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Abstract: A comprehensive effort was devoted to exploring, collecting and characterizing the local
Maltese olive germplasm, often represented by ancient, monumental trees and by plants of uncertain
origin. SSR and cp-SSR analysis of all samples enabled the identification of 46 genotypes and estab-
lishment of the correspondence between ancient trees, main local varieties and other Mediterranean
cultivars. The application of plastid markers enabled identification of two lineages among Maltese
genotypes, with more than 50% represented by lineage E2. Twenty-nine cases of grafting were
identified among the various genotypes and lineages. In most cases, E1 canopies were grafted on
E2 rootstocks, but reverse cases were also observed. The phylogenetic study of Maltese genotypes,
together with hundreds of cultivars from the Mediterranean Basin and beyond, highlights the rich-
ness of Maltese olive diversity and drawing attention to the genetic similarity of some Maltese olive
genotypes with neighboring Italian and Algerian varieties. These results underline the long-lasting
presence of the olive in the country, contributing to the reconstruction of its phylogeny and demon-
strating a possible autochthonous origin of many samples. Some still-living ancient trees are at
serious risk of extinction due to abandonment, urban expansion and environmental threats. This
study supports the preservation of the Maltese olive germplasm and highlights its importance as a
rich genetic source to face new agronomical challenges and future climatic constraints.

Keywords: Malta; olive genotypes; ancient olives; gene flow; grafting; chloroplast lineage; local
genotypes

1. Introduction

Olive (Olea europaea subsp. europaea), with a vast genetic heritage represented by
cultivated (var. europaea) and wild (var. sylvestris) forms, has not suffered significant genetic
loss, preserving its variability almost intact [1-3]. The domesticated olive comprises only a
subset of the entire genetic variation in extant O. europaea [4]. The olive gene pool contains
many autochthonous varieties, pollinizers, ecotypes and feral trees in various microenviron-
ments and growing conditions [5-7]. Cultivated olives, with almost 1200 cultivars, coexists
with the oleaster in areas around the Mediterranean basin [2,8]. Ancient olive trees have
been reported throughout the entire Mediterranean area [9-14] and beyond [15]. These
plants are a part of the cultural heritage of the region and are of invaluable agroecological
interest due to their stress-tolerance and adaptability, constituting an underexploited pool
of useful diversity [9,11,16].

Olive cultivation developed significantly in the eastern Mediterranean at least 6000 ya
(years ago), spreading toward Anatolia and to Cyprus Island and from Crete Island toward
Egypt [2,17], with subsequent expansion into the western Mediterranean, conveyed by
Phoenicians, Greeks and Romans [8,18], who likely transported vegetative material from
the center of origin toward the west, spreading cultivars throughout the Mediterranean [19].
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The best cultivars were likely selected for their agronomic interest (e.g., high fruit set, large
fruit size and high oil content), for their ability to grow in various environments and the
ease of vegetative propagation through cuttings or grafting, techniques known since ancient
Greece [20,21]. Grafting represents a major innovation in the history of fruit cultivation,
and application of this technique has likely favored the spread of olive from the Middle East
to western Europe [22]. The grafting of cultivated genotypes onto home-grown oleasters or
overgrafting on ancient, poorly-performing trees is a tradition and a peculiarity of olive
cultivation [9,11,23].

Traditional olive cultivars, mostly represented by monumental trees, constitute an
important genetic patrimony that could represent a useful source of genetic diversity
in the fight against climate change [24-26]. The genetic and phenotypic variability of
these local varieties should be preserved and exploited, with a view toward variability
protection and for their diffusion in eco-sustainable groves. Despite the richness of the olive
varietal patrimony, few cultivars contribute a major portion of olive oil and table olives for
commercial production, while the majority of them have only a limited local significance
represented by few trees [24-27].

In recent years, the distribution and the genetic differentiation of olive has been the
subject of numerous phylogeographic and phylogenetic studies involving the use of nuclear,
chloroplast and mitochondrial markers and the application of archaeological, historical
and ecological information [1,2,15,19,21]. The high level of polymorphism and transfer-
ability among olive species make SSRs the current markers of choice for identification
and variability studies [10,15,28,29]. Cytoplasmic markers such as chloroplast may enable
discrimination among cultivated olives, wild olives and other subspecies [30,31]. Three
plastidial DNA lineages (E1, E2 and E3) have been characterized, but most olive cultivars
possess the E1 chlorotype, and only a small percentage of them show the other two lineages
typical of the Mediterranean wild olive populations [2]. SNP markers, as new applica-
tion opportunities, could be useful to explore diversity within wild and cultivated olive
genotypes [32].

The Phoenicians were the first to introduce olive in Malta; then, its distribution was
maximized by Romans [33]. Olive oil production was extended through Roman domination,
as evidenced by the presence of olive mills referred to that period (trapetum), such as that
at San Pawl Milqi in the area of Burmarrad, where a remnant stand of indigenous olives
has been reported, with trees considered to be as many as 1200 years old [34]. The Bidnija
grove was established during the middle-late Medieval period, before 1450-1669 CE, rather
than in considerably earlier Roman times, when the surrounding landscape could have
been an important production area for olives [35]. In the Maltese Islands, three main local
cultivars, namely Bidni, Malti and Bajda (or White Olive), were previously identified [36],
in addition to rare wild olives. In Malta, the Italian cultivars Frantoio, Leccino, Carolea,
Pendolino, Coratina, Ogliarola and Cipressino and French Picholine (Picholine Languedoc)
are cultivated for olive oil, whereas Uovo di Piccione and Bella di Spagna are cultivated for
table olives. The Maltese local varieties are still present in the islands, and recovery of their
cultivation is being prompted despite the expansion of foreign varieties [36].

The issues addressed in our study refer to basic questions relating to the origin of the
Maltese local olive germplasm and the role played by this small but ancient islands in the
center of the Mediterranean in the development of Mediterranean olive varieties.

2. Materials and Methods
2.1. Plant Material and DNA Extraction

A total of 98 olive trees were sampled from the Maltese archipelago (Table S1), includ-
ing the three Islands: Malta, Gozo and Comino (Figure 1). All trees were sampled from
historical sites, such as Roman villas, ancient olive mills, ancient gardens or old farmland,
represented also by ancient plants, based on trunk and stump size, with more than 1.0 m
trunk diameter at 130 cm from the soil. Many ancient olive plants in several Mediterranean
areas are grafted onto other varieties or wild olives [9,11]. In order to detect eventually
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grafted trees, leaf samples were separately collected from canopy, rootstock and, in two
cases, from trunk shoots, for a total of 190 samples. From eight trees, leaves were collected
from the canopy only, as they were represented by bushes (Table S1). Total DNA was
extracted using a GeneElute plant genomic DNA miniprep kit (Sigma-Aldrich, St. Louis,
MO, USA), following the manufacturer’s instructions.

Algeria

Figure 1. Geographic location of 98 olive accessions. Light blue indicates the E1 lineage, fuchsia
represents the E2 lineage and light green represents trees with different lineages between canopy
and rootstock.

2.2. Chloroplast and Nuclear Marker Applied to Maltese Olive Genotypes

To detect maternal inheritance of the Maltese samples, chloroplast genotyping was
performed using cp-SSR p10-13 markers, including SSR, SNP and indel variation [30,31].
PCR amplifications were performed following a previously published method [15]. Output
data were analyzed with GeneMapper 5 (Applied Biosystems-Hitachi, Applied Biosystems,
Waltham, MA, USA).
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In order to verify the identity of Maltese accessions, all samples were genotyped using
standard dinucleotide SSR markers that are widely applied for cultivar characterization
in most olive germplasm collections [10,28]. Ten highly polymorphic markers previously
individuated as the best-performing loci [37] were selected, including DCA3, DCAS5, DCA9,
DCA16, DCA18 [38], EMO-90 [39], GAPU71B, GAPU101, GAPU103A [40] and UDO99-
043 [41]. These markers were also applied in previous genotyping studies [7,14,15,27,42].
Forward primers carrying VIC, PET or NED labels at their 5’ end were used. The chromo-
some position of each SSR marker is reported in Table S2 based on a search of two olive
genomes, Olea europaea subsp. europaea var. sylvestris [43] and var. europaea cv. Leccino
(OLGENOME project, financed by MIPAAF DM 13938). The local blast analysis for each
SSR in both genomes was performed by applying BLOSUM62 as a matrix [44] and 0.001 as
the expectation value (E).

2.3. Frequency Analysis and Genetic Differentiation

A phylogenetic tree of Maltese genotypes was constructed with MEGA?7 [45], with
branch lengths in the same units as those of the evolutionary distances, to infer the phy-
logenetic tree. The evolutionary distances were computed using the neighbor-joining
(NJ) method.

Genotypes with a unique profile were selected for frequency analysis. The following
population-level genetic statistics were calculated using GenAlEx 6.5 [46]: number of alleles
(Na), number of effective alleles (Ne) and observed (Ho) and expected (He) heterozygos-
ity and fixation indices (F). Polymorphic information content (PIC) and the presence of
possible null alleles (Fnull) were calculated for each microsatellite locus using CERVUS
v.3.0.3 software (Field Genetics, London, UK) to determine the genetic uniqueness of each
accession and to quantify redundancy [47].

The SSR data were further analyzed with STRUCTURE 2.3.4 software (Pritchard Lab,
Stanford University, Stanford, CA, USA) [48], running 10,000 replicate Monte Carlo Markov
chains (MCMCs) with a burn-in period of 10,000 for 100 iterations for each K. The range of
possible number of clusters (K) was set to 1 to 20, considering independent alleles and an
admixture of individuals. Bayesian analysis divided sampled individuals into a number of
K clusters, and the most likely value of K was estimated using AK [49] with STRUCTURE
Harvester [50].

GenAlEx 6.5 was also used to estimate pairwise population matrices of Des, Gst
statistics and Fs; pairwise distance with 999 permutations in order to differentiate between
the Maltese STRUCTURE groups.

SSR data of Maltese samples were compared with those of a representative sample
of a wide range of cultivars from the Mediterranean and beyond [10,15,28], for a total of
665 genotypes (Table S1). The applied parameters were the same as those reported above.
D.st, Gt statistics and Fy pairwise distance were calculated with GenAlex, considering
Maltese unique genotypes as a separate population compared against the populations
identified by STRUCTURE software (Pritchard Lab, Stanford University, Stanford, CA,
USA) in the total set of cultivars.

3. Results
3.1. Genetic Diversity Characterized according to SSR and cp-SSR Markers

The neighbor-joining (N]J) tree based on the genetic distance matrix showed two
distinct clusters (C1 and C2) among Maltese genotypes (Figure 2). The division of samples
in these two clusters could be somehow related to their geographical position in the islands:
C1 includes the samples collected from Dar il Bniet, Mellieha, Mgarr and Loretu, whereas
C2 includes genotypes collected in Haz Zebbug and Kappara but mostly from Pembroke
and Bidnija.
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Figure 2. The evolutionary history of Maltese genotypes inferred using the neighbor-joining method.
The branches in light blue belong to lineage E1, and the branches in fuchsia indicate lineage E2. C1
and C2 indicate the two main clusters.

From the 190 analyzed samples, 46 SSR profiles were identified, each corresponding to
a unique genotype. These latter Maltese genotypes were enclosed in different groups (G)
(Figure S1). Among all analyzed samples, 11 groups and 35 single genotypes, including
trees with canopy and rootstock of the same genotype were clustered by NJ tree. The first
group (G1) includes three identical samples, with only one allele difference with respect to
the G2 group. This latter group includes a large number of samples (76), most of which were
collected under different names and in different places throughout the islands (synonymous
cases). The SSR profiling of canopies and rootstocks enable identification of 29 cases of
grafting; in some cases the rootstock showed a unique profile, such as 2 Qanotta R, 3 Hal
Lija R and 1 Mosta R. In other cases, the rootstock was genetically identical to the canopy of
other trees, such as G1, G3, G4, G6, G10 and G11. Sixteen genotypes were detected only in
rootstock, of which nine belong to the E1 lineage, with seven from the E2 lineage (Figure 2).

The ten loci used in this study showed a high degree of polymorphism among
46 unique Maltese genotypes, with a total of 116 alleles (Table 1). The number of alle-
les among all samples ranges from a minimum of 6 at the GAPU71B locus to a maximum
of 20 alleles at DCA9 and DCA16. The number of effective alleles ranges from 2.50 to 5.75,
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and the Shannon information index ranges from 1.35 to 2.13. Ho (0.76) was generally found
to be higher than He (0.72), except in the cases of EMO90, GAPU101 and UDO43. Fixation
values (F) were negative on average, excluding EMO90 and GAPU101, and a negligible
or moderate number of null alleles was observed. The PIC values were higher than 0.5 at
all loci, with an average value of 0.69 and the maximum discrimination power for DCA16
(0.81) and DCA9 (0.78).

Table 1. Indices of genetic diversity of 190 samples for each SSR locus: number of alleles (Na), number
of effective alleles (Ne), Shannon’s information index (I), observed heterozygosity (Ho), expected
heterozygosity (He), fixation index (F), presence of null alleles (Fnull), polymorphism information

content (PIC), private allele (PA) and Private allele frequency (PAf).

Locus Na Ne I Ho He F Fnull PIC PA PAf
DCA3 9.00 4.36 1.70 0.91 0.77 -0.18 —0.10 0.74 - -
DCA5 8.00 3.28 1.46 0.78 0.69 —-0.13 —0.07 0.65 - -
DCA9 20.00 5.10 2.03 0.95 0.80 -0.19 -0.10 0.78 164,170 88??’
DCA16 20.00 5.75 2.13 0.94 0.83 —-0.14 —0.08 0.81 216 0.011
DCA18 12.00 4.25 1.68 0.94 0.76 —-0.23 —-0.12 0.73 157 0.011
EMO90 7.00 2.50 1.14 0.41 0.60 0.32 0.22 0.53 - -
GAPU71B 6.00 3.39 1.35 0.83 0.71 —0.18 —0.10 0.66 - -
GAPU101 9.00 3.10 1.50 0.57 0.68 0.15 0.13 0.65 - -
GAPU103A 11.00 3.29 1.47 0.78 0.70 -0.12 —0.07 0.65 - -
UDO-043 14.00 3.09 1.65 0.48 0.68 0.29 0.21 0.66 184 0.011
Mean 11.60 3.81 1.61 0.76 0.72 —0.04 —0.01 0.69

The cpSSR markers that were applied to discriminate the lineage of Maltese genotypes
showed two distinct lineages, E1 and E2, among 190 analyzed samples (Figure 2). Seventy-
one samples belong to lineage E1, whereas the majority of the samples (119) belong to
lineage E2. Moreover, in 20 of 29 grafted trees, canopy and rootstock belong to two distinct
lineages: in 13 trees, lineage-E1 canopy was grafted on rootstock of lineage E2, and in seven
trees, lineage-E2 canopy was grafted on E1 rootstocks (Figures 2 and 3).

1cm
ey

1 Bidni (E2) 2 Qanotta {(E2-C/E2-R) 3 Loretu (E1-C/E2-R)

Figure 3. Ancient trees and their fruits from the analyzed genotype. The lineage of the tree (when
not grafted) or the lineages of the canopy/rootstock in case of grafting among different genotypes is
indicated in parentheses.
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3.2. Genetic Differentiation of Maltese Genotypes

A population structure analysis of data on the 46 unique Maltese genotypes showed
stabilization in terms of log-likelihood values of AK at K = 3, assigning individuals to
a population for values above 60%, except in cases of intermixed genotypes (Figure 4).
Eleven genotypes were placed in population 1 (POP1), 18 in POP2 and 17 in POP3. The
first population is characterized by the presence of G1 and G2 groups. The second popu-
lation (POP2) includes several samples from the Pembroke collecting site, whereas POP3
comprises almost all genotypes belonging to the E1 lineage. Among seven cases of grafting
in which an E2-lineage canopy was grafted on an E1 lineage, five rootstocks were present
in POP3, 3 Mtarfa R (G5), 1 Mtarfa R (G5), 2 Bidni R, 4 Mtarfa R and 4 Wardija R (G11),
among which the Italian cultivar Nocellara del Belice (G4) was also present.

100%
80%
60%
40%

20%

0%

1 MostaR

3 Imgiebah C/R
3 Bidni R

3 Bingemma Malta R (G11)
2 Bidni R
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1 Caritas C (G8)

5 Kemmuna C

Figure 4. Genetic structure of the unique genotypes of the Malta Islands based on SSR markers. The
group in which the genotype was clustered is indicated in parentheses. Each vertical bar represents
single accession, and colors distinguish between three detected populations. Olive samples with
more than one color indicate an admixture in their genetic composition.

Population differentiation values derived by D,s, Gs; and Fy pairwise matrices (Table 2)
calculated among the three identified populations, showing the highest values between
Pop2 and Pop3 genotypes calculated by D,s; and Gs;, whereas for Fs;, the highest value was
among Pop1 and Pop2. The lowest values were between Popl and Pop3 samples for all
three matrices.

Table 2. Pairwise population matrices of D,s;, Hedrick’s standardized G’st (G's; (Hed)) and Fs; among
unique Maltese genotypes.

POP1 POP2 POP3

Dest POP1 0.000 0.001 0.001
POP2 0.333 0.000 0.001

POP3 0.316 0.380 0.000

G’st (Hed) POP1 0.000 0.002 0.002
POP2 0.372 0.000 0.002

POP3 0.348 0.413 0.000

Fst * POP1 0.000 0.001 0.001
POP2 0.077 0.000 0.001

POP3 0.066 0.066 0.000

* Fst = inbreeding coefficient within subpopulations; relative to total = genetic differentiation among populations;
Fg = (Hi-Hs)/Hy; G’ (Hed) = Hedrick’s standardized G’ further corrected for bias when the population is small;
Dest = Jost’s estimate of differentiation. Values for Dest, G's¢ (Hed) and Fy; are below the diagonal. Probability (P)
(rand > data) based on 999 permutations is shown above the diagonal.
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3.3. Genetic Diversity and Differentiation between Maltese and Worldwide Genotypes

The NJ tree based on SSR data of all Maltese samples (190), when analyzed with
475 worldwide genotypes, confirmed a high genetic diversity among Maltese samples and
highlighted the cases of similarity or identity with cultivars from other countries. The
665 genotypes were divided in two clusters and five subclusters. The Maltese genotypes
were group in three subclusters, mainly positioned near Italian, Algerian, Tunisian and
Spanish cultivars (Table S1; Figure S2). The genotypes identical to known cultivars, posi-
tioned at G4 of the NJ tree (Figure S1), showed the same genetic profile as Sicilian cultivar
Nocellara del Belice. The 3 Gudja samples were identical to the Ottobratica cultivar from
the Calabria region of Italy (Figures S1 and 5).

EGY

ALG oo MT_ ALGCYPTR  CRO g ) Af‘ MT TUN crO
mo SP EGY J
TUN IS FR y
ALB GR

IR
SLO

Jo
USA
MEX

A /PR TR
. sLo

Figure 5. Genetic structure of the unique Maltese and international olive genotypes based on SSR
markers. Each vertical bar represents single accession, and colors distinguish between three detected
populations. Olive samples with more than one color indicate an admixture in their genetic composition.

Bayesian cluster analysis of the unique Maltese genotypes (46) and 475 international
olive genotypes showed that the number of most likely subpopulations peaked at K =3
(Figure 5). POP1 includes 184 genotypes, among which 41 out of 46 are Maltese genotypes,
whereas the other olive cultivars are represented mostly by the Italian olive germplasm.
There were a total of 22 intermixed genotypes with no exact assignment, including 1 Caritas
C, 1 White Rocks C and 7 Pembroke C. The second population (POP2) comprises 149 geno-
types, mostly from the eastern part of the Mediterranean Basin, such as Syria and beyond,
with only three Maltese genotypes—1 Mdina R, 1 Kemmuna C and 3 Bingemma Malta R,
in this population. It also includes 23 intermixed genotypes, none of which is from Malta.
Finally, POP3 includes 188 genotypes, mainly of Spanish origin, with only two Maltese
varieties, 1 Caritas R and 4 Pembroke C. POP3 contains a high percentage of intermixed
genotypes, among which only 4 Pembroke C samples are from the Maltese genotype.

The genetic differentiation among populations, calculated with Des, Gs; and F; pair-
wise matrices among the three POPs, showed the highest value between POP1 and POP3,
with the lowest differentiation measured among POP1 and POP2 (Table S3A). To better
explain the genetic affinity or differentiation among Maltese genotypes and the three others
POPs identified by the worldwide genotype structure analysis, we performed a pairwise
matrix analysis. The results confirm the highest differentiation among the Malta POP with
POP3 and the lowest differentiation occurring among Malta POP and POP1 (Table S3B).

Using the same four populations we performed a frequency analysis in order to calcu-
late genetic diversity between populations. The highest Na (18.80) corresponded to POP2,
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with the fewest genotypes, whereas POP3, with 186 samples, had the lowest Na (14.40) and,
as observed above (Table 1), the Malta POP, with just 46 unique genotypes, contained a
considerable number of alleles (11.60) (Table 3). Moreover, in all three POPs, excluding the
Maltese genotypes, the observed heterozygosity (Ho) was higher than expected (He), with
a negative fixation index value, especially in POP3. The most private alleles (PAs) were
found in POP2, whereas POP3 contained only seven PAs. The 46 unique Malta genotypes
comprise five private alleles, with a considerably higher frequency than that of the three
others POPs (Table 3).

Table 3. Genetic diversity among populations: number of alleles (Na), observed heterozygosity (Ho),
expected heterozygosity (He) and fixation index (F), number of private alleles (nPA) and average of
private allele frequency (PAf).

POP Na Ho He F nPA PAf
Malta Mean 11.60 0.80 0.81 0.01 5 0.013

SE 1.59 0.04 0.02 0.03 :
POP1 Mean 17.10 0.84 0.82 —0.02

SE 210 0.02 0.02 0.03 15 0.006
POP2 Mean 18.80 0.83 0.82 ~0.01

SE 1.87 0.03 0.03 0.01 33 0.007
POP3 Mean 14.40 0.83 0.73 ~0.13

SE 1.63 0.07 0.06 0.04 7 0.004

4. Discussion

A survey of Maltese olives and their genotyping through nuclear and chloroplast SSR
markers on a wide set of local and ancient olive trees confirmed the rich diversity and
uniqueness of this germplasm. According to archaeological and geoarchaeological evidence,
olive trees were certainly present in Malta during the Roman period [34-36]. Palynological
studies have shown that the intensification in Olea cultivation during the Roman period
corresponded with that observed in Tripolitania, Libya, Spain and Levant [21,51,52]. The
survival of ancient olives throughout the Mediterranean area and beyond has been reported
in several studies [9,11-13,15], and molecular identification has confirmed the unknown
genetic profile [9], recurrently with stable production and high quality and quantity of
the oil [53]. Considering their long lifetime, a significant tolerance to biotic and abiotic
stresses can be assumed. A carbon dating study on the ancient trees of Bidni (Bidnija grove)
estimated an age of 400600 years or slightly earlier [35]. The identity of characterized
local Maltese cultivars Bidni, Malti and White olive or Bajda [36] could not be directly
verified in the present study due to the nature of molecular markers that were applied in
previous studies. Moreover, Mazzitelli et al. [36] reported that the sampling place of the
Bidni cultivar that corresponds to the sampling place of the present research contained an
“olive grove with 26 massive trees”, confirming the uniqueness of the Bidni genotype not
only as canopy genotype but also containing rootstock of other trees, which form group
six in the NJ tree. The Malti cultivar, which was previously reported as the most diffused
cultivar in Malta [36], could correspond to the group two of the NJ tree, which include
the majority of analyzed samples from the Maltese Islands. It is possible to confirm the
ancient cultivation of this genotype not only as grafted canopy but also as rootstock of other
genotypes, such as the case of 1 Kemmuna, 2 San Blas, 2 Bingemma Malta and 4 Loretu
that have this genotype as rootstock grafted with a different genotype. The White olive
or Badja could correspond to the genotype including 1 Caritas and 2 Bingemma Malta
canopies analyzed in the present study, which are white-colored drupes. Given that we
found this genotype only in the canopy of two trees, it could be supposed that it is not a
widespread cultivar in Malta but was probably introduced to the islands and grafted on
the most diffused genotype (2 Bingemma Malta R, G2) and endemic oleaster, 1 Caritas R,
both from the E2 lineage.
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A separated genotyping of different tree parts, such as canopy and rootstock, showed
the presence of at least two genotypes per plant, confirming the occurrence of grafting
propagation in 29.6% of cases among total analyzed trees. Grafting practice was developed
almost 4000 years ago and was the key element in the domestication process [54]. This
observation confirms what has been previously shown in other countries, such as Spain,
Italy, Palestine/Israel, Cyprus and Turkey [9,11,17,55,56]: that majority of ancient trees
were grafted. In some cases, grafting occurred between two distinct lineages, confirming
a different maternal origin and, presumably, different phases of olive cultivation that
occurred in Malta during the last millennia. Studies based on chloroplast markers [2,3,15]
have demonstrated that the majority of the cultivated varieties belong to the E1 lineage as a
result of human-influenced dispersal from the east to the west of the Mediterranean. On
the contrary, the E3 lineage, mostly diffused in the west Mediterranean [2], was not found
in any of the Maltese samples. Thus, the high genetic variability of Malta rootstocks and,
above all, the prevalence of the E2 lineage, which is endemic to the central Mediterranean,
could be attributed to the survival of a rich wild olive gene pool [32,57].

The use of wild olive trees as rootstock to increase tree vigor has been reported in
historical documents [58]. Some documents report the selection of wild olive as rootstock
thanks to their high rooting ability and then their propagation [59]. Alternatively, sexual
propagation has resulted in rootstock variation [60] of Maltese olive trees or from seed
dispersal from neighboring countries by birds. Therefore, it is probable that scions were
grafted on trees derived from seeds of cultivated trees or were spontaneous as wild types
inside on the Malta Islands or beyond. From 1 Buskett tree, for which a shoot sample was
also analyzed, the shoot lineage (grown on the main trunk) was the same as that of the
rootstock (E2), whereas the canopy was found to belong to the E1 lineage. This evidence
confirms that grafting was also applied to top of the trunk and not at its base, as was
often the case. In the Levant area [60], to improve agronomical aspects, such abiotic stress
tolerance, specific scion/rootstock genotype combinations were selected by farmers.

In the present study, different cases of canopy/rootstock combinations were found. In
some cases, such as samples G1, G2 and G6, rootstock of a tree had the same molecular
profile as the canopy of other trees and all of them were belonged to lineage E2. This
evidence confirms (i) the clonal propagation of rootstock, probably from an autochthonous
cultivar, followed by grafting with new or better performing-genotypes; (ii) the E2 lineage
refers not only to wild genotypes with small fruit and bushy plants but also to the well-
adapted ancient cultivation, in some cases with large fruits, as in the case of 2 Qanotta
(G2), which has also been observed in other Mediterranean cultivars, such as Picholine
Languedoc and Lechin de Sevilla, both from the E2 lineage [31,32], with large and medium
fruit size, respectively. The other cases of canopy/rootstock combinations were observed
in the G3, G5, G10 and G11 genotypes, and a unique genotype was clonally propagated
to be used as rootstock or as canopy, confirming the use of a specific genotype with better
performance in that place. In the latter case, all the genotypes were found to belong to the
E1l lineage. A considerable number of unique genotypes were detected only in rootstock
from both lineages. As reported by Besnard et al. [2], the E2 lineage is represented mostly
by central Mediterranean oleasters, with only a few percent represented by cultivars. The
presence of ancient trees (the case of Bidni trees) or canopies of the E2 lineage confirms
the possible role of the oleaster population in the local selection of suitable genotypes with
large fruit, which were clonally propagated through cuttings. Population structure analysis
showed that genotype from the Pembroke site, included in POP1, showed a high level of
relatedness within the group (excepting samples 6 and 7) carrying the E2 lineage, with a
tree morphology characterized by bushes with few leaves and fruits, which may lead us
to assume that they could represent a real, autochthonous remnant of a wild population
in Malta.

For millennia, Malta has represented a site of strategic military importance, with
no specialized management of crop systems, including olive. The relevant diversity of
Malta ecosystems, with main vegetational assemblages represented by maquis, garigue and
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steppe; limited infrastructure, such as terraces, water catchments and irrigation channels;
and the presence of grazing animals [61], may have co-occurred with the establishment
of a seminatural olive cultivation system and the development of an autochthonous olive
germplasm, with a contribution of surrounding regions. Based on this evidence, the olive
diversity developed in Malta Islands may have been almost solely contributed by local
farmers by selecting the most promising wild trees based on fruit and tree size [62]. Similar
olive domestication processes have been described in North Africa, where natural events
and grazing could have favored the selection of vigorous oleasters, which were extensively
used prior to the arrival of Punic, Greek and Roman influences [23,63]. In the southern
and eastern Iberian Peninsula, olive domestication seems to have occurred two millennia
before colonization by Phoenicians and Romans [3]. The introduction of cultivars from
surrounding regions may have occurred long after, thanks to the trading activities carried
out first by Phoenicians and later by Romans and Sicilian Arabs.

The phylogenetic study of Maltese samples together with 475 international genotypes
also confirmed the genetic similarity among cultivars from Malta and Italy (particularly
the nearby regions of Sicily and Calabria) and Algerian genotypes, such as in the case of 1
Mellieha, 5 Kemmuna C and 1 Bingemma Malta R (G11). The geographic position of these
countries may have affected the local genetic diversity of the Maltese Islands. The most
common genotype in Malta is clustered with an Algerian variety, Akenane, and others are
grouped with Chemlal de Kabylie, with some samples corresponding to the Sicilian cultivar
Nocellara del Belice and others were identical to the Ottobratica cultivar from a south Italian
region, Calabria. Other Maltese genotypes, such as 4 Vortex, 3 Loretu C and 4 Loretu C
are clustered near Dokkar, Canino, Blanqueta and Olivastra Seggianese, cultivars that are
genetically close to wild olives [32] or directly belonging to the E2 lineage [3,31]. The
assignment of almost all Maltese genotypes to the first population, together with 85 Italian
cultivars, has again confirmed a strong gene flow between the neighboring countries and
the Maltese Islands. Moreover, Maltese olives exhibited the highest genetic differentiation
with the olive germplasms of western Mediterranean countries, such as Spain, France and
Morocco, probably as a result of a founder effect followed by an isolation by distance and
then low geneflow among these countries in ancient times.

5. Conclusions

Ancient and local olive genotypes may have developed in Malta Islands in traditional
agricultural systems as a result of selection due to both natural factors and by farmers over
long periods of time, followed by the direct introduction from neighboring regions and
possible intercrossing with local olives. The Malta Islands represents a center of local domesti-
cation and selection of olive genotypes with a possible autochthonous origin. The availability
of this large set of unique and highly differentiated genotypes is critical to ensuring the
adaptability to new agro-environmental challenges and future climatic constraints.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su141710684 /s1, Figure S1: The evolutionary history of Maltese
genotypes inferred using the neighbor-joining method. Samples with a different name but identical
genotype are enclosed in eleven different groups; Figure S2: Phylogenetic analysis of Maltese
genotypes and international olive germplasms inferred using the neighbor-joining method. The
branches in light green indicate Maltese genotypes; Table S1: Names and GPS coordinates of Maltese
olive samples collected from canopy, shoots and rootstock. International olive germplasms and
their countries of diffusion; Table S2: Chromosome position of each of the ten SSR markers in Olea
europaea subsp. europaea var. sylvestris [49] and var. europaea cv. Leccino (OLGENOME project);
Table S3: Genetic differentiation among the three populations of structure (A) and between Maltese
and worldwide genotypes (B) calculated through pairwise population matrices of D,s;, Hedrick’s
standardized G’ (G'st (Hed)) and Fg;.
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