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Abstract: Tunisia is one of the world’s largest producers of olive oil, and it preserves pools of olive
genetic diversity that are still unexplored. A recent prospection and collection program of the National
Gene Bank of Tunisia (NGBT) focused on the vast oasis of Degache, in the south west part of Tunisia,
where 47 samples were collected and genetically characterized through simple sequence repeat (SSR)
markers. Identification and authentication of genotypes were obtained through comparison with
reference cultivars belonging to the Olive National Collection of Tunisia (IOC) and with cultivars
from Algeria, Italia, Syria and Lebanon. Degache olive genotypes showed large genetic variability,
a significant diversity from the reference germplasm, and a clear differentiation from modern varieties.
The population structure analysis identified four gene pools characterizing genotypes from different
area of origin. Two gene pools appear to be more represented in germplasm from southern Tunisia,
where environmental conditions at critical plant development phases, are harsher. This suggests
that this germplasm might present traits of adaptation useful for breeding to improve resilience to
abiotic stresses. Our results will support ex situ and in situ conservation activities of Tunisian olive
germplasm pursued by the National Gene Bank of Tunisia.

Keywords: Olea europaea L.; olive; molecular polymorphism; biodiversity; Tunisia; SSR; Degache

1. Introduction

Olive growing is progressively increasing in Tunisia, with an actual cultivated surface of about
1.8 million ha, which corresponds to 30 percent of the North African cultivated land [1]. Olive cultivation
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in Tunisia can be traced back to the Phoenicians colonization of islands (Cyraunis, now called Kerkennah,
Djerba, etc.) and coasts (Cap Bon, Sousse, etc.), followed by Greek, Roman and Arab civilizations [2].
During the centuries, varietal introductions from all over the Mediterranean basin, France, Spain,
Morocco, Greece, have further enriched the Tunisian olive germplasm. Nevertheless, the current olive
cultivation mostly relies on only two highly productive varieties, CHEMLALI SFAX and CHETOUI
for oil production, and MESKI for table olives, neglecting much of the Tunisian olive heritage [3].
Trigui and Msallem [4] morphologically characterized 56 local varieties and ecotypes, but the real
number of genotypes in Tunisia is still underestimated, because many minor varieties are still cultivated,
although at a very small scale, in marginal areas of the country [5–7].

Genetic resources are the bases of crop adaptation. They allow crops to respond to environmental
challenges such as those produced by the ongoing climate changes, helping to sustain the production
in marginal lands, and enhancing food security and quality [8–10]. In this regard, in several
Mediterranean countries there has been an increased interest in safeguarding crop resources for a
sustainable agriculture [11,12]. In this area, actions for protecting genetic resources of many crops have
multiplied, with the aim of enriching the existing collections with new genotypes useful for breeding
programs, as well as to improve their identification, conservation and exploitation [13,14]. In Tunisia,
some researches have been carried out to prospect and analyze the olive germplasm, but most of these
investigations have focused on the main cultivars and on the consolidation of the existing ex situ
collections [6,15], despite the importance of identifying the minor varieties and the amount of genetic
variability present in restricted marginal areas of the country.

In order to cover region’s gaps for exploring new olive germplasm, a governental program of the
Olive Institute, the Oasis Regional Center of Research of Degache and the National Genebank of Tunisia
has been focused on the continental Saharan oasis of Degache (Tozeur), in the south-west of Tunisia.
It is located north-west of Chott El Jerid, thus it is part of the upper Saharan bioclimatic area, with dry
and arid climate and a rainfall <100 mm/year. The oasis is dominated by the palm groves, forages
and legumes, but several fruit trees are cultivated, such as apricot, fig, vines and olive. The oasis still
holds ancient olive trees that ensure small typical olive oil productions. The existence of traditional
and ancient oil mills testifies to the antiquity of the culture of olives in this region. Previous researches
has been conducted at phenotypical level on morphological and pomological characters, highlighting
a wide variability among the Degache olive germplasm [16]. The identification, characterization and
evaluation of such genotypes could be useful to develop new olive oils characterized by high quality,
historical memory and connection with the local culture label such as the Controlled Designation of
Origin (AOC) and Indication of Provenance (IP). The valorization of the traditional products would
have a beneficial economic impact on the marginal regions of Tunisia, sustaining the socio-economic
development of the region, ensuring an additional source of incomes for local populations, enhancing
on-farm conservation strategies, and protecting the oasis from deforestation.

To reach the right valorization of Degache olive genotypes, it is necessary to ensure their varietal
correspondence. The use of molecular markers is a good option for crop genotyping since they are
highly polymorphic, almost unlimited in number, and not affected by plant tissue types, developmental
stages, and environmental factors. In particular, simple sequence repeats (SSR) markers still represent
a useful option, having high information content, codominant inheritance, locus specificity and high
reproducibility. The easiness and low cost have made the use of standardized sets of SSR markers a
routine for the variety identification and product traceability in many species [17–19].

The olive scientific community still lacks standardized methods for molecular analyses to be
shared among research centers, but it is possible to use a standard set of SSR markers that is widely
validated by researchers and could guarantee results more comparable between laboratories [20–22].
Thus, the main objectives of this study were: (i) the molecular characterization and identification of
47 olive accessions grown in the oasis of Degache, in south west of Tunisia; (ii) the validation of results
in comparison with cultivars from official collections of the National Gene Bank of Tunisia; (iii) the
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exploration of the relationships between Degache genotypes and other Mediterranean germplasm;
(iv) the enrichment of reference collections of Tunisian olive varieties.

2. Materials and Methods

2.1. Plant Material

In 2018, surveys were made on 26 farms of the oasis of Degache in the south west of Tunisia
(Figure 1, Supplementary Table S1), collecting a sample from each olive tree existing in the oasis.
According to the morphological characterization by Ben Maachia and Ben Amar [16], each tree was
considered a single genotype, thus a total of 47 olive trees were sampled, tagged as Degache 1 to 47
(DG), and submitted to the genetic characterization.
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Figure 1. Geographical localization of the Degache oasis from where the 47 olive samples were collected:
map of the Mediterranean Basin, Agro-ecological map of Tunisia (redrawn from CNEA, 2007) and the
geographical borders of Tozeur governorate where Degache oasis is located.

For the authentication of the Degache genotypes, a panel of 37 varieties representative of the
overall Tunisian olive germplasm, maintained at the National Gene Bank of Tunisia (NGBT), was used
in this study. In addition, the analysis was extended to 103 olive genotypes largely cultivated in different
Mediterranean countries, comprising 20 Algerian varieties maintained at the Institut Technique de
l’Arboriculture Fruitière et de la Vigne, ITAFV, Takarietz, Bejaia, Algeria; 43 Italian varieties maintained
at the Dipartimento di Scienze del Suolo, della Pianta e degli Alimenti, DISSPA, Università di Bari,
Italy; 17 Syrian varieties maintained at the General Commission for Scientific Agricultural Research,
GCSAR, Aleppo, and 23 Lebanese varieties furnished by the Lebanese agriculture institute (Table S1).

2.2. DNA Extraction and SSR Assays

Three young leaves of each olive sample were washed with distilled water, lyophilized and finely
ground, and stored at −80 ◦C until analysis. Fifty milligrams of leaf tissue were used to extract the total
genomic DNA according to Spadoni et al., [23]. DNA quality and concentration were assessed on 1%
agarose gel and Nano Drop TM ND2000 (Thermo Scientific, Waltham, MA, USA) spectrophotometer.
DNA was reduced to the concentration of 50 ng/µL and stored at −20 ◦C until use.
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A standardized set of 10 preselected microsatellite markers was used (Table S2) [24–27].
PCR reactions were performed in a final volume of 12.0 µL including 1.25 µL of 10× Dream Taq Buffer,
0.6 µL of 2M dNTP, 1.25 µL of 2.5 µM mix of primers, 0.2 µL of 5 U/µL Dream Taq (Thermo Scientific),
7.7 µL H2O, and 50 ng of DNA. A C1000TM Thermal Cycler (Bio-Rad, Hercules, Foster City, CA, USA)
was used for the amplification, and PCR products were detected by the automatic capillary sequencer
ABI PRISM 3100 Avant Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Sample analyses
were carried out with GeneMapper genotyping software v3.7 (Applied Biosystems), with the internal
molecular size standard GeneScan 600 LIZ (Applied Biosystems).

2.3. Authentication of Degache genotypes and Relationships with Other Mediterranean germplasm

The authentication of Degache accessions was obtained by comparing their molecular profiles
obtained with the 10 SSRs with those of 37 widely cultivated Tunisian varieties (37), available at the
(NGB, Tunisia) and DISSPA-UNIBA (Italy) database (Supplementary Table S1). In addition, to explore
the relationships with other Mediterranean germplasm, the genetic profiles of Degache genotypes
were compared with molecular data of varieties originated from other Mediterranean countries,
namely Algeria (20), Italy (43), Syria (17), and Lebanon (23) collected in a common dataset at the
DISSPA-UNIBA (Italy) (Table S1).

2.4. Data Analysis

2.4.1. Genetic Diversity

GenAlEx software v.6.5 (h [28] was used to estimate the following genetic indices: number of
alleles (Na), effective number of alleles (Ne), Shannon’s diversity index (I) [29], observed (Ho) and
expected (He) heterozygosity, and fixation index (F) [30]. The same software was also used for the
multilocus genotype (MLG) analysis, and to estimate the number of private alleles [31] and the
probability of identity (PI) [32]. The informativeness of the primers as the polymorphic information
content (PIC) [33] and the frequency of null alleles (F null) were calculated by using Cervus v 2.0
software [34].

2.4.2. Genetic Relationships and Population Structure

The genetic relationships between the 177 olive accessions were estimated. A principal coordinate
analysis (PCoA), based on inter-individual relationship using Nei’s unbiased genetic distance pairwise
population matrix, was carried out with GenALEx, followed by an analysis of molecular variance
(AMOVA) among and within populations. In addition, a dendrogram was obtained using the Ward’s
hierarchical clustering method based on the dissimilarity matrix, using the software DARWIN v. 6.0.010
(http://darwin.cirad.fr). To determine the support for each node, a 1000 replicate bootstrapping was
performed [35]. The visualization of the dendrogram was elaborated with FigTree software v.1.4.3
(http://tree.bio.ed.ac.uk/software/figtree/).

The population genetic structure was assessed by using the Bayesian model-based clustering
analysis implemented in STRUCTURE software (version 2.3.4 [36]. The number of sub-populations
(K) that best fit with the olive analyzed collection, was obtained performing 10 independent runs
for each K (from 1 to 10), with 100,000 Markov chain Monte Carlo (MCMC) repetitions and 100,000
burn-in periods. The resulting data were analyzed by Structure Harvester software [37] based on ad
hoc statistic ∆K test [38]. Accessions were assigned to defined groups if the value of the corresponding
membership coefficient (qi) was higher than 0.8; otherwise they were considered to be admixed.

http://darwin.cirad.fr
http://tree.bio.ed.ac.uk/software/figtree/
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3. Results

3.1. Genetic Diversity of Degache Genotypes

The multilocus genotype analysis individuated 5 synonymy groups: A (including DC26-DC20-
DC15), B (including DC29-DC27-DC19), C (including DC43-DC47), D (including DC42-DC44-DC30-
DC18) and E (including DC45-DC12-DC10) (Figure S1). For each group, only one genotype was
retained, thus 37 samples were further used for subsequent analyses (Table S1). Within the 37 Degache
samples, a total of 42 alleles were obtained (4.2 alleles/locus), with a minimum of 2 alleles for DCA05
and a maximum of 8 alleles for DCA16 (Table 1).

Table 1. Genetic diversity indices number of alleles (Na), effective number of alleles (Ne), Shannon’s
diversity index (I), observed heterozygosity (Ho), expected heterozygosity (He), fixation index (F), and
PIC values revealed in the 37 olive Degache accessions analyzed with 10 SSR markers.

Locus Alleles Length (bp) Na Ne I Ho He F PIC F Null

DCA03 231-243-249 3 2.82 1.06 0.88 0.64 −0.37 0.57 −0.155
DCA05 194-206 2 2.00 0.69 1.00 0.50 −1.00 0.37 −0.333
DCA09 162-166-172-194-204-206 6 4.11 1.52 0.91 0.75 −0.21 0.71 −0.102
DCA15 246-266-270 3 1.74 0.71 0.56 0.42 −0.33 0.36 −0.157
DCA16 122-124-136-144-148-172-174-176 8 4.03 1.64 0.94 0.75 −0.25 0.72 −0.132
DCA17 113-115-141-143 4 2.24 0.91 0.37 0.55 0.31 0.46 0.201
DCA18 173-177-179-183 4 2.64 1.08 0.82 0.62 −0.33 0.54 −0.147
UDO43 172-174-184-210-212 5 3.29 1.35 0.89 0.69 −0.28 0.65 −0.131
GAPU101 182-192-200-206 4 2.58 1.06 0.89 0.61 −0.45 0.54 −0.209
EMOL 190-192-198 3 1.87 0.77 0.43 0.46 0.07 0.39 0.023
Total 42
Mean 4.2 2.73 1.08 0.77 0.60 −0.28 0.536 −0.115

The values of Shannon information index (I) ranged from 0.69 (DCA5) to 1.64 (DCA16) (mean 1.08).
High values of observed (Ho) and expected (He) heterozygosity were observed: Ho values ranged
from 0.378 for DCA17, to 1 for DCA15 (0.77 on average); He ranged between 0.42 (DCA15) and 0.75
(DCA16) (average 0.60). For 8 out of the 10 loci analyzed, the observed heterozygosity was significantly
higher than the expected values (Hardy–Weinberg equilibrium) with a mean inbreeding coefficient
F = −0.115. The likelihood of null alleles incidence ranged from −0.102 to 0.201.

PIC values, which indicate the informativeness of a microsatellite marker, had, for the 10 SSRs
considered, a mean value of 0.536, ranging from the lowest value of DCA15 (0.364) to the highest value
of DCA17 (0.723).

The value of the total probability of identity for the 10 SSRs analyzed, which indicates the
probability that two unrelated genotypes randomly chosen have the same profile, was low (1.4 × 10−13),
(Figure S2), confirming the efficiency of the microsatellites used for genotypes fingerprinting, and
indicating that identical profiles correspond to synonyms.

The genetic indices calculated within each of the six geographical groups of genotypes were
remarkably different (Table 2).

The Italian and Tunisian collections were the richest in alleles (105 and 91, respectively), followed by
Algeria (76), Syria (64), Lebanon (44) and Degache (42) collections. The high genetic variability was
confirmed also by the Shannon index which was ≥1 in all the collections except the Lebanese one,
which showed also a negative F value, together with the Syrian and Degache collections. The Italian
and Tunisian collections had the highest number of private alleles (16 and 15, respectively), while the
Degache collection showed only 2 private alleles (Table 2, Table S3, Figure S3).



Diversity 2020, 12, 358 6 of 15

Table 2. Genetic diversity indices Na, Ne, I, Ho, He, F and private Alleles obtained with 10 SSR markers
in the 6 groups of genotypes of different geographical origin (number of samples in parentheses).

Collection Na Ne I Ho He F Private Alleles

Degache (37) Total 42 27.3
Mean 4.2 2.74 1.085 0.774 0.604 −0.285 2

Tunisia (37) Total 91 48.9
Mean 9.1 4.88 1.688 0.700 0.738 0.074 15

Algeria (20) Total 76.0 41.0
Mean 7.6 4.10 1.574 0.661 0.718 0.122 13

Italia (43) Total 105.0 51.5
Mean 10.5 5.15 1.826 0.740 0.775 0.043 16

Syria (17) Total 64.0 37.7
Mean 6.4 3.77 1.407 0.720 0.653 −0.095 11

Lebanon (23) Total 44 24.0
Mean 4.4 2.40 0.979 0.721 0.522 −0.321 4

Mean 7.03 6.30 1.41 0.71 0.66 −0.07 10

3.2. Genetic Relationships of Degache Genotypes with Other Mediterranean Germplasm

The genetic relationships of Degache genotypes with Tunisian cultivars and varieties from other
Mediterranean countries were investigated through a principal coordinate analysis based on Nei’s
unbiased genetic distance matrix (Figure 2).

1 
 

 

Figure 2. Principal coordinate analysis (PCoA) based on genetic distance between Degache olive
samples and 140 varieties deriving from different geographical areas. Circles are drawn arbitrarily
to emphasize the prominent groups of genotypes from Degache oasis (light blue), Algeria (blue),
and Lebanon (green).

The first two components of the PCoA explained only the 13.62% and the 11.92% of the total
variance for component PCo1 and component PCo2, respectively (Figure 2).

The AMOVA analysis carried out on the six groups of olive genotypes, assigned 86% of the
molecular variance to differences among individuals, and only 14% to differences between groups
(Table 3), but the calculation of the pairwise FST distances among the six groups indicated a great
genetic differentiation between Algeria and Lebanon (FST = 0.251), and between Algeria and Degache
(FST = 0.247) (Table 4). Conversely, the lowest FST distances were found between Italy and Tunisia
(0.055) and between Degache and Tunisia (0.062).
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Table 3. The partitioning of genetic variation within and among groups obtained with AMOVA analysis
on the six olive groups having different geographical origin.

Source df SS MS Est. Var. % p Values

Among groups 5 187.98 37.59 0.59 14% <0.001
Within groups 177 633.50 3.57 3.57 86%

Total 353 1403.28 4.17 100%

p-value is based on 1000 permutations; df = degree of freedom; SS = sum of Squares; MS = mean squares;
Est. var. = estimate of variance; %: percentage of total variation.

Table 4. Genetic differentiation (Pairwise population Fst) between the six groups of genotypes of
different geographic origin.

Geographic Origin Algeria Italy Syria Tunisia Degache Lebanon

Algeria 0 0.142 0.165 0.143 0.251 0.247
Italy 0.000 0.117 0.055 0.136 0.165
Syria 0.000 0.118 0.223 0.212

Tunisia 0.000 0.062 0.137
Degache 0.000 0.228
Lebanon 0.000

The genetic relationships among olive samples were further investigated by using the similarity
matrix to produce a Ward’s dendrogram (Figure 3).

Diversity 2020, 11, x FOR PEER REVIEW 7 of 15 

Table 3. The partitioning of genetic variation within and among groups obtained with AMOVA 
analysis on the six olive groups having different geographical origin. 

Source df SS MS Est. Var. % p values 
Among groups 5 187.98 37.59 0.59 14% <0.001 
Within groups 177 633.50 3.57 3.57 86%  

Total 353 1403.28  4.17 100%  
p-value is based on 1000 permutations; df = degree of freedom; SS = sum of Squares;  
MS = mean squares; Est. var. = estimate of variance; %: percentage of total variation. 

Table 4. Genetic differentiation (Pairwise population Fst) between the six groups of genotypes of 
different geographic origin. 

Geographic Origin  Algeria Italy Syria Tunisia Degache Lebanon 
Algeria 0 0.142 0.165 0.143 0.251 0.247 

Italy  0.000 0.117 0.055 0.136 0.165 
Syria   0.000 0.118 0.223 0.212 

Tunisia    0.000 0.062 0.137 
Degache     0.000 0.228 
Lebanon      0.000 

The genetic relationships among olive samples were further investigated by using the similarity 
matrix to produce a Ward’s dendrogram (Figure 3). 

 
Figure 3. Dendrogram generated by Ward clustering method using 10 SSR markers, illustrating the 
phylogenetic relationships among the analyzed olive genotypes originated from Degache oasis 
(orange, C-I), Lebanon (yellow, C-II a), Syria (purple, C-II b), Algeria (blue,C-II c), Italy and Tunisia 
(green, C-III). 

Figure 3. Dendrogram generated by Ward clustering method using 10 SSR markers, illustrating the
phylogenetic relationships among the analyzed olive genotypes originated from Degache oasis (orange,
C-I), Lebanon (yellow, C-II a), Syria (purple, C-II b), Algeria (blue, C-II c), Italy and Tunisia (green, C-III).
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The dendrogram clearly separated the genotypes according to their geographical origin. In detail,
we observed three clusters (C-I, C-II and C-III). Cluster C-I included all the Degache genotypes
with 11 Tunisian varieties and the Italian TERMITE DI BITETTO. Cluster C-II included three
sub-clusters; C-II a, including all Lebanese genotypes (except L1 and L2, in cluster C-III), 11 Tunisian
and 1 Syrian variety; C-II b, including all the Syrian varieties; C-II c, comprising the Algerian
varieties. Cluster C-III included all the Italian varieties, together with two groups of Tunisian varieties.
One group comprised five CHEMLAL variants (ZARZIS, ONTHA, JERBA, SFAX2, TATAOUINE2)
with the Italian cultivars DRITTA, CULMONA and PERANZANA_DPV. A second group included
the varieties OUESLATI1, CHAIBI_ONTHA, HAOUARIA, REGUEB, CHEMLALI_TATAOUINE1,
JEMRI-BOUCHOUKA, TOFFAHI, TOUNSI, OLIVA BIANCA, TONDA IBLEA, TAMRI_DOUIRET,
and NOCIARA E PASOLA.

The dendrogram allowed also observing that few Degache genotypes were very similar to
Tunisian varieties, such as for DC4 and DC51 with BIDH HAMAM2; DC1, DC10, DC18 and DC40 with
CHEMLALI GAFSA2; DC15 and DC19 with ZARRASI.

3.3. Genetic Structure

The application of the Bayesian clustering method implemented by the software STRUCTURE,
indicated K = 2 as the number of sub-populations (SP) which best fits the overall analyzed collection,
followed by K = 4 and K = 7 (Figure 4A; Supplementary Figure S4).
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accessions, for K = 2 (the most probable genetic structure model), K = 4, and K = 7, inferred with a 
model-based clustering method implemented in STRUCTURE v.2.3.4. q is the membership 
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Figure 4. (A) Bayesian inference of population structure based on 10 microsatellite loci in 177 olive
accessions, for K = 2 (the most probable genetic structure model), K = 4, and K = 7, inferred with a
model-based clustering method implemented in STRUCTURE v.2.3.4. q is the membership coefficient.
(B) The stacked bar plots showing, for olive populations originating from different geographical areas,
the estimated membership coefficient (qi) relative to the subpopulations identified by STRUCTURE for
K = 4.
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At K = 2, the olive germplasm was divided into SP1 and SP2; SP1 includes Italian, Lebanese,
Syrian and Algerian cultivars, while SP2 includes Tunisian cultivars with Degache genotypes.

At K = 4, the SP1 was split into three subgroups, SP1a, SP1b and SP1c. The subgroup SP1a
includes Algerian cultivars, SP1b includes Lebanese and Syrian genotypes, and SP1c includes Italian
genotypes. The subgroup SP2 includes all the Degache genotypes and part of the Tunisian varieties,
while the remaining Tunisian genotypes comprise the admixed group.

At K = 7, the SP1b group further split Lebanese (SP1b1) from the Syrian (SP1b2) germplasm,
and SP2a further split into SP2a1, SP2a2 and SP2a3, including, respectively, six CHEMLALI variants
(SP2a1), the Degache genotypes (SP2a2) and 14 Tunisian cultivars (SP2a3); most of the Tunisian
genotypes fell in the admixed group (Figure 4A).

For the six olive collections of different geographical origin, the estimated mean membership
coefficient (qi) relative to the subpopulations identified by STRUCTURE for K = 4, was calculated.
The results, illustrated in Figure 4B, indicated a different genetic stratification in the groups. While Algerian,
Italian, Syrian, Degache and Lebanese collections showed an estimated membership coefficient qi greater
than 0.85, the Tunisian collection confirmed the presence of different proportions of qi.

4. Discussion

Sustainable management of genetic resources plays a fundamental role in achieving the objectives
of preservation of plant biodiversity encouraged by the Convention on Biological Diversity of United
Nations and Food Organization and Agriculture [39]. Crop genetic resources are primary in the
traditional cropping systems, which largely rely on the use of local varieties that are better adapted
to the local environments [40–42]. Moreover, they are an important tool for crop breeding plans to
increase yield, quality and resistance to a wide range of biotic and abiotic stresses, in the frame of the
ongoing climate changes, particularly the agricultural systems in southern Europe [43–45].

The Tunisian Government, through the National Gene Bank of Tunisia (NGBT), has recently
implemented a program for the collection of new olive germplasm in marginal areas of the country,
focusing particular attention on the ancient continental Saharan oasis of Degache (Tozeur), in the
south-west of Tunisia. This oasis holds a wide genetic diversity for several fruit trees, particularly date
palm, fig, apricot, vine and olive. These plant genetic resources should be of great interest since they are
adapted to severe conditions of the upper Saharan climate and arid regions. Moreover, local populations
have conserved a traditional way of cultivation, preserving unique and rare genotypes.

The main goal of this program was to characterize molecularly the olive Degache germplasm,
understanding its relationships with other Mediterranean varieties, and possibly shedding light on the
origin of this germplasm. A deep survey was conducted on 26 farmers located in the area of the oasis,
in partnership with several research institutions and agricultural regional authorities. Forty-seven
olive samples were collected, and they were submitted to the molecular characterization by using a
standardized set of 10 SSRs markers. The multilocus genotype analysis of the Degache germplasm
revealed the presence of 10 genotypes sharing identity; these redundant genotypes were discarded,
and 37 samples were used for further investigation. The obtained profiles were compared with those
of cultivars representative of the olive germplasm of Tunisia itself and other Mediterranean countries,
Italy, Algeria, Syria and Lebanon.

The genetic analysis highlighted a wide genetic diversity among the studied genotypes,
confirming the evidence obtained in studies conducted at phenotypical level [17]. The Degache
germplasm displayed high values for the number of alleles, Shannon information index, and both
observed (Ho) and expected (He) heterozygosity. The observed heterozygosity exceeded the expected
heterozygosity, indicating an excess of heterozygosity not expected in isolated germplasm such as
that of this remote oasis. This can be due to the process of olive cultivation carried out during the
centuries, through the selection of interesting morphological variants in the wild and/or imported
plants; then, the maintenance of these elite genotypes through the vegetative propagation has preserved
this heterozygosity or even increased it by mutation over the generations [46–49].
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The second target of this study was to understand the relationships of the Degache germplasm
with other olive Mediterranean varieties, and possibly obtain information about its origin. To this aim,
the genetic analysis was extended to a collection of 140 largely cultivated varieties as representative of
the olive germplasm of Tunisia and other Mediterranean countries such as Italy, Algeria, Syria and
Lebanon. The obtained results confirmed a remarkable genetic variation of olive germplasm in all the
countries, as already observed by several authors [50–53]. In particular, Italian, Algerian and Tunisian
germplasm stood out for a higher number of alleles, Shannon index, heterozygosity and number of
private alleles, with respect to Syrian and Lebanese germplasm, suggesting, for the genetic background
of the germplasm of these countries, an important contribution of the local wild olive through the
crosses [54–56]. A high number of private alleles was observed in all the collections, underlining the
large diversity of olive germplasm in the Mediterranean region, while Degache genotypes had only
two, which could be explained by the sharing of their gene pool with the Tunisian varieties cultivated
in the region.

The PCo analysis remarked the genetic distance of Degache germplasm from all the others,
confirming its distinctiveness, although it appeared to have strong relationships with the contemporary
Tunisian germplasm. Indeed, the pairwise distance calculated between the groups indicated a great
genetic differentiation of the Degache from the Algerian (FST = 0.251) and the Lebanese (FST = 0.228)
germplasm. These two groups of genotypes formed well-separated clusters, while the Italian, Syrian and
part of Tunisian germplasm were more overlapped.

These results were confirmed by the Ward’s dendrogram, which clustered the genotypes according
to their geographical origin. Degache genotypes grouped well apart from the other germplasm;
Lebanese, Syrian and Algerian cultivars comprised a second cluster, and Italian genotypes a third
cluster. Interestingly, Tunisian varieties appeared to belong to the three different clusters, indicating a
multi-origin genetic background.

Out of 37 different Degache genotypes identified, only eight had a genetic profile very similar to
that of contemporary Tunisian cultivars: DC4 and DC51 were very similar to BIDH HAMAM2; which is
known as a table olive; indeed, they presented a high weight of fruit, respectively 9.64 g and 5.11g.
Likewise, DC28 was very similar to RKHAMI, another table olive, as confirmed by the pomological
description [57]. Both RKHAMI and BIDH HAMAM are varieties very well appreciated in Tunisia as
table olives and they are in great demand for cultivation. In addition, DC1, DC10, DC18 and DC40
were very similar to CHEMCHALI GAFSA2, and DC15 along with DC19 clustered with ZARRASI,
both largely cultivated in this region [58]. These genotypes differed from the corresponding varieties
for one to three alleles; thus, they can be considered local variants of these varieties. The intra-varietal
polymorphism is well described in several olive cultivars, with differences in up to 15% of the analyzed
alleles [29]. A great intra-varietal diversity is particularly usual in regionally selected varieties that
are at the base of typical local productions. It probably derives by somatic mutations occurring in the
process of vegetative propagation and that accumulate during generations without phenotypic changes
in crop morphology and agronomic performances [59,60]. In our study, this intra-varietal variability
was observed especially in cultivar CHEMLALI, thus confirming that it is a polyclonal mixture of
closely related genotypes [3,61]. Most of CHEMLALI variants clustered near other Tunisian varieties,
but in the same cluster of Italian germplasm, indicating a relationship between the germplasm of the
two countries. On the contrary, almost all Degache accessions found no match with any reference
varieties neither from Tunisia, nor from Algeria, Italy, Syria, and Lebanon, thus confirming their
potential as candidates of putative new varieties.

Bayesian inference of population structure implemented in STRUCTURE indicated 2 as the
number of sub-populations which best fits the overall analyzed collection. One subpopulation included
the Degache germplasm and part of Tunisian varieties, as indication of common ancestry, while the
second subpopulation included the remaining germplasm At K = 4, the 177 analyzed genotypes
split into four subpopulations according to their geographical origin: Algerian germplasm, Lebanese
and Syrian germplasm, Italian germplasm, Degache germplasm, while Tunisian genotypes fell in
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the admixed group. Interestingly, this subdivision mimics the pattern of occurrence of the olive’s
three distinct genetic pools hypothesized by several authors in the Mediterranean Basin: Q1 for the
west, Q2 for centre, and Q3 for the east [62–64]. Our results suggest this distribution of the analyzed
germplasm, distinguishing the Algerian germplasm (west basin) from Tunisian (included Degache)
and Italian germplasm (Central basin), and from Syrian and Lebanese germplasm (eastern basin).
While western (Algerian) and eastern (Lebanese and Syrian) cultivars were strongly assigned to one
specific gene pool, Italian and Tunisian (but not Degache) germplasm showed a high level of admixture.
This is in accord with the hypothesis of the Near East as olive center of origin, followed by the spread
of the crop towards the west, which ultimately resulted in genotypes derived from different routes
of variation generated through the crossing with local genotypes [65–67]. The population structure
analysis showed, for Degache germplasm, a specific gene pool that appeared underrepresented in the
modern varieties. This suggests that Degache germplasm, which is adapted to harsh environmental
conditions at the critical plant development phases, might possess traits of adaptation that could be
useful for breeding varieties more resilient to drought, thus is worth being better studied and preserved.

In conclusion, this work allowed giving some valuable insight into the Tunisian olive germplasm
biodiversity, highlighting the richness in new genetic variability preserved in the germplasm of the
oasis of Degache. The strong differences among the Degache and all the other germplasm, including the
Tunisian ones, suggests that it can be considered an exclusive genetic core, selected and developed in
this area during the centuries.

The substantial diversity observed in these genotypes could be used to support the national
breeding programs for olive improvement and conservation. Human activities and the replacement
of traditional olive cultivations into intensive orchards with introduced cultivars, threatens the
preservation of the local olive germplasm. Consequently, the characterization and preservation of this
primeval Tunisian olive gene pool should be considered mandatory. These results will support the
activities of in situ (on-farm) conservation of Tunisian olive germplasm, promoted by the National
Gene Bank of Tunisia along with the ex situ approach. A better knowledge of this genetic material
will allow a better valorization of it, thus helping to obtain the labelling for olive oil to be exported
internationally and promoting the full exploitation of its potential financial value in the high-quality
local production.
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