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* Background Unravelling domestication processes is crucial for understanding how species respond to
anthropogenic pressures, forecasting crop responses to future global changes and improving breeding programmes.
Domestication processes for clonally propagated perennials differ markedly from those for seed-propagated
annual crops, mostly due to long generation times, clonal propagation and recurrent admixture with local forms,
leading to a limited number of generations of selection from wild ancestors. However, additional case studies are
required to document this process more fully.

* Scope The olive is an iconic species in Mediterranean cultural history. Its multiple uses and omnipresence in
traditional agrosystems have made this species an economic pillar and cornerstone of Mediterranean agriculture.
However, major questions about the domestication history of the olive remain unanswered. New paleobotanical,
archeological, historical and molecular data have recently accumulated for olive, making it timely to carry out a
critical re-evaluation of the biogeography of wild olives and the history of their cultivation. We review here the
chronological history of wild olives and discuss the questions that remain unanswered, or even unasked, about
their domestication history in the Mediterranean Basin. We argue that more detailed ecological genomics studies
of wild and cultivated olives are crucial to improve our understanding of olive domestication. Multidisciplinary
research integrating genomics, metagenomics and community ecology will make it possible to decipher the
evolutionary ecology of one of the most iconic domesticated fruit trees worldwide.

* Conclusion The olive is a relevant model for improving our knowledge of domestication processes in clonally
propagated perennial crops, particularly those of the Mediterranean Basin. Future studies on the ecological
and genomic shifts linked to domestication in olive and its associated community will provide insight into the

phenotypic and molecular bases of crop adaptation to human uses.
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INTRODUCTION

The cultivated olive (Olea europaea L. subsp. europaea var.
europaea; Box 1) is considered to be the most iconic tree of the
Mediterranean Basin, with origins linked to the emergence of some
of the most ancient civilizations, about six millennia ago (Loumou
and Giourga, 2003; Kaniewski et al., 2012; Zohary et al., 2012).
In classical times, olive cultivation expanded to new regions and
intensified around the Mediterranean Basin and beyond (Infante-
Amate et al., 2016). Today, hundreds of olive varieties are grown
to produce high-quality fruit for oil and for table consumption
(Bartolini er al., 2005), but debate about their origins continues
(e.g. Diez et al., 2015; Besnard and Rubio de Casas, 2016). The
relationships between cultivated olives and wild Mediterranean
olives [Olea europaea subsp. europaea var. sylvestris (Mill.) Leh.,
or the so-called oleaster; Box 1] are also unclear. The multiple uses
of cultivated and wild olive trees, as sources of food, wood and
cattle fodder, explain the expansion of olive groves with the spread
of human civilization. The dual role of olives as both wild elements

of the Mediterranean vegetation and as a cultivated crop has posed
challenges to researchers trying to decipher the domestication his-
tory of this species. It also remains difficult to distinguish between
feral (escaped from cultivation) and genuinely wild Mediterranean
olives, even with the recently developed use of genetic and pheno-
typic traits to assist identification (Box 1). Such a tenuous domes-
tication syndrome is a key issue that has affected research carried
out on domestication of the olive, but also of other Mediterranean
woody crops such as grape and date palm (Zohary et al., 2012).
For all these reasons, there has long been speculation about the ori-
gin and domestication history of olives, mostly based on botanical
data (e.g. Newberry, 1937; Chevalier, 1948; Turrill, 1951).

The recent accumulation of paleobotanical, archeological,
historical and molecular data (e.g. Terral et al., 2004a; Carrién
et al., 2010; Kaniewski et al., 2012; Besnard et al., 2013b;
Margaritis, 2013; Newton et al., 2014; Diez et al., 2015;
Rugini et al., 2016; see Supplementary Data Table S1 for cur-
rent available genetic data) has made a crucial re-evaluation
of the biogeography of wild olives and the history of their
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Box 1. Ecology of wild olives and the domesticated status of cultivated olives

Six wild olive subspecies are currently recognized (Fig. B1 A) and considered to be primary genetic resources for cultivated
olive breeding (Zohary, 1994; Green, 2002). They are diploid, except for subspp. maroccana and cerasiformis, which are
polyploid (6x and 4x, respectively; Besnard et al., 2008). In tropical and sub-tropical regions, non-Mediterranean olives
(subspp. cuspidata and laperrinei) harbour small fruits (diameter generally <8 mm; Médail et al., 2001) and trees usually
grow in mountainous areas (Fig. B1 B). The African olive (subsp. cuspidata) can also invade anthropogenic habitats, as
observed in Australia (Fig. B1 C). The taxonomy of the olive complex is relatively well supported by genetic data (e.g.
Rubio de Casas et al., 2006; Besnard et al., 2007). Each subspecies harbours specific plastid lineages/sub-lineages, with
several lineages/sub-lineages detected within the four diploid subspecies. The 13 plastid lineages/sub-lineages are specified
on the map (Fig. B1 A).

Nuclear and plastid DNA data (e.g. Angiolillo et al., 1999; Besnard et al., 2007) show that the main wild progenitor
of the cultivated olive (O. europaea subsp. europaea var. europaea) is the wild Mediterranean olive, also known as the
oleaster (O. europaea subsp. europaea var. sylvestris; Fig. B1 D). Two main oleaster genepools have been identified

C1

i, B subsp. cerasiformis
)  subsp. cuspidata
 subsp. europaea
1 subsp. guanchica
B subsp. laperrinei
B subsp. marocanna
7 4

FiG. B1. The olive complex (Olea europaea L.). (A) Native distribution of wild olive relatives (according to Rubio de Casas et al., 2006). Six subspecies
are currently recognized (Green, 2002). The plastid DNA data set used to define lineages (and sub-lineages) is available in Supplementary Data Table S2
and Fig. S2. Dotted lines indicate approximate limits of the distributions of two adjacent plastid lineages (indicative for putative secondary contacts). Note
that lineages E2 and E3 are admixed in western Oleaster populations (subsp. europaea); (B-F) Various habitats with wild or cultivated olives in native and
invasive ranges. (B) Ramets from the same stump of a Laperrine’s olive at Akerakar, south Algeria. Subspecies laperrinei persists in very dry habitats (mean
annual rainfall <100 mm); (C) African olive invasion at Mt Annan, NSW, Australia (photo credit: Peter Cuneo). Subspecies cuspidata is highly invasive in
east Australia, north New Zealand and Hawaii. It usually colonizes disturbed habitats, such as abandoned pastures in particular (Cuneo and Leishman, 2006);
(D) scrubland dominated by oleasters at Lageia, Cyprus; (E) Traditional agrosystem with cultivated olives in northern Morocco (Chefchaouen, Rif). Annual
crops (here, wheat) are usually cultivated between trees; (F) monoculture of olive trees near Mattinata, Puglia, Italy. A small number of genotypes (usually
one or two major clones) are generally cultivated in such agrosystems.
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in the Western and Eastern Mediterranean Basin (Besnard et al., 20015, 2013b; Breton et al., 2006; Belaj et al., 2007,
2011; Diez et al., 2015). Two specific plastid lineages (E2 and E3) are admixed in the Western Mediterranean Basin,
and one lineage (E1) is highly diversified in the Eastern Mediterranean Basin (Besnard et al., 2013a). Nuclear DNA
sequences have also revealed two or three divergent lineages of alleles in oleaster, with a weaker geographic structure
than for chloroplast markers (Besnard and EI Bakkali, 2014). This contrasting phylogeographic patterns between plastid
and nuclear markers can be explained by differences in inheritance pattern (i.e. maternal for chloroplast markers and
biparental for nuclear markers). However, the absence of a strong phylogeographic signal for nuclear markers probably
reflects metapopulation dynamics, with recurrent breaks in gene flow and reconnections due to environmental changes
(Rubio de Casas et al., 20006).

Oleaster and cultivated olive have overlapping distributions, ecological and morphological features, to the extent that the
domesticated nature of olive is often questioned, as for many other perennials (Miller and Gross, 2011; Gaut et al., 2016;
Gros-Balthazard et al., 2016). Historically, olive domestication processes have involved the selection of trees propagated by
vegetative means and the repeated cultivation of spontaneously growing trees with favourable agronomic traits. Such mix-
tures of practices have continually shaped ecological, morphological and genetic differentiation between wild and cultivated
trees since pre-historic times, through a long-standing process aiming to optimize fruit production (e.g. Terral et al., 2004a;
Newton et al., 2014), and they continue to occur at various sites throughout the Mediterranean Basin. On dissection, cultivated
olives and genuine oleaster fruits can be differentiated on the basis of ecological, morphological and genetic differences. Both
cultivated and wild olive populations display significant genetic differentiation, despite the occurrence of numerous feral and
admixed forms (escapees from cultivation), which considerably blur the pattern of genetic and phenotypic differentiation (e.g.
Bronzini de Caraffa et al., 2002; Breton et al., 2006; Belaj et al., 2007, 2011; Hannachi et al., 2008; Besnard et al., 2013a, b;
Diez et al., 2015). This genetic differentiation is less strong in olive than in other fruit trees (Cornille et al., 2014; Gaut et al.,
2015), possibly due to the particularly long generation time (>100 years for population turnover) of this species and recur-
rent cultivated—wild gene flow. Abrupt changes in the size and shape of olive stones during the Bronze Age (from round to
elongate), with determinants other than environmental factors (Terral and Mengtial, 1999), also provide evidence for genetic
changes in the exploited germplasm. Finally, quantitative trait analyses have revealed a panel of phenotypic and genetic dif-
ferences between cultivated and wild olives for agronomic traits (Table 1). Furthermore, as genotypes can be maintained over
long periods, somatic mutations may have also arisen (e.g. self-compatibility; Breton et al., 2014), generating phenotypic and
genetic variability (Gaut et al., 2015).

TABLE 1. Main characteristics usually used to distinguish between oleaster and cultivated olive in the Mediterranean Basin

Criteria Oleaster Cultivated olive Remarks References
Ecology Scrublands (generally Agrosystems (crop fields, gardens) Wild and feral olives may be Alcantara and Rey (2003),
in association with encountered in similar habitats, but Lumaret et al. (2004),
Pistacia lentsicus, genuine oleaster populations may Carrién et al. (2010),
Rhamnus, Rosmarinus be restricted to remote areas. Non- Zohary et al. (2012)
officinalis, evergreen cultivated olives locally frequent
Quercus spp., Pinus in the agrosystem (e.g. pastures in
spp.) southern Spain or northern Morocco)

Fruit traits Round to elongate, Usually elongate, diameter Abrupt morphological changes during ~ Terral et al. (2004a), Médail
(size, shape diameter <8 mm, less 10-20 mm, fleshy mesocarp and olive domestication, as demonstrated et al. (2001), Hannachi
and oil fleshy mesocarp and high oil content (about 15-30 % by archeobotanical data. Feral olives et al. (2008), Belaj et al.
content) low oil content (about of wet matter) or admixed forms between wild (2011), Zohary et al.

5-15 % of wet matter). and cultivated olives may harbour (2012), Atienza et al.
Bird dispersed. intermediate traits. The genetic basis (2014), Pérez et al. (2014)
of fruits traits have been explored.

Tree Slow-growing, old trees Human management promoting Architectural traits influenced by Zohary et al. (2012), Biton

etal. (2012), Ben Sadok
et al. (2013, 2015)

often multistemmed,
young trees with
spinescent juvenile
shoots

architecture fast growth and more regular
fruiting. Usually more vigorous
trees than in the wild. Mostly
vegetatively propagated

(grafting or cuttings).

environmental conditions, but genetic
factors strongly control growth and
branching. Higher vigour of trees
possibly due to heterosis
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cultivation timely. Major issues in the domestication history
of the olive remain to be resolved, and these points are dealt
with in this review. Further investigations are required to elu-
cidate the processes underlying the primary domestication and

subsequent secondary diversification of olives. Besides, little
is known about the selection by humans of agronomic or adap-
tive phenotypic traits in olive. Improving our understanding of
the ecology of both wild and cultivated olives is also a critical
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step to deciphering their domestication history and assessing
their probable future resilience to global changes (Holliday
et al., 2017). Finally, a lot still needs to be learnt about the
biotic and abiotic interactions of olives with their environ-
ment. The recent spread of major pathogens and pests remains
also poorly explained (e.g. Verticillum, Phytophtora, olive fly;
Martelli et al., 2002; Nardi et al., 2010). Xylella fastidiosa, a
bacterium introduced from America and then disseminated by
native vector insects in South-East Italian olive groves, is a
prime example of the emergence of a pathogen, outbreaks of
which pose a serious threat to both cultivated and wild olives
(Saponari et al., 2014).

Here, we review the timeline of olive evolution in the
Mediterranean Basin from its origin during the Quaternary
until its domestication, diversification and selection for culti-
vation nowadays. In the light of new paleobotanical, archeo-
logical, historical and molecular data, we discuss the questions
that remain unanswered, or even unasked, and we propose to
study the ecological genomics of wild and cultivated olives to
unravel the puzzle of olive domestication. In particular, we dis-
cuss perspectives of multidisciplinary researches and highlight
recent technological advances in genomics, metabarcoding and
ecological modelling that hold great promise for further docu-
mentation of the domestication process of the olive, as well
as of other woody crops. These findings should contribute to
the sustainable management of cultivated olive germplasm for
future breeding programmes and for the conservation of wild
olive populations, particularly in the current context of global
change.

LATE NEOGENE PALEOGEOGRAPHICAL AND
PLEISTOCENE CLIMATIC CHANGES HAVE
SHAPED THE GENETIC DIVERSITY OF OLEASTER
POPULATIONS

The natural distribution of wild olives (Olea europaea)
extends from South Africa to South Asia, and encompasses
the Saharan mountains, Macaronesia and Mediterranean
countries (Green, 2002; Box 1). Paleobotanical data
attest to the occurrence of Olea sp. in Europe during the
Oligocene—Miocene boundary (gypsum flora of Aix-en-
Provence, South-east France; de Saporta, 1873). This taxon
became an important component of the vegetation of the
Mediterranean region during the Early Miocene (Suc et
al., 1984; Palamarev, 1989; Terral et al., 2004b), and was
probably an ancestor of the oleaster (Box 1). Phylogenetic
analyses have suggested that the most recent common ances-
tor of the six olive subspecies (Fig. 1) was present during
the Late Miocene or Early Pliocene [about 4.0—8.3 million
years ago (Mya); Besnard et al., 2009]. Gene flow between
North African and tropical African olive populations has
long been limited, due to successive phases of aridification
of the Saharan region from the Late Miocene until the pre-
sent (Schuster et al., 2006; Swezey, 2009), although condi-
tions in this area were more humid from 11 800 to 4900
years before the present (BP) (Tierney et al., 2017). This
limitation of gene flow may explain the early divergence of
subsp. cuspidata from the other subspecies (Besnard et al.,
2009). The divergence of the three extant plastid lineages
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of oleaster (E1, E2 and E3; Box 1; Fig. 1; Supplementary
Data Fig. S1) has been dated to the Late Pliocene or Early
Pleistocene (Besnard et al., 2013b), possibly around the time
of the Messinian salinity crisis (Miocene/Pliocene). With the
gradual establishment of the Mediterranean climate, thermo-
philic and xerophytic plant species (e.g. evergreen Quercus
sp., Olea sp. and Pistacia sp.) emerged and rapidly replaced
sub-tropical species (Suc et al., 1984).

The Pleistocene (from about 2.58 Mya to 11 700 BP) was
also characterized by extreme climatic events, with cold
and dry periods generally less favourable to thermophilic
Mediterranean species such as the olive. These environmen-
tal shifts influenced the distribution of many species and left
imprints in their genomes (Hewitt, 2004). The geographic dis-
tribution and genetic structure of wild olive populations are
the result of a long process of recursive contraction and expan-
sion in response to climatic shifts, and of the limited gene flow
imposed by geographic distance and natural barriers, such as
deserts and seas. Studies based on nuclear microsatellite mark-
ers have revealed the presence of two different oleaster genepo-
ols in the Western and Eastern Mediterranean Basin [i.e. “Wild
East’ (WE) and ‘Wild West” (WW), Fig. 2; Breton e al., 2006;
Besnard et al., 2001b, 2013b; Diez et al., 2015]. In parallel,
plastid markers have revealed strong differentiation between
eastern and western oleaster populations (Fig. 1A). Before the
spread of both oleaster and cultivated olives by humans, the
El plastid lineage was probably restricted to the east, from
the Levant to Greece, whereas the other two plastid lineages
(E2 and E3) were specific to the western and central regions
(Besnard et al., 2013b). A coalescent-based Bayesian approach
indicated that the three Mediterranean plastid lineages diver-
sified long before the Last Glacial Maximum, probably dur-
ing the long MISS5 interglacial period (from 130 000 to 74 000
BP; Besnard et al., 2013b). Nuclear and plastid DNA analyses
also revealed a natural zone of contact between eastern and
western wild olive populations in the Peloponnese (Besnard
et al., 2013a, b). Similar geographic patterns of genetic differ-
entiation and diversification have been observed for two other
shrubs found around the Mediterranean [Laurus nobilis and
Myrtus communis (Rodriguez-Sanchez et al., 2009; Migliore
et al., 2012)], suggesting that the climatic changes during the
Late Pliocene and Pleistocene had similar effects on different
Mediterranean species.

Genetic markers have also facilitated the identification
of hotspots of diversity in the wild olive and tracing of the
origins of cultivated genotypes, through the characterization
of nuclear and plastid DNA genepools, in particular (Box
1). Many plastid haplotypes (or chlorotypes) in oleaster are
confined to small areas, but a few have spread across the
Mediterranean Basin (Besnard et al., 2013b). Three regional
diversity hotspots for plastid DNA have been identified in the
Levant, the Aegean region and extending from southern Spain
to Morocco (Gibraltar to the Anti-Atlas). The high degree
of genetic diversity in these three areas suggests that they
have served as long-term refugia for the oleaster, a hypoth-
esis supported by paleobotanical data (Figueiral and Terral,
2002; Carrion et al., 2003; Terral et al., 2004b; Willner et al.,
2009; Biltekin et al., 2015) and species distribution modelling
(Besnard et al., 2013b). Barriers to dispersal (e.g. the Libyan
Desert, Adriatic and Aegean Seas, and Rechinger’s Line in
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FiG. 1. Distribution of chlorotypes (A) in oleaster populations, and (B) in the Mediterranean cultivated olive [based on data from Besnard et al. (2013b)]. Each

chlorotype is represented by a specific motif, as defined in Supplementary Data Fig. S1. The number of accessions (n) and the total diversity (H;

Nei, 1987)

of chloroplast DNA variation are given for each area and for the total sample. The size of pie charts is proportional to the number of individuals analysed per

area. Chlorotypes primarily found in oleaster were mostly observed in the East (from the Peloponnese to the Levant; lineage E1) and westernmost part of the

Mediterranean Basin (Iberian Peninsula and Morocco; lineages E2 and E3). Note that the geographic distribution of chlorotypes is clearly different between wild

and cultivated olives, despite the extensive admixture of these two forms. In the western Mediterranean oleaster, lineage E1 is represented by only three chlorotypes

(El-e.1, El-e.2 and El-e.3) that were recently introduced into this area with the human-mediated spread of Levantine cultivated olives (Besnard et al., 2013b). For
a detailed distribution of chlorotypes at the population level, see Besnard ez al. (2013b).

southern Turkey) and ecological factors (e.g. biotic interac-
tions or abiotic factors) may also have played a crucial role
in limiting long-distance dispersal, thereby maintaining strong
genetic differentiation between distant geographic areas even
during favourable, interglacial periods.

HUMAN-MEDIATED SPREAD AND FIRST USES OF
OLEASTER DURING THE HOLOCENE

During the post-glacial period (about 11 700 to 8000 BP), wild
olive populations recolonized the Mediterranean area from ref-
ugia, as shown by the fossil and sub-fossil records (Figueiral
and Terral, 2002; Terral et al., 2004b; Carrion et al., 2010). It
is thought that the expansion of olive populations was triggered

by climate and then favoured by human activity, as habitats
were cleared (e.g. green oak deforestation; Terral and Mengiial,
1999; Figueiral and Terral, 2002; Combourieu-Nebout et al.,
2013). Indeed, the abundance of olive trees in Holocene palyno-
logical records steadily increased with human activity in both
the Eastern and Western Mediterranean Basin (Carrion et al.,
2010). Several authors have documented the human exploit-
ation of oleaster since the Upper Paleolithic and Early Neolithic
(Kislev et al., 1992; Terral, 2000; Terral et al., 2004a; Carrion
et al., 2010; Kaniewski et al., 2012; Zohary et al., 2012). This
early exploitation and further spread was probably linked to
various uses, including fruit consumption, wood and cattle for-
age (Renfrew, 1972; Terral, 2000; Margaritis, 2013). Wild olive
foliage is still frequently consumed by cattle in the Cadiz prov-
ince (Spain), Corsica and Morocco, where this species remains
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Fic. 2. Bayesian inference of population structure (based on ten nuclear microsatellite loci) in the Mediterranean olive (including both cultivated and wild
accessions; 860 individuals), for K = 2, 3 and 5 clusters [modified from Besnard et al. (2013a)], inferred with a model-based clustering method implemented in
STRUCTURE v.2.3.4 (Pritchard ez al., 2000). Q is the membership coefficient. H’ is the similarity coefficient between ten runs for each K, and AK is an ad-hoc
measure described by Evanno et al. (2005). According to AK and H’, the most probable genetic structure model is K = 2 clusters (AK = 3536.7 and H’ = 0.99), with
most wild accessions from the Western and Central Mediterranean Basin (cluster WW; * or E-I in the article by Besnard et al., 2013a) distinguished from cultivars
and eastern wild accessions (cluster WE; or E-II); at K = 3, the western oleaster cluster remains but eastern cultivated olives and oleasters are distinguished from
western and central Mediterranean cultivars (cluster Q); and at K = 5, a trend for the occurrence of a cultivar cluster in each pre-defined geographic zone [i.e. West
(Q1), Central (Q2) and East (Q3)] is revealed, as reported by Haouane et al. (2011), Belaj et al. (2012) and Diez et al. (2012). Central Mediterranean cultivars
revealed the highest level of admixture among the Q1, Q2 and Q3 genepools, consistent with the inferred admixed ancestry of most of its genotypes, whereas
western and eastern cultivars were found to be more strongly assigned to their respective genepools. The five genetic clusters are named as described by Diez et al.
(2015). In each group (oleaster or cultivars), the individuals are classified on the axis, from left to right, according to their geographic origin (from west to east).

a major component of the landscape (Box 1). Olive trees also
provide livestock with shade in open habitats. Oleaster was
integrated into early Mediterranean agrosystems, as a corner-
stone species, but its early exploitation and spread around the
Mediterranean Basin and beyond [e.g. Tassili n’Ajjer (Besnard
etal.,2013a)] was considered by Renfrew (1972) and Margaritis
(2013) to be a pre-domestication step. Indeed, the practice of
pruning oleasters may have greatly favoured flowering and thus
fruit production, a critical step for olive domestication, even
before the selection and propagation of selected clones for their
agronomic value.

EARLY OLIVE DOMESTICATION DURING PRE-
HISTORIC TIMES AND THE REASONS FOR ITS
SUCCESS

Olive domestication is characterized by vegetative propaga-
tion of the most valuable genotypes (Zohary et al., 2012),
selected for their agronomic value (such as higher fruit set,
larger fruits and higher oil content), for their ability to grow
in anthropogenic environments and the ease with which they
could be vegetatively propagated through cuttings or graft-
ing. Olive cutting is relatively easy, but not the best way to
propagate this species, because cuttings of cultivated varie-
ties may have undesirable features (e.g. high sensitivity to soil
pathogens). Grafting is considered to be a major innovation in
the history of temperate and Mediterranean fruits and prob-
ably favoured the spread of these crops from the Middle East

and Central Asia to Western Europe (Juniper and Maberly,
2006). The grafting of cultivated olive varieties onto local
oleaster or ancient cultivars is a widespread practice (Diez
et al., 2011; Barazani et al., 2014; Aumeeruddy-Thomas et
al., 2017). Evidence of olive grafting is missing from the
archeological record, but this practice is documented in texts
and epigraphic data (Mudge et al., 2009). Olive grafting has
been reported since Classical times, particularly in Ancient
Greece and Ancient Rome, and is designed to provide pro-
ductive varieties with more hardy roots (in Pease, 1933). In
contrast to other fruit crops, such as grape or apple (Myles
et al., 2011; Cornille et al., 2014; Warschefsky et al., 2016),
the intentional breeding of rootstocks is poorly documented
in olive (Barazani et al., 2014, 2017). Barazani et al. (2017)
recently showed that scion/rootstock genotype combinations
are not randomly distributed, suggesting that growers may
have selected some combinations in the Levant area, possibly
to improve oil quality or drought tolerance.

Elucidating ancient cultural shifts linked to the beginning
of cultivated olive use and breeding is not a straightforward
task (e.g. Galili et al., 1997; Terral et al., 2004a; Kaniewski
et al., 2012; Zohary et al., 2012; Newton et al., 2014). Indeed,
the multiple uses of olive trees have made it difficult to inter-
pret archeological and sub-fossil data (i.e. pollen and charcoal
abundance; Kaniewski et al., 2009). Olive domestication can
be viewed as an ecological and historical process, that can
be studied within a multidisciplinary framework, through the
use of archeological, archeobotanical, historical and genetic
approaches.
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The archeological and archeobotanical evidence

Major human civilizations emerged in the Middle East dur-
ing the Neolithic, and archeological remains have demonstrated
the involvement of these civilizations in an olive oil trade dur-
ing the Chalcolithic period (6000-5500 BP; Galili et al., 1997,
Kaniewski et al., 2012; Zohary et al., 2012; Newton et al., 2014).
Olive domestication is generally thought to have begun after this
period (Liphschitz et al., 1991; Galili et al., 1997). Several stud-
ies have shown that olive cultivation was a regionally and tem-
porally diverse process, possibly due to climatic fluctuations
(e.g. Kaniewski er al., 2012; Langgut et al., 2016; Dighton et al.,
2017). Olive domestication probably occurred in a diffuse manner
in the Levant, making it difficult to track early origins based on
archeobotanical data alone. In areas far outside the natural range
of the oleaster, numerous finds of charred wood and stones associ-
ated with dates, pulses and cereals have provided indirect proof of
technological developments in agronomy, such as seedling trans-
plantation and crop irrigation (Neef, 1990; Newton e al., 2006;
Zohary et al., 2012). Kislev et al. (1995) used traditional morpho-
logical stone characters to describe numerous Chalcolithic olive
remains (dating from about 5600 BP) from a submerged site off
the Carmel coast in Israel. Their findings provide evidence sup-
porting the earlier existence of cultivation in localized regions.
Kislev et al. (1995) showed that oleasters growing near the site
were harvested by inhabitants, and concluded that the olive indus-
try preceded olive domestication by several centuries.

Archeological and archeobiological records (i.e. changes in
the size and shape of olive stones; Table 1) have also provided
evidence of olive exploitation and management in the Central
and Western Mediterranean during the Chalcolithic/Bronze
Age (4500—4000 BP), an extensive process that was probably
initiated during the Neolithic (e.g. Terral and Arnold-Simard,
1996; Terral, 2000; Terral et al., 2004a Margaritis, 2013;
Pagnoux, 2016; D’ Auria et al., 2017). In the southern and east-
ern Iberian Peninsula, abrupt changes in the shape of charred
olive stones recovered from Bronze Age settlements suggest
the presence of domesticated olives two millennia before the
arrival of the Phoenicians and Roman colonization, to which
the introduction of new varieties into the region and the devel-
opment of olive farming, respectively, are generally attributed
(Brun, 2003, 2004; Terral et al., 2004a). A concomitant sudden
increase in the numbers of olive stone remains was detected at
Eastern and Western Mediterranean archeological sites, corre-
sponding to the Late Bronze Age (about 3500-3000 BP; Terral
et al., 2004a; Newton et al., 2014), but morphotypes typical of
the Middle East did not appear in the western archeological rec-
ord until 1000-1500 years later (Newton e? al., 2014), attesting
to the fundamental role played by East—West human migrations
(e.g. (Chikhi et al., 2002) in the constitution of olive agrobiodi-
versity in the Western Mediterranean Basin.

The genetic evidence

The genome of current olive varieties bears witness to the
origin of cultivated olives largely from oleaster populations in
the Eastern Mediterranean region, consistent with a primary
origin in the Middle East (e.g. Besnard et al., 2001b, 2013a;
Lumaret et al., 2004; Baldoni et al., 2006; Breton et al., 2006;
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Diez et al., 2015). Three chlorotypes, common to wild olives
and belonging to lineage E1 (i.e. El-e.1, El-e.2 and El-e.3),
characterize about 90 % of cultivars (Fig. 1; Supplementary
Data S1). These chlorotypes are now observed in feral olives
throughout the Mediterranean Basin. The chlorotypes of the
remaining 10 % of cultivars belong to the E2 and E3 lineages
(i.e. E2.1, E2.2, E3.1 and E3.2). Based on the current distri-
bution of El diversity in oleasters, the main cultivated olive
chlorotypes (i.e. El-e.1, El-e.2 and El-e.3) are thought to have
originated along the current border between north-west Syria and
south-east Turkey, close to an area inferred to be suitable for the
long-term persistence of olive trees during the Late Pleistocene
(Besnard et al., 2013b). In contrast, a recent study suggested that
wild olives may have persisted over long time periods on the
Mount Carmel Coast (north-west Israel), where early cultivation
has been reported (Kislev ef al., 1992), and trees from this area
may have contributed to the cultivated olive genepool (Barazani
et al., 2016). However, several genetic studies have shown that
the oleaster populations of the Mount Carmel area are mostly
feral (e.g. Besnard et al., 2001b; Lumaret et al., 2004; Diez et
al., 2015). The presence of long-standing populations should be
also supported by endemic chloroplast haplotypes, but chloro-
plast profiling has revealed the presence of the main cultivated
haplotype only (El-e.1; Besnard et al., 2013b), suggesting that
these local wild forms probably escaped from cultivation.

Nuclear markers have also confirmed the strong eastern af-
filiation of the cultivated genepool, although a significant con-
tribution of western oleasters has also been demonstrated in the
Central and West Mediterranean Basin (Besnard et al., 2001b,
2013a; Lumaret et al., 2004; Breton et al., 2006; Diez et al.,
2015). In addition, studies of the nuclear genetic diversity of
cultivated olive have revealed a weak genetic structure in the
Mediterranean Basin, mostly explained by geographic origin
and different uses (i.e. oil or as whole fruits) of varieties (e.g.
Claros et al., 2000; Belaj et al., 2001; Besnard et al., 2001a;
Hagidimitriou et al., 2005; Owen et al., 2005; Marra et al.,
2013; Linos et al., 2014; Yoruk and Taskin, 2014; Biton et al.,
2015). These data, therefore, support multiple geographic ori-
gins of cultivars, but reflect a process of diversification in the
Central and West Mediterranean Basin (Besnard et al., 2001b,
2013a; Diez et al., 2015). However, these studies based on nu-
clear markers are not entirely satisfactory, because they were
based on limited oleaster samples or small numbers of loci.
Additional analyses will be required to refine the domestica-
tion and diversification scenario for cultivated olives (Box 2).
Additional sampling of genuinely wild olives will also be
required to determine whether there were diffuse origins of
domesticated olives in the Middle East (e.g. Barazani et al.,
2016; Langgut et al., 2016; Dighton et al., 2017).

Finally, the local selection of cultivars by farmers may have
played a key role during the recent diversification history of the
cultivated olive, as described for other woody crops, such as
grapes (Bowers et al., 1999; Myles et al., 2011; Bacilieri et al.,
2013). Parentage analyses on cultivated genotypes from the
same area (e.g. Marra et al., 2013; Diez et al., 2015) revealed
a narrow genetic basis of the current elite olive material in the
West Mediterranean Basin. In particular, Diez et al. (2015)
used a large number of cultivars to demonstrate that most south
Iberian varieties (group Q1) have a recent origin following a
strong bottleneck (possibly during the Al-Andalus period;
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Box 2. Single or multiple independent domestications: a challenging enigma.

New and older lines of evidence clearly indicate the existence of multiple centres of diversity for cultivated olive trees. The
characterization with nuclear microsatellites of comprehensive samplings of modern olive cultivars by independent research
teams revealed the existence of three main cultivated genepools (Figs B2 A, B) corresponding to three geographic areas: the
west, centre and east Mediterranean Basin (i.e. Q1, Q2 and Q3, respectively, according to Diez et al., 2012, 2015; see also
Haouane et al., 2011; Belaj et al., 2012; Besnard et al., 2013a). Other studies have reported regional structure, probably
due to the selection of very closely related individuals locally (e.g. Khadari et al., 2003; Breton et al., 2006; Albertini et al.,
2011; Muzzalupo et al. 2014). It remains unclear whether the centres of diversity result from one or multiple local domesti-
cation events. Diez et al. (2015) stressed the relatively close association between the Q2 group and the WW wild genepool,
with much greater plastid variation in Q2 than in Q1 and Q3 (Fig. B2 C). The Q2 group may, therefore, represent a separate
domesticated lineage originating from WW that subsequently admixed with cultivated eastern germplasm (Q3). Diez et al.
(2015) favoured this hypothesis of an independent domestication of Q2 because (1) multiple maternal plastid lineages may
reflect multiple domestication events; (2) admixture estimates suggest a substantial proportion of the WW group (20 %) in
Q2; and (3) Q2 cultivars bear some wild-like phenotypic characteristics, such as low endocarp weight and a smooth endocarp
surface (Belaj ef al., 2011; Klepo et al., 2013). This hypothesis remains to be explored, because cultivated olive diversification
may also have occurred in the Central and Western Mediterranean Basin not as the result of local independent domestication,
but as a consequence of admixture between local unselected pre-domesticated oleaster and cultivars introduced from the east

A B Qi
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FI1G. B2. Debate about olive evolutionary history and domestication. (A and B) Distribution of wild and cultivated genepools in the Mediterranean Basin
(Besnard er al., 2013a; Diez et al., 2015). (A) WW and WE (E-I and E-II, respectively, in the article by Besnard et al., 2013a) correspond to the western and
eastern Mediterranean oleaster populations that expanded extensively during the Holocene, with habitat clearance mediated by humans. Contact is thought to
occur in the Central Mediterranean area (e.g. Peloponnese; Besnard et al., 2013a). (B) Q1, Q2 and Q3 correspond to the main genetic clusters of cultivated olive
(Fig. 2; named according to Diez et al., 2015). (C) Simplified scenarios of domestication. Two alternative scenarios of population divergence and admixture are
proposed, but there are many other non-exclusive possibilities. In both cases, the divergence of eastern and western oleaster genepools is thought to have started
during the Late Pliocene (i.e. based on molecular dating; Besnard et al., 2009, 2013b), with possible gene flow (as indicated by arrows). Population reduction
followed by subsequent expansion is also thought to have occurred during the Last Glacial Maximum and the Holocene. On the left, a primary domestication
event (red circle) is thought to have occurred in the Eastern Mediterranean Basin, leading to Q3, whereas Q2 and Q1 were derived from admixture events (hori-
zontal connections) between Q3 and WW (for Q2) or Q3 and Q2 (for Q1). For Q1, the red question mark indicates a possible alternative admixture event involv-
ing local wild genepools (i.e. WW instead of Q2; see Diez er al., 2015). A bottleneck is also indicated for Q1, as revealed by Diez et al. (2015). On the right, two
independent primary domestication events are considered, one for Q3 in the Eastern Mediterranean Basin, and one for Q2 in the Central Mediterranean Basin.
As Q2 cultivars include a high proportion of E1 haplotypes (see Diez er al., 2015), and a relatively strong genetic affinity with WE on the basis of nuclear loci
(Fig. 2; Besnard er al., 2013a; Diez et al., 2015), we presume that admixture between WE and WW occurred before domestication, but it would be difficult to
distinguish between this scenario and early domestication from WW, followed by introgression from Q3, as suggested by Diez et al. (2015). The origin of Q1
is identical in both scenarios. Note that feral olives are not shown here, but could be considered as additional populations. Indeed, numerous intermediate forms
have probably escaped from cultivation and may have contributed to the diversification of cultivated olives.
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(Besnard et al., 20015, 2013a, b; Lumaret ef al., 2004; Baldoni et al., 2006; Diez et al., 2015). In accordance with this second
hypothesis, Besnard et al. (2013a) showed, through nuclear microsatellite analysis, that most Mediterranean cultivars were
assigned most strongly to the eastern oleaster genepool (cluster WE), whereas no cultivar was unambiguously assigned to the
western genepool (WW), including those with plastid lineages originating from the Western Mediterranean Basin (Fig. 2).
This finding supports the hypothesis that current elite cultivars either belong to the eastern genepool or are admixed. In add-
ition, several teams have reported a significant excess of heterozygosity in cultivated olive (Diez et al., 2011; Besnard et al.,
2014), consistent with the hypothesis of admixture-mediated diversification of the crop (i.e. a single initial domestication
followed by secondary domestication events). Biton et al. (2012) reported hybrid vigour in F, olive progeny, suggesting that
admixture between genepools may generate superior new genotypes (i.e. due to heterosis), particularly for agronomic traits
(e.g. fruits weight or oil content).

Alternative scenarios of independent local domestications, primary domestication followed by secondary diversification, or
this second scenario plus local domestication events can be formally tested (see propositions in Fig. B2 C), by approximate
Bayesian computation (ABC), for example (see Diez et al., 2015). Such investigations would require consensual sampling
and genetic markers. In particular, caution is required when feral olives are considered, because these trees originate directly
from cultivated olive and may be admixed with other spontaneously growing olives (Beghe et al., 2017). Their direct filiation
to cultivars is a strong limitation on studies aiming to assign cultivated trees to wild genepools (e.g. Breton et al., 2006), and
a large number of genetic markers and large samples of both cultivated and uncultivated olives will be required to distinguish
feral trees (escapees from cultivation) from genuinely wild olives. Admixed populations should also be avoided to exclude
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recent gene flow between cultivated and wild olives.

about 711 to 1492 AD). Using co-ancestry analyses, they iden-
tified two ancient genotypes that may have been the main pro-
genitors of Q1. Thus, selection of the Q1 cultivar group (which
includes some of the most important varieties worldwide, such
as ‘Picual’, ‘Cornicabra’, ‘Hojiblanca’, ‘Manzanilla de Sevilla’
and ‘Picholine Marocaine’) was initially based on a very small
number of genotypes.

BEYOND THE MEDITERRANEAN AND
HYBRIDIZATIONS BETWEEN OLIVE SUBSPECIES:
NEW OPPORTUNITIES FOR CROP DIVERSIFICATION?

Wild diploid olive subspecies are cross-compatible and can
be considered as primary genetic resources for improving
the cultivated olive genepool (e.g. Zohary, 1994; Besnard et
al., 2008; Hannachi et al., 2009; Klepo et al., 2013; Céceres
et al., 2015), although some genomic incompatibilities may
exist. As described above, wild olives are naturally distrib-
uted over three continents and grow in contrasting environ-
ments (Box 1; Médail et al., 2001; Green, 2002). They have a
considerable potential for crop improvement. The introgres-
sion of diversity from wild species into cultivated olive might
facilitate the introduction of various adaptive traits, such as
pathogen and pest resistance and/or lead to the production
of vigorous rootstocks resistant to extreme abiotic condi-
tions (e.g. Lavee and Zohary, 2011; Warschefsky ez al., 2014;
Arias-Calderén et al., 2015; Trapero et al., 2015). Non-natural
contacts between the cultivated olive and non-Mediterranean
wild relatives have been mediated by humans through the dif-
fusion of cultivars, and gene flow between different olive sub-
species has occurred in both the native and introduced ranges
of O. europaea (Besnard et al., 2013a, 2014).

Within its native range, the cultivated olive historically spread
beyond the boundaries of the Mediterranean Basin, further into
the Middle and Far East (from Iraq to south-wesr China), but
also into numerous oases (e.g. Palmyra, Syria; Kharga, Egypt;

Ziz, Valley, Morocco; Kufra, Libya; and Erkowit, north-east
Sudan), the Canary Islands and, possibly, the mountains of the
Sahara (Besnard et al., 2013a; Noormohammadi et al., 2014;
Mousavi et al., 2014, 2017; Hosseini-Mazinani et al., 2014;
Zhan et al., 2015; Djamali et al., 2016). During these vari-
ous introduction events, cultivated olives may have come into
contact with the wild subspecies cuspidata (e.g. China, Iran,
Arabia and north-east Sudan), guanchica (Canary Islands) or
laperrinei (Saharan Mountains). Crop diversification through
admixture with close relatives has been documented in other
fruits trees over their worldwide range, particularly for grapes
(Myles et al., 2011), apples (Cornille et al., 2012), almonds
(Delplancke et al., 2013) and date palms (Hazzouri et al.,
2015; Zehdi-Azouzi et al., 2015). There have been few stud-
ies of such a scenario in olives, but anecdotal cases of early-
generation hybrids (BC1 or BC2) between Laperrine’s olive
and Mediterranean olives have been reported (e.g. the cultivar
‘Dohkar’; Besnard et al., 2013a).

The cultivated olive has more recently been introduced into
new regions, such as the New World, New Zealand and Australia.
The introduction of multiple varieties, usually from different ori-
gins, has ensured the maintenance of substantial genetic diversity
in the cultivated genepool in these regions. During crop diffusion,
new genotypes (putatively more adapted to local conditions)
were also selected, after uncontrolled crosses occurred between
cultivars and feral olives (e.g. do Val et al., 2012; Mousavi et al.,
2014; Beghe et al., 2015). The wild African olive (O. europaea
subsp. cuspidata) was introduced into Australia, New Zealand
and Hawaii (Box 1; Cuneo and Leishman, 2006; Besnard ef al.,
2014). Mediterranean and African subspecies have both become
naturalized in south-east Australia (Cuneo and Leishman, 2006;
Cornuault et al., 2015; (Cuneo and Leishman, 2006; Cornuault
et al., 2015; Besnard and Cuneo, 2016). In this region, the selec-
tion of promising genotypes from naturalized olives has been
reported (Sedgley, 2004), and the possibility of introgression
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into these trees of material from subspecies cuspidata should be
investigated (see below).

TOWARD THE ECOLOGICAL GENOMICS OF OLIVE
DOMESTICATION

Domestication can be viewed as a window on human history,
but also as a model for studying short-term species evolution
and adaptation to different ecological conditions (i.e. natural
ecosystems vs. agrosystems; Holliday et al., 2017). Studies of
the processes of adaptation in the context of domestication are
also particularly relevant in terms of the crop community (pests,
pathogens or symbionts), with frequent host shifts involving
adaptation to new hosts following anthropogenic changes on the
environment (Stukenbrock and McDonald, 2008; Xing et al.,
2012; Gladieux et al., 2015). In this context, olive is a relevant
model for deciphering the evolutionary processes involved in
perennial tree species adaptation at different temporal and spa-
tial scales. Both archeological and genetic evidence has dem-
onstrated that olive domestication involved multiple spatial and
temporal steps, and that this process is still ongoing (Besnard
and Rubio de Casas, 2016; Diez and Gaut, 2016) as in several
perennial species (e.g. Miller and Gross, 2011; Myles et al.,
2011; Delplancke et al., 2013; Cornille et al., 2014; Hazzouri et
al., 2015). However, a full understanding of this complex eco-
logical process will require the elucidation of several aspects of
the olive domestication. Indeed, while the major components
of olive domestication are now relatively well established,
several unanswered, or even unasked, questions remain to be
addressed. (1) Can we detect a signature of selection associated
with olive domestication, i.e. what are the traits and associated
genes under selection in the cultivated olive? (2) Has there been
any ecological shift between cultivated and wild olives? If so,
with which ecological traits is it associated? (3) Was the associ-
ated community (e.g. pests, pathogens and symbionts) affected
by olive domestication? Conversely, did the associated commu-
nity play any role in olive domestication?

The answers to these questions lie in the analysis of signa-
tures of adaptation at both the ecological and genomic levels,
and neutral processes need to be taken into account through the
accurate determination of olive demographic history (Box 3).
Over the next few years, the flourishing of genomics methodol-
ogies has opened up new avenues of research for tackling these
issues (e.g. McClure et al., 2014; Plomion et al., 2016; Holliday
et al., 2017; Migicovsky and Myles, 2017; see Supplementary
Data Table S1).

The demographic history of olive: a prerequisite for investigations
of the ecological genomics of olive domestication

Archeobiological perspectives for tracking the domesticated
lineages. Analyses of sub-fossil or archeological records will
continue to shed light on the history of domesticated olives,
particularly their human-mediated spread, and recent advances
in archeogenetics and archeogenomics have opened up new
perspectives for such studies (e.g. Elbaum et al., 2006; Orlando
et al., 2015). Complete plastomes, mitogenomes and a draft
of the nuclear genome are now available for olive (Mariotti

Besnard et al. — On the origins and domestication of the olive

et al., 2010; Besnard et al., 2011; Cruz et al., 2016; Unver et
al., 2017; Van de Paer et al., 2018). These genomic materials
should facilitate investigations of targeted genes or genomic
regions of ancient DNA under selection during olive domestica-
tion, through the use of baiting methods (Orlando et al., 2015).
Such approaches have already been used in maize (da Fonseca
et al., 2015; Ramos-Madrigal et al., 2016). For olive, single
nucleotide polymorphisms (SNPs) have been used to track the
spread of the main cultivar chlorotypes from the East to the
West Mediterranean Basin (i.e. El-e.1 and El-e.2; Besnard
et al., 2013b). The characterization of dated sub-fossils for
such markers could help to clarify the timing of introduction
of the Levantine cultivated lineage into different regions and
to determine whether these introductions were linked to abrupt
morphological changes in olive stones. These archeogenomic
approaches may, however, encounter difficulties in the extrac-
tion of endogenous DNA from charred material, even with
gene baiting methods (Nistelberger et al., 2016). This approach
requires validation for organellar genomes, which should be the
most amenable to such analyses due to their haploid nature,
large numbers of copies per cell and available data concerning
the distribution of their polymorphisms in current wild and cul-
tivated olives.

The origin and parentage of cultivated clones. Fine genetic
characterization of ancient olive individuals on a regional scale
may reveal a succession of principal cultivated genotypes (vari-
eties) over time, with the replacement of some clones by oth-
ers (e.g. new varieties grafted onto ancient ones), possibly due
to past political or environmental changes. Monumental trees
may, therefore, provide indications about the history of varie-
ties, but it is essential to distinguish between rootstocks (wild
or cultivated) and grafted genotypes (e.g. Diez et al., 2011,
Barazani et al., 2014, 2016; Chalak et al., 2015; Lazovié et al.,
2016). A high diversity would be expected for rootstocks, with
mixtures of old varieties and oleaster, and the possibility of suc-
cessive grafts onto the same tree (e.g. Baldoni e al., 2006; Diez
et al.,2011; Barazani et al., 2014, 2016).

The combination of pedigree reconstruction or parentage
analyses with studies of historical records of variety use should
also shed light on the process of variety diversification at the
regional scale, as already demonstrated in grape (e.g. Sefc
et al., 1998; Bowers ef al., 1999; Myles et al., 2011). A few
parentage analyses based on nuclear microsatellites have been
reported for olive (e.g. Marra et al., 2013), but this approach is
sensitive to genotyping errors and possible mutations of such
highly variable loci (e.g. Barazani et al., 2014; Trujillo et al.,
2014). The discriminating power of genetic markers may also
be lower in genepools that have undergone strong bottlenecks
(especially Q1; Diez et al., 2015) and, in such cases, numerous
unlinked loci (>30-50 microsatellites) may need to be used.
With advances in sequencing technologies, thousands of SNPs
are now available for the genotyping of olive varieties (e.g.
Kaya et al., 2013; Biton et al., 2015; Ipek et al., 2016). SNPs
are less variable than microsatellites, but they are considered
to be more reliable (due to their great stability, easiness of
scoring and a better understanding of their mutation rates), and
this should make it possible to reconstruct robust pedigrees in
the near future. Among the most ancient varieties, it may be
possible to identify the major progenitors of current cultivars
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Box 3. Methodological prospects for the ecological genomics of olive domestication and of the olive—biotic community
interaction

The recent release of a reference genome for olive and oleaster (Cruz et al., 2016; Unver et al., 2017), together with new
population genetic frameworks designed to search for molecular signatures of evolutionary processes and to infer complex
demographic histories, have made studies of the genomic consequences of olive domestication timely. Resequencing of the
genomes of both wild and cultivated olives (as in date palm, peach and almond; Hazzouri ef al., 2015; Velasco et al., 2016) can
now be used for comparative and population genomics approaches, to infer demographic history and then to test for a precise
genomic signature of adaptation during olive domestication. In parallel, the diversity and evolution of olive-associated biotic
communities can also be investigated. The combination of these genomic approaches will provide us with a more precise
picture of the ecological and genomic consequences of olive domestication and, more generally, of adaptation in perennials.

THE DEMOGRAPHIC HISTORY OF CULTIVATED AND WILD OLIVES

When testing for signals of adaptation, a lack of knowledge of the demography of the species studied can greatly skew
estimates of allele frequency (Tiffin and Ross-Ibarra, 2014). It is therefore crucial to document and infer the demographic
history of the model species. The history of olive cultivars can be reconstructed from sub-fossil data (archeogenomics) and
current material (e.g. parentage analyses). Different hypotheses for single or multiple domestication events can then be tested
with diffusion theory-based models of demographic history (dady; Gutenkunst et al., 2009), MSMC (Schiffels and Durbin,
2014) or by ABC (Beaumont, 2010), as recently reported for several tree species (Cornille et al., 2012; Delplancke ef al.,
2013; Besnard et al., 2014; Gerbault et al., 2014; Diez et al., 2015; Mayol et al., 2015; Zhou et al., 2017). Genetic erosion
during cultivar selection must also be assessed, with recently developed population genomics methods created for use with
whole-genome sequences from hundreds of individuals. In particular, pairwise or multiple sequentially Markovian coalescent
(PSMC or MSMC) models can be used to infer changes in population size over time from SNP frequency spectra (Liu and Fu,
2015). However, this method requires high-quality genome sequences (i.e. good sequencing coverage per site over the whole
genome), to ensure that the estimated allele frequency spectra are accurate. The olive genome is relatively large (1.5-1.8 Gb;
Cruz et al., 2016), so such methods will entail high sequencing costs, and the varieties used must therefore be selected with
care (e.g. on the basis of genepool membership — Q1, Q2 and Q3 — or ancient vs. recent cultivars; Gross et al., 2014).
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TESTING FOR SIGNALS OF ADAPTATION DURING OLIVE DOMESTICATION

Recently developed methods can be used to detect different types of selection. These methods include genome scans
for signatures of positive selection (e.g. Hufford et al., 2012; Hoban et al., 2016; Booker et al., 2017), with the detec-
tion of hard or soft selective sweeps for candidate genes (e.g. Civail et al., 2015; Akagi et al., 2016; Velasco et al., 2016;
Hermisson and Pennings, 2017), and/or balanced selection for traits affected by heterosis or conferring parasite resistance
(e.g. Bento et al., 2017). It will also be relevant to investigate whether the genes or genomic regions under positive selec-
tion detected have resulted from wild-to-crop gene flow.

The power to detect genes under positive selection associated with olive domestication will be enhanced by large-scale phe-
notyping efforts spanning multiple years in several environments and including replicates of wild and cultivated individuals
in collections or common gardens (e.g. Belaj et al., 2012; El Bakkali et al., 2013; Ben Sadok et al., 2015; Le6n et al., 2016).
Over the last 10 years, segregating progenies have been used to identify genomic regions associated with agronomic traits
[quantitative trait loci (QTLs) for olive oil quality, fruiting, growth and tree architecture], but the precise genes responsible
for these trait variations remain unknown (e.g. Ben Sadok et al., 2013; Atienza et al., 2014; Pérez et al., 2014). Genome-wide
association studies (GWAS) with large SNP datasets associated with phenotypic agronomic traits will make it possible to
identify genes displaying signatures of recent positive selection associated with phenotypic agronomic traits (e.g. Wright et
al., 2005; Migicovsky and Myles, 2017). These methods will require a consideration of olive history (e.g. cultivar filiation)
and population structure (e.g. differentiated genepools or admixture; Segura et al., 2012). In particular, the high degree of
genetic differentiation between eastern and western wild genepools and the complex diversification of the crop will have to
be taken into account, to prevent spurious correlations related to historical effects (Tiffin and Ross-Ibarra, 2014). Finally,
environmental association studies (Rellstab ez al., 2015) would also make it possible to determine the contribution of local
environmental factors to the adaptation of the cultivated olive, and to determine whether ecological differences led to the
adaptive divergence between olive and oleaster.

WHAT ABOUT THE OLIVE-ASSOCIATED BIOTIC COMMUNITIES?

Olive domestication may have led to pathogens or symbionts becoming adapted to their crop hosts. This hypothesis can
be tested by applying the same methods described above for olive (i.e. comparative and association genomics) to the
associated populations (microbes, nematodes and arthropods). In parallel, phylogeographic methods coupled to ecological
modelling comparing isolated, long-standing oleaster populations and their pathogens (e.g. olive fly) in the Mediterranean
Basin would provide information about the co-demographic histories of the interacting species in the adaptation test.
Microbial communities may also have played a crucial role in olive domestication, and olive adaptation to local condi-
tions, with reciprocal effects, but these issues have yet to be investigated. A first step in this direction would involve
investigations of the diversity of bacterial or fungal communities, and its differences between environments and between
cultivated and wild olives.

(e.g. Diez et al., 2015) and preferential crosses, as in grapes
(Bowers et al., 1999).

The demographic history of wild and cultivated olives. As
stated above, the release of a draft genome for olive and
recent advances in population genomics will make it pos-
sible to acquire large, affordable SNP data sets for further
documentation of the timing and geography of olive domesti-
cation. Different hypotheses for single or multiple domestica-
tion events (Box 2) can be tested by computationally efficient
population genomics methods developed for large SNP data
sets (Box 3). The role of wild-to-crop and crop-to-crop gene
flow in olive diversification also merits further investigation.
In apples and grapes, wild-to-crop introgressions are key driv-
ers of crop diversification (Myles et al., 2011; Cornille et
al., 2012). Wild-to-crop introgressions were clearly involved
in variety diversification in Mediterranean olives (Box 2).
Introgressions from non-Mediterranean subspecies may also
have played a role (in both the native and introduced ranges).
This question has never been addressed by whole-genome

approaches. The early generation of hybrids was detected with
a few molecular markers (Besnard et al., 2013a; Besnard and
El Bakkali, 2014), but the detection of more ancient footprints
of introgression (>BC2) will require sequences or SNP data
that are gradually becoming more accessible through the use
of new sequencing technologies (Supplementary Data Table
S1). Crop-to-crop gene flow (i.e. admixture between differen-
tiated cultivated gene pools) may also have contributed to olive
diversification. The contribution of the eastern and western
wild genepools to the three main cultivated genepools could
be assessed by genomic scans to characterize the regions along
the chromosomes that have contributed to the genome archi-
tecture of cultivated olives (e.g. Scascitelli et al., 2010; Liu et
al., 2015). The use of whole-genome sequencing data would
also make it possible to determine how many and which parts
(and genes) of the genome have been subject to introgression,
and whether or not these regions were selected during domes-
tication (Box 3, and see below). The answers to these ques-
tions will not only provide fundamental insight into the olive
domestication process, but will also help us to understand the
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genomic processes underlying short-term species divergence
in perennials.

Investigating the ecological genomics of olive domestication and
its impact on the associated biotic community

Which traits and genes were under selection during olive do-
mestication? The deciphering of the olive domestication pro-
cess requires investigations of the impact of human selection
on the genome architecture of the olive, including, in particular,
the genes and alleles controlling agronomic traits (Box 3). As
in other perennial crops, no strong domestication syndrome has
been described in olive, and some varieties have been vegeta-
tively propagated over long periods. Selection may therefore
not have occurred, or may have been limited to the first few
generations after the wild ancestors. This situation may account
for the tenuous nature of the domestication syndrome described
in many fruit crops, in stark contrast to that of seed-propagated
annuals (Glémin and Bataillon, 2009; McKey et al., 2010;
Zohary et al., 2012; Gaut et al., 2016). However, there is evi-
dence to suggest that human selection may have led to the adap-
tive divergence of cultivated perennial crops from their wild
relatives (e.g. Cornille et al., 2014). In olive, human selection
has resulted in phenotypic, ecological and genetic differences
between oleaster and cultivated olives (Table 1). It remains un-
clear whether or not these differences are adaptive, and further
studies are therefore required to determine the genomic basis of
olive domestication in an ecological context.

Recently developed genomic approaches (Supplementary
Data Table S1; Box 3) can detect footprints of positive se-
lection on genes of agronomic importance (e.g. fruit size, or-
ganoleptic properties or tree architecture) and the signature of
balancing selection for genes involved in resistance to pests
and diseases (e.g. Verticillum, Phytophtora and olive fly).
However, the detection of balancing selection on genes of
advanced generations of admixed varieties remains challeng-
ing (e.g. Fijarczyk and Babik, 2015). Furthermore, the genes
of the self-incompatibility (SI) system in olives may have been
under strong selection during the process of cultivar selec-
tion (e.g. cultivation of compatible genotypes or selection of
self-compatible mutants). An unusual sporophytic system with
two compatibility groups has recently been described in the
olive tribe (Saumitou-Laprade et al., 2017), but the genes and
alleles involved have yet to be identified and their diversity has
not been investigated in relation to cross-compatibility pheno-
types (e.g. Breton et al., 2014).

Bridging the gap between genomics and ecology to unravel
the olive domestication process. The ecological context of
domestication has been much less studied than its genomic
basis (Milla er al., 2015). One reason for this may be the ease
with which genomic data can be generated and obtained now-
adays, relative to the burden of harvesting ecological data in
the field. In recent years, access to large environmental data-
bases (e.g. http://worldclim.org/), together with niche model-
ling, has facilitated the characterization of bioclimatic niches
for many species (Guisan and Thuiller, 2005). The concerted
advances in phenomics, genomics and ecological modelling
have made it timely to bridge the gap between ecology and gen-
omics to unravel olive domestication. In particular, the key role
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of climatic factors in the evolution of oleaster and cultivated
olive during the Quaternary raises questions about the role of
environmental conditions in shaping cultivated olive ecology,
evolution and adaptation. Both in the wild (e.g. Garcia-Verdugo
et al., 2009; Granado-Yela et al., 2011; Rubio de Casas et al.,
2011) and in common gardens (Rubio de Casas et al., 2011;
Ben Sadok et al., 2015; Le6n et al., 2016), strong environ-
ment effects have been demonstrated on many traits of wild
olives and cross progeny. Little is known about the ecological
and genomic basis of this phenotypic variation (e.g. Merild and
Hendry, 2014), but epigenetic determinants are likely involved
(e.g. Platt et al., 2015). Genome-wide association studies with
phenotypic traits should help us to understand the genomic basis
underlying this variation and its association with olive domes-
tication. Characterization of the bioclimatic niches of wild and
cultivated olives will also facilitate investigations of the pos-
sible role of ecological shifts in tolerance to abiotic conditions
in olive domestication (Milla et al., 2015). Environmental
genome-wide association studies (Rellstab et al., 2015) should
also shed light on whether local environmental factors were
responsible for this variation and the local adaptation of cul-
tivated olives (Box 3), and whether ecological differences
have led to adaptive divergence between olive and oleaster.
Ecological and genomic approaches comparing introduced
non-native olives and local native olives should also reveal how
olive trees respond to their local environment. Over the last two
centuries, the invasion of South and East Australia by two olive
subspecies has resulted in a realized niche shift (Cornuault et
al., 2015). Investigations of ecological and genomic differen-
tiation between native and invasive populations should reveal
whether this shift is adaptive or the result of plasticity. Overall,
these association and environmental studies will make it pos-
sible to predict the ability of olives to adapt to current global
warming and aridification of the area around the Mediterranean
Sea (Seager et al., 2014), which will be crucial to the survival
of these trees in the face of current global changes.

The ecological genomics of the ‘olive—biotic community’
interaction. Olives have intimate symbiotic or antagonistic
relationships (e.g. symbionts or pathogens) with the diverse
biotic community with which they are associated (microbes,
nematodes and arthropods). The influences of the components
of this system on each other and the effects of domestication
on their interactions are so far understudied in olive (Box 3).
Investigations of this issue will provide fundamental insight
into the ecological processes and genomic basis of coevolu-
tion at the community level. This issue is not only of funda-
mental academic importance, it will facilitate the adoption of
appropriate cropping practices for pest or disease control (e.g.
Paredes et al., 2015; Decroocq et al., 2016). The efficacy of root
endophyte bacteria (e.g. Pseudomonas fluorescens) as systemic
biocontrol agents for a major fungal pathogen (Verticilium
dahliae) has already been demonstrated in olive trees (Prieto
et al., 2009; Aranda et al., 2011; Gémez-Lama Cabanas et al.,
2014). Improvements in our understanding of olive ecology
would help to unravel the history of such olive-microbe inter-
action and to predict its fate under future environmental and
economic changes (e.g. Ponti er al., 2014; Seager et al., 2014).

Domestication may lead to significant changes in the evo-
lutionary ecology of crop pathogens. For instance, crop
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domestication may involve the adaptation of pathogens to new
hosts, or host switches from the wild to the crop (e.g. Gladieux
et al., 2010; Cornille er al., 2014), potentially leading to an
increase in pathogen virulence on the crop (L€ Van et al., 2012).
In olive, human selection for genotypes with high growth and
high fruit set rates may have had consequences for the defence
responses of the cultivated olive (Massei and Hartley, 2000)
and for gene dispersal (e.g. abundant pollen from a few clones,
limited dispersal of large fruits; Alcantara and Rey, 2003; Perea
and Gutiérrez-Galdn, 2016), in turn affecting the interaction
of olive trees with other organisms. Furthermore, due to the
relentless modernization of orchards, ancestral cultivars are
increasingly being discarded in favour of a few highly product-
ive varieties (e.g. Khadari er al., 2008; Infante-Amate et al.,
2016). With a limited number of clones cultivated at high dens-
ity, pathogen outbreaks become more likely. A few studies have
provided a glimpse of the genetic basis of olive—pathogen inter-
actions (e.g. Corrado et al., 2012; Giampetruzzi et al., 2016),
but whole-genome data are nevertheless required to identify the
genomic variants involved in olive—parasite interactions. For
instance, genes controlling the synthesis of secondary metabo-
lites by the olive tree may be good candidates for involvement
in olive—parasite interactions worthy of further investigation
(e.g. Hashmi et al., 2015).

The microbial or microfaunal community associated with
olive trees may also have been affected by olive domestication
(Montes-Borrego et al., 2014; Ali et al., 2017). A high diversity
of bacteria has been reported to be associated with the root sys-
tems of wild olives in Andalusia, with plant genotype- and site-
specific communities and potential antagonism of pathogens
(Aranda et al., 2011). However, too few such studies have been
performed to date, and investigations of the structure of com-
munities in different areas and under different conditions (e.g.
oleasters vs. cultivars, or traditional vs. high-density orchards)
are required to determine the impact of olive domestication and
cultivation practices on diversity and susceptibility (e.g. Ali
et al., 2017). Recent studies on nematodes (Palomares-Rius
etal., 2012, 2015; Ali et al., 2017) and fungi (Montes-Borrego
et al., 2014; Abdelfattah et al., 2015) associated with cultivated
olives have also shown these communities to be influenced by
environmental factors (e.g. soil parameters and cropping meth-
ods) and host genotype. Future investigation of this type may be
facilitated by the development of DNA metabarcoding methods
(e.g. Montes-Borrego et al., 2014; Abdelfattah ef al., 2015) for
describing the microbial communities associated with differ-
ent cultivars. In addition, common garden studies carried out
by interdisciplinary research consortia from around the world
(multiple sites in different countries) should also provide valu-
able assessments of the effect of olive genotypes on associated
communities.

Adaptive processes and demographic events must be dis-
tinguished in investigations of the ecological genomics of bi-
otic interactions. Investigations of co-demographic histories
between olives and the communities associated with them
are therefore a useful approach for unravelling the impact
of domestication on the olive and its biotic community. The
arthropod, nematode and microbial communities associated
with the oleaster and other Mediterranean shrubs may have
a common phylogeography due to host specificity or con-
strained evolutionary histories in common habitats that have
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been fragmented, particularly during unfavourable periods,
such as glaciations (e.g. Nieto Feliner, 2014). Recent studies
have shown that the diversification of the olive fly is closely
related to that of its host (Nardi et al., 2010; van Ash et al.,
2015) and the endophytic bacterial communities of olive
leaves have also revealed an East—West geographic structure
of beta-diversity (Miiller et al., 2015). Recently developed
comparative methods (e.g. Satler and Carstens, 2016) coupled
with ecological modelling for isolated, long-standing oleaster
populations and other organisms (e.g. nematodes or olive fly)
in the Mediterranean Basin will constitute a first step towards
accurate investigations of the adaptive genomics of olive—
biota interaction.

OVERALL CONCLUSIONS: TOWARD THE
IMPROVEMENT OF SUSTAINABLE OLIVE
AGRICULTURE

Over the last two decades, the contributions of several disci-
plines have improved our understanding of the processes of
domestication, spread and diversification, for olive, as for other
fruit trees and shrubs (e.g. Myles et al., 2011; Delplancke et al.,
2013; Cornille et al., 2014; Hazzouri et al., 2015). The olive is a
complex case study in fruit tree domestication. From methodo-
logical and analytical perspectives, deciphering the adaptive
evolutionary processes involved in olive domestication remains
challenging. More than ever, ecological and socio-economic
issues relating to the future of the olive are fundamental in light
of current global changes (climatic, societal, political, eco-
nomic, etc.), particularly in the Mediterranean Basin, the cradle
of olive domestication (e.g. Ponti et al., 2014). Interdisciplinary
research is a key element for (1) understanding the function-
ing of oleaster communities and assessing their vulnerability/
resilience in the face of increasing environmental constraints,
predominantly of climatic and anthropogenic origin; (2) recon-
stituting the paleoanthropological, ecological and biogeo-
graphic history of the olive tree; (3) exploring agrobiodiversity
and understanding the ecological plasticity of varieties of major
interest; (4) developing strategies for the conservation of wild
olive populations and development of local varieties; and (5)
understanding the role of social, political and economic pro-
cesses in the diversification and development of sustainable
olive cultivation. A detailed knowledge of the origins of olive
would have major implications for the management of genetic
resources and the investigation of genetic factors involved in the
variation of agronomic traits and, more generally, would pro-
vide insight into fruit tree domestication in the Mediterranean
Basin.

The aim of our review was not to be all inclusive but rather
to be selective with the up to date literature. Throughout it, we
have shown, that unravelling the ecological genomics of olive
domestication will also provide essential insight into the evolu-
tionary processes involved in phenotypic and molecular evolu-
tion, and in adaptation and coevolution.

SUPPLEMENTARY DATA

Supplementary data are available at https://academic.oup.
com/aob and consist of the following. Table S1: summary of
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the current genetic data used to infer histories of cultivated
and wild olives, with associated methodologies, limitations
and main conclusions, and the future genomic data required
to test for the neutral and adaptive genomics of domestica-
tion in olive. Table S2: data matrix for the 147 plastid DNA
haplotypes identified in the olive complex with 71 loci. Figure
S1: reduced median networks of Mediterranean olive plastid
DNA haplotypes. Fig. S2: median joining network of olive
chlorotypes reconstructed with NETWORK.
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