7.33 to
16.18%, values quite higher than those reported for others
Apulian typical virgin oils such as Coratina (Aparacio and
Luna, 2002; Rotondi et al., 2010). In particular, ‘Nolca’,
‘Cornale’, ‘Fragolina’, ‘Mennella’, ‘Oleaster’, ‘Pasola’,
‘Pizzutella’, ‘Racioppa’, ‘Sig. Francesca’, ‘Sannicandrese’, ‘Silletta
Nisia’, ‘Silletta’, ‘Torre Maggiorese’ and ‘Pasolina’ were
characterized by a linoleic content higher than 10%.
Although several variables could affect the oxidative stability of
the oils, in particular the antioxidants content (Velasco and
Dobarganes, 2002), it is well known that oleic/linoleic and
MUFA/PUFA ratios are useful indices for forecasting VOO
stability. Modiﬁcation in the contents of oleic and linoleic acids
are related to different factors, including the latitude and altitude of
olive cultivation (Inglese et al., 2011). A minimum ratio oleic/
linoleic of 7 was established as an indicator of oil oxidative stability
(Kiritsakis et al., 1998). In our samples, this ratio was highly variable,
with 23 oils showing the minimum ratio oleic/linoleic >7, thus
forecasting a good stability and shelf-life of VOOs. In particular, oil
of cultivar Bianca stands out for a very high ratio oleic/linoleic, thus
it is expected to be very stable to oxidation.
About the sterols total content, it is well known that sterols
contribute to the oil antioxidant activity (Choe and Min, 2009)
and have positive effect on human health (Kritchevsky and Chen,
2005; Regulation (EU) No 432/2012). A wide variability among
the VOOs was observed, ranging between 1,017 mg kg−1, close to
the minimum EU limit (Commission Regulation (EEC) No
2568/91), and 2,791 mg kg−1, which is quite higher than values
generally reported for VOOs (Manai-Djebali et al., 2012; Lukić
et al., 2013). ‘Racioppa’ oil, in particular, showed the highest total
sterols content and could be interesting as a source for breeding
programs and commercial valorization.
The high linolenic content is typically present in naturally sweet
olives, and it might be an indicator for increased desaturase activity
for the conversion of oleic acid to linoleic acid (Aktas et al., 2014).
The virgin olive oil from ‘Dolce di Cassano’ which is a “naturally
debittered olive” used for both oil extraction and for cooked
consumption, presents the highest levels of palmitoleic, margaric
and linolenic acids. The sweetness of this cultivar is an interesting
character that could be exploited in order set up a pilot trial for the
production of frozen olives ready to be cooked in fry pan.
In conclusion, this research has shown the presence of
genotypes with interesting technological features that deserve
to be deeper explored. The conservation of these genetic
resources should be implemented by measures that minimize
the risk of spreading diseases such as Xylella. The phytosanitary
analyses showed that Apulian olive germplasm is in overall good
phytosanitary status. OLYaV was the predominant viral agent, in
accordance with the past evidences in Southern Italy (Fontana
et al., 2019), while only seven genotypes were infected by CLRV.
The sanitation treatments adopted resulted very effective in

Frontiers in Plant Science | www.frontiersin.org

DATA AVAILABILITY STATEMENT
This article contains previously unpublished data. The name of
the repository and accession number(s) are not available.

AUTHOR CONTRIBUTIONS
VF, FB, SC, CM, FC, and GB designed the experiment. PV, GV,
AP, and GA collected the plant material. GB, VM, AS, and GL
performed the sanitary state characterization. FC, GS, and GD
performed the technological characterization and analyses. SC
and GV performed the morphological characterization and
analyses. VR, MM, CM, SS, IM, WS, and GM performed the
molecular characterization and analyses. IM, CM, FC, MM, and
SC were involved in data interpretation. IM, VR, MM, FC, SC,
CM, and GL wrote the manuscript. MM, IM, and CM
implemented the manuscript. All authors read and approved
the ﬁnal manuscript.

FUNDING
This research was supported by Apulia region within the:
PROGRAMMA SVILUPPO RURALE FEASR 2014–2020 Asse
II “Miglioramento dell'Ambiente e dello Spazio Rurale” Misura

11

February 2020 | Volume 11 | Article 73

Miazzi et al.

Recovery and Characterization of Minor Apulian Germplasm

10.2.1 “Progetti per la conservazione e valorizzazione delle
risorse genetiche in agricoltura”-trascinamento della Misura
214 Az. 4 sub azione a) del PSR 2007–2013 Progetti integrati
per la biodiversità—Progetto Re.Ger.O.P. “Recupero del
Germoplasma Olivicolo Pugliese” Progetto di continuità.

SUPPLEMENTARY MATERIAL

REFERENCES

Carriero, F., Fontanazza, G., Cellini, F., and Giorio, G. (2002). Identiﬁcation of
simple sequence repeats (SSRs) in olive (Olea europaea L.). Theor. App. Gen.
104, 301–307. doi: 10.1007/s001220100691
Caruso, T., Campisi, G., Marra, F. P., Camposeo, S., Vivaldi, G. A., Proietti, P.,
et al. (2014). Growth and yields of the cultivar Arbequina in high density
planting systems in three different olive growing areas in Italy. Acta Hortic.
1057, 341–348. doi: 10.17660/ActaHortic.2014.1057.40
Chiappetta, A., Muto, A., Muzzalupo, R., and Muzzalupo, I. (2017). New rapid
procedure for genetic characterization of Italian wild olive (Olea europaea) and
traceability of virgin oils by means of SSR markers. Sci. Hortic. 226, 42–49. doi:
10.1016/j.scienta.2017.08.022
Chiumenti, M., Campanale, A., Bottalico, G., Minafra, A., De Stradis, A., Savino,
V. N., et al. (2013). Sanitation trials for the production of virus-free ﬁg stocks. J.
Plant Path. 95, 655–658.
Choe, E., and Min, D. B. (2009). Mechanisms of antioxidants in the oxidation of
foods. Compr. Rev. In Food Sci. Food Saf. 8 (4), 345–358. doi: 10.1111/j.15414337.2009.00085.x
Cipriani, G., Marrazzo, M. T., Marconi, R., Cimato, A., and Testolin, R. (2002).
Microsatellite markers isolated in olive (Olea europaea L.) are suitable for
individual ﬁngerprinting and reveal polymorphism within ancient cultivars.
Theor. Appl. Genet. 104, 223–228. doi: 10.1007/s001220100685
Clodoveo, M. L., Camposeo, S., De Gennaro, B., Pascuzzi, S., and Roselli, L. (2014).
In the ancient world, virgin olive oil was called “liquid gold” by Homer and
“the great healer” by Hippocrates. Why has this mythic image been forgotten?
Food Res. Int. 62, 1062–1068. doi: 10.1016/j.foodres.2014.05.034
D'Agostino, N., Taranto, F., Camposeo, S., Mangini, G., Fanelli, V., Gadaleta, S.,
et al. (2018). GBS-derived SNP catalogue unveiled wide genetic variability and
geographical relationships of Italian olive cultivars. Sci. Rep. 8, 15877 1–13. doi:
10.1038/s41598-018-34207-y
D'Imperio, M., Dugo, G., Alfa, M., Mannina, L., and Segre, A. L. (2007). Statistical
analysis on Sicilian olive oils. Food Chem. 102, 956–965. doi: 10.1016/
j.foodchem.2006.03.003
De La Rosa, R., James, C. M., and Tobutt, K. R. (2002). Isolation and
characterization of polymorphic microsatellites in olive (Olea europaea L.)
and their transferability to other genera in the Oleaceae. Mol. Ecol. Notes 2,
265–267. doi: 10.1046/j.1471-8286.2002.00217.x
di Rienzo, V., Sion, S., Taranto, F., D'Agostino, N., Montemurro, C., Fanelli, V.,
et al. (2018a). Genetic ﬂow among olive populations within the Mediterranean
basin. PeerJ 6, e5260. doi: 10.7717/peerj.5260
di Rienzo, V., Miazzi, M. M., Fanelli, V., Sabetta, W., and Montemurro, C. (2018b).
The preservation and characterization of Apulian olive germplasm
biodiversity. Acta Hortic. 1199, 1–6. doi: 10.17660/ActaHortic.2018.1199.1
Diaz, A., Martin, A., Rallo, P., Barranco, D., and Rosa, R. D. L. (2006). Selfincompatibility of ‘Arbequina' and ‘Picual' olive assessed by SSR markers. J.
Am. Soc Hortic. Sci. 131, 250–255. doi: 10.21273/JASHS.131.2.250
Difonzo, G., Pasqualone, A., Silletti, R., Cosmai, L., Summo, C., Paradiso, V. M.,
et al. (2018). Use of olive leaf extract to reduce lipid oxidation of baked snacks.
Food Res. Int. 108, 48–56. doi: 10.1016/j.foodres.2018.03.034
Earl, D. A., and Von Holdt, B. M. (2012). Structure Harvester: a website and
program for visualizing structure output and implementing the Evanno
method. Cons. Gen. Res. 4 (2), 359–361. doi: 10.1007/s12686-011-9548-7
EPPO - PM 7/24 (3) (2018). Xylella fastidiosa. EPPO Bull. 48, 175–218. doi:
10.1111/epp.12469
Erre, P., Chessa, I., Munoz-Diez, C., Belaj, A., Rallo, L., and Trujillo, I. (2010).
Genetic diversity and relationships between wild and cultivated olives (Olea
europaea L.) in Sardinia as assessed by SSR markers. Gen. Res. Crop Evol. 57,
41–54. doi: 10.1007/s10722-009-9449-8
Erre, P., Chessa, I., Munoz, C., Rallo, L., and Trujillo, I. (2012). Genetic diversity of
olive germplasm in Sardinia by SSR markers: wild olives, ancient trees and local
cultivars. Acta Hortic. 949, 39–45. doi: 10.17660/ActaHortic.2012.949.4

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2020.00073/
full#supplementary-material

Abou Kubaa, R., Morelli, M., Campanale, A., Morano, M., Susca, L., La Notte, P. F.,
et al. (2018). Improvement of a protocol for sanitation and early diagnostic
validation of autochthonous grapevine germplasm, in: Proceedings of the 19th
Congress of ICVG, Santiago Chile. pp. April 9-12, 128–129.
Acquadro, A., Papanice, M. A., Lanteri, S., Bottalico, G., Portis, E., Campanale, A.,
et al. (2009). Production and ﬁngerprinting of virus-free clones in a reﬂowering
globe artichoke. Plant Cell Tiss Organ Cult. 100 (3), 329–337. doi: 10.1007/
s11240-009-9654-3
Aktas, A. B., Ozen, B., Tokatli, F., and Sen, I. (2014). Comparison of some chemical
parameters of a naturally debittered olive (Olea europaea L.) type with regular
olive varieties. Food Chem. 161, 104–111. doi: 10.1016/j.foodchem.2014.03.116
Albertini, E., Torricelli, R., Bitocchi, E., Raggi, L., Marconi, G., Pollastri, L., et al.
(2011). Structure of genetic diversity in Olea europaea L. cultivars Cent. Italy.
Mol. Breed. 27, 533–547. doi: 10.1007/s11032-010-9452-y
Aparacio, R., and Luna, G. (2002). Characterisation of monovarietal virgin olive
oils. Eur. J. Lipid Sci. Technol. 4, 614–627. doi: 10.1002/1438-9312(200210)
104:9/10<614::AID-EJLT614>3.0.CO;2-L
Baldoni, L., Cultrera, N. G., Mariotti, R., Ricciolini, C., Arcioni, S., Vendramin, G.
G., et al. (2009). A consensus list of microsatellite markers for olive genotyping.
Mol. Breed 24, 213–231. doi: 10.1007/s11032-009-9285-8
Bartolini, G., Cerreti, S., Briccoli Bati, C., Stefani, F., Zelasco, S., Perri, E., et al.
(2014). Oleadb: worldwide database for the management of genetic resources of
olive (Olea europaea L.) (Rome: X National Congress on Biodiversity), 18–23.
Binetti, G., Del Coco, L., Ragone, R., Zelasco, S., Perri, E., Montemurro, C., et al.
(2017). Cultivar classiﬁcation of apulian olive oils: use of artiﬁcial neural
networks for comparing NMR, NIR and merceological data. Food Chem. 219,
131–138. doi: 10.1016/j.foodchem.2016.09.041
Blazakis, K. N., Kosma, M., Kostelenos, G., Baldoni, L., Bufacchi, M., and Kalaitzis,
P. (2017). Description of olive morphological parameters by using open access
software. Plant Meth. 13 (1), 11. doi: 10.1186/s13007-017-0261-8
Boskou, D. (2006). Olive oil- Chemistry and technology. 2nd Edition. Ed. D. Boskou
(Champaign: Academic Press and AOCS Press). doi: 10.1201/9781439832028
Botstein, D., White, R. L., Skolnick, M., and Davis, R. W. (1980). Construction of a
genetic linkage map in man using restriction fragment length polymorphisms.
Am. J. Hum. Gen. 32, 314–331.
Bottalico, G., Saponari, M., Campanale, A., Mondelli, G., Gallucci, C., Serino, E.,
et al. (2004). Sanitation of virus-infected olive trees. J. Plant Path 86, 311.
Boucheffa, S., Miazzi, M. M., di Rienzo, V., Mangini, G., Fanelli, V., Tamendjari, A.,
et al. (2017). The coexistence of oleaster and traditional varieties affects genetic
diversity and population structure in Algerian olive (Olea europaea) germplasm.
Gen. Res. Crop Evol. 64 (2), 379–390. doi: 10.1007/s10722-016-0365-4
Boucheffa, S., Tamendjari, A., Sanchez-Gimeno, A. C., Rovellini, P., Venturini, S.,
di Rienzo, V., et al. (2019). Diversity assessment of Algerian wild and cultivated
olives (Olea europaea L.) by molecular, morphological, and chemical traits.
Eur. J. Lipid Sci. Technol. 121, 1800302, 1–14. doi: 10.1002/ejlt.201800302
Camposeo, S., Vivaldi, G. A., and Gattullo, C. E. (2013). Ripening indices and
harvesting times of different olive cultivars for continuous harvest. Sci. Hortic.
151, 1–10. doi: 10.1016/j.scienta.2012.12.019
Caponio, F., and Catalano, P. (2001). Hammer crushers vs disk crushers: the
inﬂuence of working temperature on the quality and preservation of virgin
olive oil. Euro. Food Res. Tech. 213 (3), 219–224. doi: 10.1007/s002170100364
Caponio, F., Squeo, G., Brunetti, L., Pasqualone, A., Summo, C., Paradiso, V. M.,
et al. (2018a). Inﬂuence of the feed pipe position of an industrial scale twophase decanter on extraction efﬁciency and chemical-sensory characteristics of
virgin olive oil. J. Sci. Food Agric. 98, 4279–4286. doi: 10.1002/jsfa.8950
Caponio, F., Squeo, G., Curci, M., Silletti, R., Paradiso, V. M., Summo, C., et al.
(2018b). Calcium carbonate effect on alkyl esters and enzymatic activities
during olive processing. Ital. J. Food Sci. 30, 381–392.

Frontiers in Plant Science | www.frontiersin.org

12

February 2020 | Volume 11 | Article 73

Miazzi et al.

Recovery and Characterization of Minor Apulian Germplasm

Lynch, M., and Ritland, K. (1999). Estimation of pairwise relatedness with
molecular markers. Genetics 152, 1753–1766.
Manai-Djebali, H., Krichène, D., Ouni, Y., Gallardo, L., Sánchez, J., Osorio, E., et al.
(2012). Chemical proﬁles of ﬁve minor olive oil varieties grown in central Tunisia.
J. Food Comp. Anal. 27 (2), 109–119. doi: 10.1016/j.jfca.2012.04.010
Martelli, G. P., Salerno, M., Savino, V., and Prota, U. (2002). An appraisal of diseases
and pathogens of olive, in: ISHS IV International Symposium on Olive Growing.
Acta Hortic. 586, 701–708. doi: 10.17660/ActaHortic.2002.586.150
Montemurro, C., Simeone, R., Pasqualone, A., Ferrara, E., and Blanco, A. (2005).
Genetic relationships and cultivar identiﬁcation among 112 olive genotypes
using AFLP and SSR markers. J. Hortic. Sci. Biotech. 80 (1), 105–110. doi:
10.1080/14620316.2005.11511899
Montemurro, C., Miazzi, M. M., Pasqualone, A., Fanelli, V., Sabetta, W., and Di
Rienzo, V. (2015). Traceability of PDO olive oil “Terra di Bari” using high
resolution melting. J. Chem. 2015, 1–7. doi: 10.1155/2015/496986
Montemurro, C., Dambruoso, G., Bottalico, G., and Sabetta, W. (2019). Selfincompatibility assessment of some Italian olive genotypes (Olea europaea L.)
and cross-derived seedling selection by SSR markers on seed endosperms.
Front. Plant Sci. 10: 22, 1–13. doi: 10.3389/fpls.2019.00451
Mousavi, S., Mariotti, R., Bagnoli, F., Costantini, L., Cultrera, N. G. M., Arzani, K.,
et al. (2017). The eastern part of the fertile crescent concealed an unexpected
route of olive (Olea europaea L.) differentiation. Ann. Bot. 119 (8), 1305–1318.
doi: 10.1093/aob/mcx027
Mousavi, S., Stanzione, V., Mencuccini, M., Baldoni, L., Bufacchi, M., and
Mariotti, R. (2019). Biochemical and molecular proﬁling of unknown olive
genotypes from central Italy: determination of major and minor components.
Euro. Food Res. Tech. 245 (1), 83–94. doi: 10.1007/s00217-018-3142-0
Muzzalupo, I., Lombardo, N., Salimonti, A., and Perri, E. (2008). Molecular
characterization of Italian olive cultivars by microsatellite markers. Adv.
Hortic. Sci. 22 (2), 142–151.
Muzzalupo, I., Stefanizzi, F., and Perri, E. (2009). Evaluation of olives cultivated in
southern italy by simple sequence repeat markers. Hortic. Sci. 44 (3), 582–588.
doi: 10.21273/HORTSCI.44.3.582
Muzzalupo, I., Giovanni Vendramin, G., and Chiappeta, A. (2014). Genetic
biodiversity of Italian olives (Olea europaea) germoplasm analyzed by SSR
markers. Sci. World J. 2014, 12. doi: 10.1155/2014/296590
Muzzalupo, I. (2012). Olive Germplasm– Italian Catalogue of Olive Varieties
(Rijeka, Croatia: InTech), 430. doi: 10.5772/54437
Ofﬁcial Journal of the European Communities. (1991). European Community
Regulation No 2568/1991, N. L. 248 of 5 September 1991.
Onay, A., Pirinç, V., Yıldırım, H., and Basaran, D. (2004). In vitro micrografting of
mature pistachio (Pistacia vera var. Siirt). Plant Cell Tissue Organ Cult. 77,
215–219. doi: 10.1023/B:TICU.0000016822.71264.68
Pasqualone, A., di Rienzo, V. D., Miazzi, M. M., Fanelli, V., Caponio, F., and
Montemurro, C. (2015). High resolution melting analysis of DNA
microsatellites in olive pastes and virgin olive oils obtained by talc addition.
Euro. J. Lipid Sci. Tech. 117 (12), 2044–2048. doi: 10.1002/ejlt.201400654
Pellegrini, G., Ingrao, C., Camposeo, S., Tricase, C., Contò, F., and Huisingh, D.
(2016). Application of water footprint to olive growing systems in the Apulia
region: a comparative assessment. J. Cleaner Prod. 112, 2407–2418. doi:
10.1016/j.jclepro.2015.10.088
Pritchard, J. K., Stephens, M., and Donnelly, P. (2000). Inference of population
structure using multilocus genotype data. Genetics 155 (2), 945–959.
Rosati, A., Paoletti, A., Al Hariri, R., Morelli, A., and Famiani, F. (2018a). Resource
investments in reproductive growth proportionately limit investments in
whole-tree vegetative growth in young olive trees with varying crop loads.
Tree Phys. 38, 1267–1277. doi: 10.1093/treephys/tpy011
Rosati, A., Paoletti, A., Al Hariri, R., and Famiani, F. (2018b). Fruit production and
branching density affect shoot and whole-tree wood to leaf biomass ratio in
olive. Tree Phys. 38, 1278–1285. doi: 10.1093/treephys/tpy009
Rotondi, A., Alfei, B., Magli, M., and Pannelli, G. (2010). Inﬂuence of genetic matrix
and of crop year on chemical and sensory proﬁles of Italian monovarietal extra
virgin olive oils. J. Sci. Food Agric. 90, 2641–2646. doi: 10.1002/jsfa.4133
Rotondi, A., Ganino, T., Beghè, D., Di Virgilio, N., Morrone, L., Fabbri, A., et al.
(2018). Genetic and landscape characterization of ancient autochthonous olive
trees in northern Italy. Plant Biosyst. 152 (5), 1067–1074. doi: 10.1080/
11263504.2017.1415993

Evanno, G., Regnaut, S., and Goudet, J. (2005). Detecting the number of clusters of
individuals using the software structure: a simulation study. Mol. Ecol. 14,
2611–2620. doi: 10.1111/j.1365-294X.2005.02553.x
Famiani, F., Farinelli, D., Rollo, S., Camposeo, S., Di Vaio, C., and Inglese, P.
(2014). Evaluation of different mechanical fruit harvesting systems and oil
quality in very large size olive trees. Spanish J. Agric. Res. 12 (4), 960–972. doi:
10.5424/sjar/2014124-5794
FAO. (2001). http://www.fao.org/faostat/en/#home
Farahani, F., Razeghi, S., Peyvandi, M., Attaii, S., and Mazinani, M. H. (2011).
Micrografting and micropropagation of olive (Olea europea L.) Iranian cultivar
Zard. Afr. J. Plant Sci. 5, 671–675.
Farinelli, D., Hassani, D., and Tombesi, A. (2008). Self–sterility and cross–
pollination responses of nine olive cultivars in Central Italy. Acta Hortic.
791, 127–136. doi: 10.17660/ActaHortic.2008.791.16
Felsenstein, J. (1985). Conﬁdence limits on phylogenies: an approach using the
bootstrap. Evolution 39 (4), 783–791. doi: 10.1111/j.1558-5646.1985.tb00420.x
Fiore, M. A. (2018). Ulivi ed olio in alta Daunia nel periodo Normanno-Svevo. Ed.
M. Fiore, 1–83.
Fontana, A., Piscopo, A., De Bruno, A., Tiberini, A., Muzzalupo, I., and Albanese, G.
(2019). Impact of Olive Leaf Yellowing Associated Virus on Olive (Olea europaea
L.). Eur. J. Lipid Sci. Technol. 121, 1800472. doi: 10.1002/ejlt.201800472
García-Mier, L., Guevara-González, R. G., Mondragón-Olguín, V. M., Del Rocío
Verduzco-Cuellar, B., and Torres-Pacheco, I. (2013). Agriculture and
bioactives: achieving both crop yield and phytochemicals. Int. J. Mol. Sci. 14
(2), 4203–4222. doi: 10.3390/ijms14024203
Giampetruzzi, A., Morelli, M., Saponari, M., Loconsole, G., Chiumenti, M., Boscia,
D., et al. (2016). Transcriptome proﬁling of two olive cultivars in response to
infection by the CoDiRO strain of Xylella fastidiosa subsp. pauca. BMC
Genomics 27: 17, 475. doi: 10.1186/s12864-016-2833-9
Harper, S., Ward, L., and Clover, G. (2010). Development of LAMP and real-time PCR
methods for the rapid detection of Xylella fastidiosa for quarantine and ﬁeld
applications. Phytopathol. 100, 1282–1288. doi: 10.1094/PHYTO-06-10-0168
Hmmam, I., Mariotti, R., Ruperti, B., Cultrera, N., Baldoni, L., and Barcaccia, G. (2018).
Venetian olive (Olea europaea) germplasm: disclosing the genetic identity of locally
grown cultivars suited for typical extra virgin oil productions. Gen. Res. Crop Evol.
65 (6), 1733–1750. doi: 10.1007/s10722-018-0650-5
Huang, C. L., and Sumpio, B. E. (2008). Olive oil, the mediterranean diet, and
cardiovascular health. J. Am. Coll. Surg. 207 (3), 407–416. doi: 10.1016/
j.jamcollsurg.2008.02.018
Inglese, P., Famiani, F., Galvano, F., Servili, M., Esposto, S., and Urbani, S. (2011).
3 factors affecting extra-virgin olive oil composition. Hortic. Rev. 38, 83. doi:
10.1002/9780470872376
Istituto di Servizi per il Mercato Agricolo Alimentare (ISMEA), Scheda di settore
olio di oliva. Maggio (2019). http://www.ismea.it/istituto-di-servizi-per-ilmercato-agricolo-alimentare.
Kalinowski, S. T., Taper, M. L., and Marshall, T. C. (2007). Revising how the computer
program CERVUS accommodates genotyping error increases success in paternity
assignment. Mol. Ecol. 16, 1099–1106. doi: 10.1111/j.1365-294X.2007.03089.x
Kiritsakis, A. K., Nanos, G. D., Polymenoupoulos, Z., Thomai, T., and Sfakiotakis,
E. Y. (1998). Effect of fruit storage conditions on olive oil quality. J. Am. Oil
Chem. Soc 75, 721–724. doi: 10.1007/s11746-998-0212-7
Kritchevsky, D., and Chen, S. C. (2005). Phytosterols health beneﬁts and potential
concerns: a review. Nutr. Res. 25 (5), 413–428. doi: 10.1016/j.nutres.2005.02.003
Lavee, S. (2013). Evaluation of the need and present potential of olive breeding
indicating the nature of the available genetic resources involved. Sci. Hortic.
161, 333–339. doi: 10.1016/j.scienta.2013.07.002
Loconsole, G., Saponari, M., Faggioli, F., Albanese, G., Bouyahia, H., Elbeaino, T.,
et al. (2010). Inter-laboratory validation of PCR-based protocol for detection of
olive viruses. Bull. OEPP/EPPO Bull. 40, 423–428. doi: 10.1111/j.13652338.2010.02416.x
Lombardo, L., Fila, G., Lombardo, N., Epifani, C., Duffy, D. H., Godino, G., et al.
(2019). Uncovering olive biodiversity through analysis of ﬂoral and fruiting
biology and assessment of genetic diversity of 120 Italian cultivars with minor
or marginal diffusion. Biology 8, 62. doi: 10.3390/biology8030062
Lukić, M., Lukić, I., Krapac, M., Sladonja, B., and Piližota, V. (2013). Sterols and
triterpene diols in olive oil as indicators of variety and degree of ripening. Food
Chem. 136 (1), 251–258. doi: 10.1016/j.foodchem.2012.08.005

Frontiers in Plant Science | www.frontiersin.org

13

February 2020 | Volume 11 | Article 73

Miazzi et al.

Recovery and Characterization of Minor Apulian Germplasm

Tamborrino, A., Romaniello, R., Caponio, F., Squeo, G., and Leone, A. (2019).
Combined industrial olive oil extraction plant using ultrasounds, microwave,
and heat exchange: Impact on olive oil quality and yield. J. Food Eng. 245, 124–
130. doi: 10.1016/j.jfoodeng.2018.10.019
Taranto, F., Nicolia, A., Pavan, S., De Vita, P., and D'Agostino, N. (2018).
Biotechnological and digital revolution for climate-smart plant breeding.
Agronomy 8, 277. doi: 10.3390/agronomy8120277
UPOV (2011). Guidelines for the conduct of tests for distinctness, homogeneity
and stability. Olive. TG/99/3 (www.upov.int). 1–55.
Velasco, J., and Dobarganes, C. (2002). Oxidative stability of virgin olive oil. Euro.
J. Lipid Sci. Tech. 104 (9-10), 661–676. doi: 10.1002/1438-9312(200210)104:9/
10<661::AID-EJLT661>3.0.CO;2-D
Vivaldi, G. A., Strippoli, G., Pascuzzi, S., Stellacci, A. M., and Camposeo, S. (2015).
Olive genotypes cultivated in an adult high-density orchard respond differently
to canopy restraining by mechanical and manual pruning. Sci. Hortic. 192,
391–399. doi: 10.1016/j.scienta.2015.06.004
Wright,S. (1949). The genetic structure of populations. Ann. Eugen. 15, 323–354.
doi: 10.1111/j.1469-1809.1949.tb02451.x
Wu, H. C., Du Toit, E. S., and Reinhardt, C. F. (2007). Micrografting of Protea
cynaroides. Plant Cell Tissue Organ Cult. 89, 23–28. doi: 10.1007/s11240-0079208-5

Rugini, E. (1984). In vitro propagation of some olive cultivars with different rootability and medium development using analitycal data from developing shoots
and embryos. Sci. Hortic. 24, 123–134. doi: 10.1016/0304-4238(84)90143-2
Sabetta, W., Miazzi, M. M., di Rienzo, V., Fanelli, V., Pasqualone, A., and
Montemurro, C. (2017). Development and application of protocols to certify
the authenticity and the traceability of Apulian typical products in olive sector.
Riv. Ital. Sost. Grasse 94, 37–43.
Salimonti, A., Simeon, V., Cesaric, G., Lamaj, F., Cattivelli, L., Perri, E., et al.
(2013). A ﬁrst molecular investigation of monumental olive trees in Apulia
region. Sci. Hortic. 162, 204–212. doi: 10.1016/j.scienta.2013.08.005
Saponari, M., Giampetruzzi, A., Loconsole, G., Boscia, D., and Saldarelli, P. (2019).
Xylella fastidiosa in olive in Apulia: where we stand. Phytopathology 109 (2),
175–186. doi: 10.1094/PHYTO-08-18-0319-FI
Sardaro, R., Fucilli, V., and Acciani, C. (2015). Measuring the value of rural
landscape in support of preservation policies. Sci. Regionali 14 (2), 125–138.
doi: 10.3280/SCRE2015-002005
Sardaro, R., Bozzo, F., Petrontino, A., and Fucilli, V. (2018). Community preferences in
support of a conservation programme for olive landraces in the Mediterranean area.
Acta Hortic. 1199, 183–188. doi: 10.17660/ActaHortic.2018.1199.30
Sefc, K. M., Lopes, M. S., Mendonça, D., Rodrigues Dos Santos, M., Laimer Da
Câmara Machado, M., and Da Câmara Machado, A. (2000). Identiﬁcation of
microsatellite loci in olive (Olea europaea L.) and their characterization in
Italian and Iberian olive trees. Mol. Ecol. 9, 1171–1193. doi: 10.1046/j.1365294x.2000.00954.x
Sion, S., Taranto, F., Montemurro, C., Mangini, G., Camposeo, S., Falco, V., et al.
(2019). Genetic characterization of Apulian olive germplasm as potential
source in new breeding programs. Plants 8, 268. doi: 10.3390/plants8080268
Spadoni, A., Sion, S., Gadaleta, S., Savoia, M. A., Piarulli, L., Fanelli, V., et al.
(2019). A simple and rapid method for genomic DNA extraction and
microsatellite analysis in tree plants. J. Agr. Sci. Technol. 21, 1215–1226.
Spanò, I. R., Bottalico, G., Corrado, A., Campanale, A., Di Franco, A., and
Mascia, T. (2018). A protocol for producing virus-free artichoke genetic
resources for conservation, breeding and production. Agriculture 8, 36. doi:
10.3390/agriculture8030036
Squeo, G., Silletti, R., Summo, C., Paradiso, V. M., Pasqualone, A., and Caponio, F.
(2016). Inﬂuence of calcium carbonate on extraction yield and quality of extra
virgin oil from olive (Olea europaea L. cv. Coratina). Food Chem. 209, 65–71.
doi: 10.1016/j.foodchem.2016.04.028

Frontiers in Plant Science | www.frontiersin.org

Conﬂict of Interest: Authors MC, LG, BG, FV and FB are participants to
SINAGRI s.r.l. without any kind of salary; VR, IM, WS, and AP were consultants
of SINAGRI s.r.l.
The remaining authors declare that the research was conducted in the absence of
any commercial or ﬁnancial relationships that could be construed as a potential
conﬂict of interest.
Copyright © 2020 Miazzi, di Rienzo, Mascio, Montemurro, Sion, Sabetta, Vivaldi,
Camposeo, Caponio, Squeo, Difonzo, Loconsole, Bottalico, Venerito, Montilon,
Saponari, Altamura, Mita, Petrontino, Fucilli and Bozzo. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

14

February 2020 | Volume 11 | Article 73

