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ABSTRACT

Aim The oleaster is believed to have originated in the eastern Mediterranean,

implying that those in the western Mediterranean basin could be feral. Several

studies with different molecular markers (isozymes, random amplified

polymorphic DNA, amplified fragment length polymorphism) have shown a

cline between the eastern and the western populations, which supports this

hypothesis. To reconstruct the post-glacial colonization history and establish a

relationship between olive and oleaster populations in the Mediterranean basin,

analyses were carried out on the genetic variation of chloroplast DNA

(chlorotype) and at 12 unlinked simple sequence repeat (SSR) loci, sampling a

total of 20 oleaster groves.

Location This is the first known large-scale molecular study of SSR loci based on

samples of both oleasters and cultivars from the entire Mediterranean basin.

Methods Samples were taken from 166 oleasters in 20 groves of modern

populations, and 40 cultivars to represent molecular diversity in the cultivated

olive. The Bayesian method and admixture analysis were used to construct the

ancestral populations (RPOP; reconstructed panmictic oleaster populations) and

to estimate the proportion of each RPOP in each tree. If one tree can be assigned

to two or more RPOPs, it can be regarded as a product of hybridization between

trees from different populations (i.e. admix origin).

Results On this first examination of the SSR genetic diversity in the olive and

oleaster, it was found to be structured in seven RPOPs in both eastern and

western populations. Based on different population genetic methods, it was

shown that: (1) oleasters are equally present in the eastern and the western

Mediterranean, (2) are native, and (3) are not derived from cultivars. Chlorotypes

(one and three in the eastern and western Mediterranean, respectively) revealed

fruit displacement for the oleasters.

Main conclusions Oleaster genetic diversity is divided into seven regions that

could overlay glacial refuges. The gradient, or cline, of genetic diversity revealed

by chloroplast and SSR molecular markers was explained by oleaster

recolonization of the Mediterranean basin from refuges after the last glacial

event, located in both eastern and western regions. It is likely that gene flow has

occurred in oleasters mediated by cultivars spread by human migration or

through trade. Animals may have helped spread oleasters locally, but humans

have probably transported olives but not oleaster fruits over long distances. We

found that cultivars may have originated in several RPOPs, and thus, some may

have a more complex origin than expected initially.
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INTRODUCTION

According to botanists, the olive and oleaster correspond to

Olea europaea subsp. europaea L. var. europaea and var.

sylvestris, respectively. Oleaster is the wild form, while the olive

is the cultivated form. The genetic relationships between the

two remain unclear, as in many cases the trees cannot be

assigned by morphology alone to either form (Besnard &

Bervillé, 2000; Lumaret & Ouazzani, 2001). Confusion between

the two variants may happen in abandoned olive groves,

particularly due to the tree’s morphology and leaf character-

istics, and especially for juvenile plants. Feral trees can also

originate from cultivars escaping from natural or agro

ecosystems, or from female oleasters hybridizing with cultivars.

As olive trees may live for at least several hundred years,

isolated trees can occur when all traces of cultivation have

disappeared. It is, therefore, assumed that the olive and

oleaster cannot be distinguished in some locations.

The olive is economically important, while having historic

and cultural significance in the Mediterranean basin. Recently,

olive cultivar diversity has been documented with molecular

markers, first isozymes (Lumaret et al., 1997) and then

amplified fragment length polymorphism (AFLPs) (Angiolillo

et al., 1999) and random amplified polymorphic DNA (RAPD)

(Fabbri et al., 1995; Besnard et al., 2001a) and recently with

simple sequence repeat (SSR) analysis for cultivar identifica-

tion (Cipriani et al., 2002) and breeding (Hatzopoulos et al.,

2002). Although Green (2002) has listed criteria to distinguish

olive and oleaster trees, many cannot be classified by fruit and

stone dimensions since continuous taxonomic variations occur

naturally. Few studies have investigated the diversity of oleaster

genetic structures and the origins of domesticated olive trees

(Besnard & Bervillé, 2000). As little is known about the history

of olive cultivars and their relationships with oleaster, we have

developed an approach using molecular markers to address

this gap.

Oleaster and most olive cultivars are self-incompatible

(Villemur et al., 1984). Out-crossing is wind mediated by

pollen transported over long distances, with male-sterile

cultivars pollinated efficiently by surrounding cultivars or

even oleasters (Besnard et al., 2000). Gene flow between

cultivated olives and oleasters has not hitherto been subjected

to detailed study (Bronzini et al., 2002; Mekuria et al., 2002;

Breton et al., 2006).

One common assumption in the literature is that the

oleaster originated in the eastern Mediterranean basin where it

was domesticated about 5850 years ago (Zohary & Spiegel Roy,

1975), which infers an absence in the western end. Domestica-

tion has been documented and previously reported by several

authors (e.g. Zohary, 1994), with the assertion that cultivars

moved westward with human migration supported by several

authors (Besnard et al., 2001a; Belaj et al., 2002). Once

cultivars were established in the western Mediterranean, birds

may have played a role in disseminating seeds, resulting in feral

olive trees (Spennemann & Allen, 2000). These trees may be

considered as oleasters by botanists and therefore confused

with genuine oleasters from the eastern Mediterranean. In the

present paper we examine the genetic diversity patterns of

oleasters and cultivars from the eastern and western Mediter-

ranean, in order to evaluate the following model.

Cultivars that originated from olive domestication in the

east probably inherited a restriction, or bottleneck, in genetic

diversity in comparison to the oleaster diversity in the

eastern Mediterranean. Transplantation to the western

Mediterranean is likely to have further narrowed this

bottleneck in western cultivars if just a single domestication

event occurred in the east. It is expected that molecular

markers would show the secondary differentiation in feral

olives resulting from out-crossing among cultivars or

between cultivars and oleasters. Putative feral olive trees

may not differ from the eastern oleasters when using

phenotypic descriptions, but they may be differentiated by

molecular markers. This study compares the genetic diversity

between eastern and western oleasters and between cultivars

to confirm the accuracy of the model.

Microsatellite (SSR) markers have recently become available

for the olive (Sefc et al., 2000). When compared with isozymes

these markers have the advantage of being more numerous and

by comparison with RAPD or AFLP are co-dominant, as two

alleles may be identified at each locus. Transferability of

microsatellites among O. europaea has been demonstrated

(Rallo et al., 2003), but no study has been carried out on the

relationships between olive and oleaster, except for a prelim-

inary investigation by Breton et al. (2006).

For this study, 20 groves of oleaster (166 trees) were chosen

in the Mediterranean basin. Genetic variation of the chlorotype

was analysed to trace the gene flow via seed movement. Twelve

microsatellite loci were also used to detect pollen-based gene

flow, with Bayesian clustering employed to create reconstruc-

ted panmictic (random mating of individuals) oleaster pop-

ulations (RPOPs). In addition, admixture analysis was used to

describe the genetic oleaster structure and to determine the

RPOPs. This model was designed to identify the K (unknown)

populations (genetic clusters) of origin of individuals, while

simultaneously assigning the individuals to the populations

with explicit estimates of their 90% confidence intervals. Each

lineage originated in an RPOP. We used these analyses to

suggest that several modern populations of oleasters are
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distinguished, which may match with glacial refuge popula-

tions (GRPs).

MATERIALS AND METHODS

Sample collection

A total of 166 oleasters from 20 groves were sampled in 10

areas in Algeria, France, Israel, Libya, Morocco, Spain, Tunisia

and Turkey as well as Corsica and Sicily where oleaster

populations are still important (Table 1, Fig. 1). Groves

instead of populations were preferred as no information was

available on gene exchange between individuals. Some oleasters

bear fruits while others do not, which is common in extreme

conditions such as growing on cliffs or rocks, suggesting that

they had probably not been planted. Previous studies (Besnard

& Bervillé, 2002a; Bronzini de Caraffa et al., 2002) have

revealed unusual patterns of diversity for Corsican oleasters

and olives. It is questionable whether the genuine oleaster

occurred in Corsica, and could therefore be feral, as historical

and botanical data are lacking, although its presence has been

observed in pollen records (Reille et al., 1999). The sampling in

Corsica was extended to address this question. Forty additional

cultivars (not detailed here) were sampled from areas assumed

to be lacking in oleasters. These were selected according to

their common name in different countries (Greece, Italy,

Crete, Cyprus), and in each of the 23 groups of the cultivars

(Besnard et al., 2001b), which represent most of the cultivated

olive diversity, and consequently the oleaster diversity available

and from which they were derived.

Molecular methods

DNA was prepared from leaves according to Besnard et al.

(2000) with a CTAB buffer, and its concentration measured on

agarose gel with a lambda ladder. The final DNA concentration

was adjusted to 10 ng lL)1 and SSR amplification was per-

formed in a PTC 100 (MJ Research, BIORAD, Hercules, CA,

USA). We chose the SSRs from Sefc et al. (2000) labelled DCA

(Departamento de Ciências Agrárias, University of Azores,

Angra do Heroismo, Portugal). SSRs at 12 loci were revealed on

6% acrylamide gels, run in CBS Scientific Co. (Del Mar, CA,

USA) sequencing plates and revealed by silver staining. Double

visual reading was performed using the AFLP 30-330 (step

10 bp) ladder markers (Promega, Charbonnières, France). SSR

polymorphism statistics (Table 2) were summarized according

to Breton et al. (2006). Microsatellite polymorphism combina-

tions using the primer pairs (ccmp5, ccmp7 and QR-indel-3) are

specific to the chloroplast DNA according to Besnard & Bervillé

(2002a) (see Appendix S1 in Supplementary Material). Poly-

merase chain reaction (PCR) fragments were separated as

nuclear SSRs. These markers identified in two steps the three

chlorotypes already characterized in olives: CE1, COM and CCK

(Besnard & Bervillé, 2000). CE1 and COM are found,

respectively, in the eastern and western Mediterranean basin,

and CCK occurs in Kabylia (Algeria).

Table 1 List of oleaster groves analysed

grouped by country and numbered by areas
Areas n W/I/E Country Grove, location Lat, Long Chlorotypes*

1 7 W Algeria Belloua, Kabylia 2�30¢ E, 36� N 6CCK, 1COM

2 9 W France Ostricone, Corsica 8� E, 38� N 2CCK, 7COM

2 10 W France Ogliastro, Corsica 8� E, 38� N 10CE1

2 10 W France Filitosa, Corsica 8� E, 36� N 1CCK, 9COM

2 8 W France Corte, Corsica 8� E, 38� N 8CE1

2 10 W France Sarrola Carcopino,

Corsica

8� E, 38� N 5CE1, 5COM

2 10 W France Lama, Corsica 8� E, 36� N 3CE1, 7COM

2 5 W France Bonifacio 8� E, 38� N 5COM

2 4 W France Oletta, Casta, Pigna,

Ogliastrello2

3� W, 37� N 4COM

3 10 W Spain Torviczon, Andalucia 14� E, 37�30¢ N 3CE1, 7COM

4 10 W France Mont Boron, Nice 15� E, 38� N 3CCK, 1CE1, 6COM

5 8 W Italy Ali, Sicily 22� E, 32� N 1CE1, 7COM

5 11 W Italy Messine, Sicily 10� W, 32� N 11COM

6 10 I Libya Cyrenaique 27� E, 39� N 2CE1, 8COM

7 9 W Morocco Tamanar, Essaouira 9�45¢ W, 36�N 9COM

8 10 E Turkey Urla, Izmir 35� E, 32�45¢N 10CE1

8 10 E Syria Harem, Oronte Valley 34� E–36� 20¢ N 10CE1

9 10 E Israel Mont Carmel, Haifa 35�45¢E–33� 30¢N 10CE1

10 4 I Tunisia Zaghouan 10�E–36 N 3CCK, 1COM

10 2 I Tunisia El Fath 10�E–36 N 2CCK

Areas are shown in Fig. 1. n is the sample size in each grove. Locations: W, west; I, intermediate;

E, east in the Mediterranean basin. Lat, latitude; Long, longitude.

*Number of individuals with each chlorotype: CE1 and COM from eastern and western Medi-

terranean, respectively; CCK from Kabylia, Algeria.
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1918 Journal of Biogeography 33, 1916–1928
ª 2006 The Authors. Journal compilation ª 2006 Blackwell Publishing Ltd



Data analyses

Multivariate analyses

Chlorotypes were analysed separately from nuclear markers

due to maternal inheritance (Besnard et al., 2000). To

compute microsatellite genetic data we applied factorial

correspondence analysis (FCA) performed with Genetix4

(Belkhir et al., 1996–98) with rare alleles (frequency below 2%)

considered as missing data. All structural parameters (allele

frequencies, heterozygosity observed, expected and non-biased,

as well as differentiation indices) were computed using the

Genetix software. Computations were also performed with

Arlequin (Schneider et al., 2000). To combine the nuclear

and cytoplasmic data we introduced the chlorotype as the

thirteenth locus in diversity analysis to verify information with

those of the 12 nuclear SSR loci.

To assess population structure we used a model-based

Bayesian procedure, implemented in the program struc-

ture (Pritchard et al., 2000). This model enables identifi-

cation of the K (unknown) RPOPs of individuals, and the

assignment of each individual to one or several RPOPs. We

therefore considered individuals only, without grove or

country of origin information in the case of cultivars.

Assignation of one individual in an RPOP was provided by

a probability of membership qI chosen at 80%. However, a

probability under the threshold means that this individual

may have several parental RPOPs, and consequently is

admixed via hybridization between RPOPs. structure was

run with the admixture model and at least five repetitions of

1,000,000 iterations following a burn-in period (initializa-

tion) of 30,000 iterations. Lastly, we cross-checked the

results to verify clustering and admixture with the program

geneclass (Piry et al., 2004). The conclusions were the

same as with structure.

Determination of K (number of RPOPs)

In the first step for estimating K, population structure was

assessed using only oleasters (n ¼ 166) assuming that

sampled oleasters were anonymous trees. We also computed

K with all individuals anonymously (166 oleasters and 40

cultivars). Posterior probability values for K (log-likelihood)

were estimated, assigning K from 3 to 16. The proportion of

membership (qI) of each individual in the remaining seven

RPOPs was estimated. In a second step, structure was

used to compute oleaster and cultivar ancestry without

individual and population information (we used the options

Table 2 List of SSRs coded according to Sefc et al. (2000), and

some characteristics of polymorphisms through diversity analyses.

Total allele numbers are indicated for the 166 oleasters and the 40

cultivars

SSR code

N-

Cultivars*

N-Sefc

et al.�
Size

shortest�
Size

longest**

N-

Oleasters§

ssrOeUA-DCA1 7 4 200 230 8

ssrOeUA-DCA3 7 9 230 270 9

ssrOeUA-DCA4 16 11 120 183 26

ssrOeUA-DCA5 8 6 196 240 12

ssrOeUA-DCA7 12 9 130 210 18

ssrOeUA-DCA8 9 7 117 176 20

ssrOeUA-DCA9 15 11 164 220 19

ssrOeUA-DCA11 10 9 130 196 17

ssrOeUA-DCA13 11 5 116 158 12

ssrOeUA-DCA14 9 4 170 194 13

ssrOeUA-DCA15 4 4 244 268 4

ssrOeUA-DCA18 9 10 160 188 12

Total alleles 117 161

*N-Cultivars: mean number of cultivars (this study).

�N-Sefc et al.: number of cultivars found by Sefc et al. (2000).

�The range of variation of the polymorphisms is indicated by the

shortest and **the longest allele at each locus. SSR size is in bp.

§N-Oleasters: number of cultivars found oleasters.
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Figure 1 Map showing the approximate

distribution of oleaster groves, detailed in

Table 1, around the Mediterranean basin.

Numbers indicate the sampling size. The

straight line indicates the limit between the

eastern and western sides.
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usepopinfo ¼ 0, popflag ¼ 0). We retained only oleaster

individuals that have ancestors in one RPOP (proportion of

membership in each RPOP ‡ 80%) and then pre-defined

seven RPOPs with those individuals only. All remaining

individuals were not assigned to an RPOP and we computed

their proportion of membership from different RPOPs

including the population information option (1,000,000

iterations, usepopinfo ¼ 1, popflag ¼ 1, initiation run or

burning 30,000). Five repetitions were performed, provi-

ding average qI values (Table 3). We verified that most

runs converged to a similar qI and eliminated the aberrant

runs.

To estimate the diversity parameters (Uis, Ust, Fit and Fst) we

used population differentiation indices based on the rate of

out-crossing, selfing and random mating under Hardy–Wein-

berg equilibrium, with P values among groups and pairwise

combinations of groves of the RPOPs. These were identified by

structure employing FCA, genetix and Arlequin, using

options analysis for specifying either two (west–east) or three

(west–intermediate–east) groups. Isolation of populations by

distances for the seven RPOPs was computed through the

Mantel procedure using genetix and Arlequin geographical

distances (km) relative to a central reference longitude and Fst

matrices for RPOPs.

RESULTS

Differentiation with chloroplast markers

The total Fst (Wright) for chlorotype in oleasters is 0.690,

indicating the presence of a deep genetic and geographical

structure. The chlorotype CCK was found mainly in North

Africa, with a few occurrences in Sicily (Italy) and Corsica

(France). The chlorotype COM was present throughout the

west. In contrast, the chlorotype CE1 was found in both the

east and the west, yet its frequency was quite different. All the

eastern oleasters carried CE1 without exception, whereas in the

west trees carrying CE1 were less frequent while being

distributed in almost all RPOPs (Table 1). Thus RPOPs in

the east carry CE1 only, two RPOPs in the west carry CCK or

COM and two contain mixed chlorotypes CE1, COM or CCK.

Only one grove (Mont Boron, France) contains the three

chlorotypes.

Multivariate and similarity analyses in olives and

oleasters

We found 171 alleles in the 206 trees and an average of 14.25

alleles per locus, with a range of 4 to 26 alleles per locus

(Table 2), substantially more than reported by Sefc et al.

(2000). Multivariate analyses (FCA) computed on all oleaster

and cultivar samples displayed three partially overlapping

groups (Fig. 2). Three oleaster groups and one cultivar group

were revealed. We found 161 alleles in oleasters (94% of the

total number of alleles). Eastern (n ¼ 30) and western

(n ¼ 120) oleasters shared 126 markers, whereas 12 markers

were specific to the east and 33 were specific to the west (not

shown). Corsican oleasters (66) displayed nine specific alleles,

whereas North African (n ¼ 17) and Sicilian (n ¼ 19) oleast-

ers each displayed two specific alleles.

Genetic diversity in oleaster populations

Mean heterozygosity (H0 ¼ 0.672 observed) for oleasters is

consistently (chi-square, P < 0.01) less than expected (0.720)

under Hardy–Weinberg equilibrium (mean Fis ¼ 0.090), sug-

gesting significant inbreeding, most likely due to population

isolation. Inter-population genetic differentiation was moder-

ate between the seven RPOPs (mean Fst ¼ 0.104, Table 4). The

estimation of pollen-mediated, gene flow male parents varies

from 2 to 9 migrants (Nm) per population. The Mantel tests

show a correlation between Fst and geographical distance

(slope 0.29770, P < 0.022, r2 ¼ 0.19641) suggesting that

RPOPs may differentiate according to geographical distances.

Admixture analysis and genetic structure in oleasters

We first searched for the K presumed ancestral populations

by comparing the distribution of the 166 oleasters into

groups using Bayesian analyses of the SSR data. We also

considered the distribution of 206 (oleaster and cultivar) trees

into groups. We successively introduced in the program K

from 3 to 16 to check if tree groupings were consistent

through 10 runs. After the first computations we chose K ¼ 8

for oleasters and some trees consistently grouped into eight

groups in both cases. Further computations with K ¼ 8

included one cluster comprising individuals from Libya and

Table 3 Range of proportionate membership from 10 runs with structure for the seven reconstructed panmictic oleaster populations

(RPOPs). The total number was 107 individuals

GRP size GRP1 GRP2 GRP3 GRP4 GRP5 GRP6 GRP7

1 GRP-Corsica 10* 0.819–0.932

2 GRP-Turkey 23* 0.839–0.974

3 GRP-Sicily 35* 0.855–0.978

4 GRP-Tunisia 3* 0.825–0.910

5 GRP-Libya 13* 0.823–0.973

6 GRP-Spain 20* 0.882–0.949

7 GRP-Israel 3* 0.950–0.962

*Number of trees used to define each RPOP.
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France–Corsica with qI probabilities of 0.70 to 0.76, respect-

ively. Since the qI were below the minimum threshold of

80%, the group was not accepted. It was assumed that this

grove had a complex origin, based on hybridization between

two RPOPs, and therefore it was removed. Of a total of 166

oleaster trees, 107 were assigned to one of the seven RPOPs.

This minimum threshold was chosen as the number of

individuals was high, introducing background noise for qI

probabilities (Table 3), with most possible membership

probabilities above 90%. The seven RPOPs defined by the

107 individuals (Table 3) in most runs showed that K ¼ 7

for oleaster, a value which could therefore be used in all

further computations. The variation range of qI through the

10 repeats for each tree of each RPOP was calculated, which

then showed the median values (Table 3). Each RPOP unites

individuals either from one location or sometimes from

several locations. Sixty-two trees were grouped intto two

different RPOPs with a probability qI of 0.40 £ P < 80%, and

some with probabilities between 0.10 and 0.40 (Table 5). This

suggests an admix origin as a hybrid or an advanced hybrid

generation. The seven RPOPs showed an east to west cline

based on all molecular data. We checked two hypotheses: (1)

a strict separation of two groups of RPOPs between the east

(three RPOPs) and the west (four RPOPs) and (2) a gradient

of RPOPs, with three groups assuming three in the east, two

in the west and one in an intermediate position. amova

analyses of SSR data show that both are significant (Table 6).

The eastern populations are characterized by the combination

Figure 2 Multivariate analysis (factorial correspondence analysis) on SSR data. Individuals with rare (< 2%) alleles were considered as

missing data. Western, eastern and intermediate groups are circled as cultivars, empty and full cubes, respectively.

Table 4 Differentiation indices (Fst, Theta; Weir & Cockerham, 1984) between RPOPs. Bold numbers indicate a significant Fst

(P < 0.0001): 0.0< Fst > 0.1 not differentiated; 0.1009 < Fst > 0.15 fairly differentiated; 0.15009 < Fst > 0.20 very differentiated;

0.2009 < Fst > 0.3 highly differentiated

GRP2 GRP3 GRP4 GRP5 GRP6 GRP7

1 GRP-Corsica 0.12117 0.10556 0.15879 0.09393 0.08289 0.14931

2 GRP-Turkey 0.17397 0.06856 0.10443 0.12475 )0.00387

3 GRP-Sicily 0.17016 0.12575 0.06013 0.18630

4 GRP-Tunisia 0.10900 0.10928 0.13573

5 GRP-Libya 0.08016 0.13081

6 GRP-Spain 0.12392

7 GRP-Israel 0

Genetic diversity in wild olive
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of the CE1 chlorotype and the nuclear SSRs from the east. In

contrast, in the west we found the CE1 chlorotype with a

wide range of nuclear markers either unique to the east or

unique to the west. The chlorotypes COM and CCK were

never found in the east. Finally, FCAs showed that these

specific markers provided an efficient basis on which to

structure the genetic diversity (Fig. 3a,b). The three methods

of clustering: factorial correspondence analyses (FCA, Fig. 2),

the Bayesian approach (Table 3 & 4) and population diversity

(see Appendix S2 in Supplementary Material) support the

same RPOPs (excepting GRPs 2 & 7 from the east; see

Appendix S3 in Supplementary Material), suggesting that

they correspond only to one population (Table 5 and Fig. 4.).

Oleaster cultivar relationships

The SSR data for 206 trees were computed to verify whether

another RPOP could be detected among the cultivars (see

Appendix S2 in Supplementary Material). It was evident that

all cultivars clustered in one of the areas of origin implied by

the seven RPOPs already defined or admixed between two or

three of them. No new putative origins were found. Cultivar

genotypes were grouped by admixtures to diverse RPOPs,

which suggested repeated attempts at domestication for olive

and additional crosses between olive cultivars of different

origins. The origins of olive cultivars and domestication will be

addressed in a companion paper in preparation

DISCUSSION

Methods

For the 206 trees microsatellites displayed on average 14.25

alleles per locus, some of which may be attributed to

homoplasy and therefore the marker–phylogeographical rela-

tionship may be attenuated. Homoplasy generates confusion

between the SSR alleles for a given length that results from

different mutation events. Homoplasy in chloroplast and in

nuclear SSR could modify our conclusions substantially

(Blouin, 2003). structure results may be invalid in the

presence of population structure. Cytoplasmic markers, which

are maternally inherited (Besnard et al., 2000), enabled us to

identify a deep structure. The genetic structure for nuclear

markers was considerably less evident, probably due to

homoplasy inherent to the means of evolution.

We did not observe panmixy for most individual groves,

which is required by the software, nor do we know whether

this requirement is fulfilled in each RPOP. However, they may

Table 5 Proportion of membership (average of five repeats) for individuals from different countries that admixed in one or different

RPOPs. A to G correspond to cultivar denomination codes

Code Assignation

Assignation of the referenced tree in RPOPs (1–7)

1 2 3 4 5 6 7

Co_Lam08 3 0.885

Mo-Ta80k 3 0.871

Is_Mctv3 7 0.835

Co_Sac06 1 0.761

Co_Lam01 1 0.777

Al_Kab04 6 0.635

Es_Tor04 6 0.701

Fr-CoFil12S 3 0.935

Ly_Lyb03 –* 0.663

Co_Ost05 0.565 0.338

Fr_MtBo14 0.284 0.437 0.245

Is_Mc18c 7 0.358 0.619

Is_Mcvh4 7 0.307 0.537

Mo-Ta74k 0.387 0.362 0.214

Fr-MtBo17 0.364 0.120 0.286 0.106

Ly_Lyb10 5 0.415 0.509

Tu_Zag02 0.304 0.116 0.325

Fr-MtBo15 0.291 0.278 0.295

Co_Ogl10 0.436 0.227

A 0.948

B 0.708

C 0.943

D 0.791

E 0.980

F 0.845

G 0.980

*Not assigned.
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be considered as multiple subpopulations, and when examined

altogether may be considered to represent a metapopulation in

Hardy–Weinberg equilibrium. This proposal requires further

investigation. The results obtained with structure were

cross-checked with other methods (FCA, geneclass, Fst

variation and dendrograms, not shown) to verify the conclu-

sions. The methodology used set some geographical limits on

the GRPs, as they comprised trees from different groves. A new

sampling strategy is being developed to give them a more

accurate geographical outline.

Differentiation between the eastern and western

Mediterranean basin

The results confirm the significant differences between the

eastern and western Mediterranean basin either side of a line

from the Adriatic Sea to the Libyan Desert (Fig. 1; Besnard &

Bervillé, 2000; Terral et al., 2004). Eastern and western

oleasters shared 75.4% of their nuclear alleles. Twelve alleles

were specific to the eastern (n ¼ 30) and 33 to the western

(n ¼ 120) Mediterranean. The differentiation parameters (Fst,

Fis) between these two groups were significant (P < 0.0001),

except for the two eastern samples from groves in RPOPs from

Turkey and Israel (see Appendix S3 in Supplementary

Material). Consequently, western and eastern Mediterranean

trees were differentiated based on nuclear SSR polymorphisms

in combination with chlorotypes. Differentiation of RPOPs

based on Fst for chlorotype was significant (not shown),

although it was probably attenuated due to gene flow, namely

seed movement via birds or people. For example, it is possible

that oleaster seeds may have been carried by humans as a

managed pre-domesticate, as has been suggested for other

crops, for example in the New World (Smith, 1998; Mota-

mayor et al., 2002). Their genetic contribution may persist in

some areas, in some form.

Quézel & Médail (2003; see their Fig. 3.3, p. 62 and

Table 3.2, p. 63) have listed 26 GRPs for several woody species

in the east or the west of the basin. Petit et al. (2003) have

shown that for oak the extent of genetic structure is due to

their expansion from refuge zones occupied during the last

glacial period (c. 11,550 years ago) with the climate warming,

as documented for several tree species. Some GRPs have

sheltered several species, but oleaster requires warmer temper-

atures than other woody species, which may account for an

isolated GRP in Morocco (Quézel & Médail, 2003). For

oleasters, all clustering methods together showed that eastern

and western oleasters classified into six genetically distinct

RPOPs (Table 6; and see Appendix S3 in Supplementary

Material), which may coincide with the location of GRPs. The

study suggests that several close GRPs could exist for ssp.

europaea in North Africa and on various islands (Corsica,

Sicily) as revealed for Gentiana ligustica (Diadema et al., 2005)

and Ficus carica (Khadari et al., 2005) in the Maritime Alps

and Corsica, respectively. Several GRPs may co-exist, as in

Corsica, Sicily and North Africa. This means that trees from

the different RPOPs in one grove were still genetically isolated,

though physically proximate, as they did not cross with each

other. It cannot be excluded that the structure pre-dated

glaciations and was merely restructured during the last Ice Age,

suggesting that oleasters peculiar to the west moved to the east

Table 6 Hierarchical analysis of molecular

variance (amova) of chlorotype and micro-

satellite loci allele frequencies among samples

of oleasters in the Mediterranean basin. Fix-

ation indices are given for each population.

The SE is for separate experiments

(1) Subdivision in west (RPOP1, 3, 5 and 6) and east (RPOP 2, 4 and 7) groups

Comparison d.f. Percentage variance F statistics SE

Among E W within GRPs 1 7.582 0.01369 0.001

Among GRPs 5 7.37 0.00000 < 0.0001

Within GRPs 100 8.71 0.00000 < 0.0001

Within individuals 107 76.33 0.00000 < 0.0001

Fixation indices P values SE

Fis 0.12500 < 0.0001 0.00001

Fst 0.19889 < 0.0001 0.00001

Fit 0.29736 < 0.0001 0.00001

(2) Subdivision in west (GRP1, 3 and 5), intermediate (GRP4) and east (GRP2 and 7) groups

Comparison d.f. Percentage variance F statistics P

Among E I W within GRPs 2 0.60539 0.01760 0.001

Among GRPs 4 0.51922 0.00000 < 0.0001

Within GRPs 100 0.58653 0.00000 < 0.0001

Within individuals 107 4.06542 0.00000 < 0.0001

Fixation indices P values SE

Fis 0.12608 < 0.0001 0.00001

Fst 0.19859 < 0.0001 0.00001

Fit 0.29622 < 0.0001 0.00001
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at the beginning of the last Ice Age. Its presence at 19,050 yr bp

has been established by charred oleaster stones in the Near East

(Galili et al., 1997).

Several climatic cycles within a succession of glacial and

interglacial periods in the Mediterranean basin have probably

imposed strong environmental selection and genetic drift

leading to marked differences in both faunal (Hewitt, 1996)

and floral diversity between the GRPs (Petit et al., 2003). For

oleaster, we assumed that the present geographical structure

recognized through molecular diversity and the GRPs matches.

(a)

(b)
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Axis 3
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Figure 3 Multivariate analysis (factorial correspondence analysis) on SSR data for the seven reconstructed panmictic oleaster populations

(RPOP) using 107 trees. Two orientations of the graphic are shown: (a) front view, (b) front view with populations represented by their

barycenter.
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In the western Mediterranean, five GRPs were identified. GRP1

is nearly unique to Corsica, with the few trees from that GRP

found in Morocco requiring further investigation. GRP3 is

limited to Sicily and Corsica. Indeed, Sicily has been recog-

nized as a refugium zone for several animal and plant species

(Hewitt, 1996). Individuals from Tunisia and Corsica (Lama)

constituted GRP4. In other samples from Corsica and Libya

(GRP5), we found individuals carrying CE1 that are probably

feral (Corte grove). Trees from Spain and North Africa

clustered together, making GRP6. Individuals from Syria

clustered with those of Turkey (GRP2) and not with those of

Israel (GRP7). In the eastern Mediterranean, GRPs 2 and 7

were genetically differentiated with structure, though not

according to Fst distribution using arlequin. The matrix of P

values for Fst is not shown since all P values were significant

with P < 0.001, except for the combination 2*7 (P < 0.2138).

Moreover, Angiolillo et al. (1999) and Besnard et al. (2001a,b),

using RAPD and AFLP markers, respectively, have found a

single homogeneous eastern population.

Gene flow between olive and oleaster

Using admixture methods we detected several mixed groves:

Corte (France) suggesting introduction of seeds based on

chlorotype only, and in the Mont Boron (France) grove based

on SSRs. Individuals from such a mixed grove clustered

separately into RPOPs, making it possible to identify their

origin. Thus, GRPs appeared efficient and well-defined through

admixture analysis. This suggests that either some oleasters have

been planted using fruits from other regions or, in contrast, seed-

based gene flow from cultivars occurred. It is doubtful whether

the Mont Boron population was natural. This grove comprised

trees that were assigned (qI > 0.80, not shown) to Spain, Libya,

Corsica and North Africa, with some trees admixed in different

GRPs (Table 5), suggesting that individuals were probably

introduced from these regions and produced progenies. Indeed,

the website http://www.nissalabella.net/parcmtb.htm shows

postcards of Mont Boron bare of trees and states that reaffor-

estation was extensively carried out from 1866 to 1869. Assigning

trees to different regions revealed, therefore, that such a

reafforestation event had probably occurred in the Mont Boron

forest. Corsican oleasters belonged to four different GRPs, but

introduction information is not available. These trees were from

different localities and isolated geographically, which may

indicate that they were survivors from previous populations.

The Corte grove may be the product of introduced cultivars with

chlorotype CE1 escaping by seed, and probably conserved due to

geographical isolation. The dispersal of olive stones by birds has

been documented and may be relevant here (Spennemann &

Allen, 2000). Wood charcoal artefacts have been identified by

Terral & Arnold-Simard (1996), revealing pre-domestication of

the oleaster in the western Mediterranean by 8050 years ago.

Indeed, Figuieral & Terral (2002) found evidence that western

olive domestication probably paralleled eastern events

(5850 years ago). In addition, Terral et al. (2004) established

relationships between charred olive stones from archaeological

sites and modern cultivars based on geometrical morphometry.

Existing genetic diversity did not permit the reconstruction

of oleaster diversity before the last Ice Age. In oak, diffusion

routes from refuge zones to all over Europe have been based on

palynological data enabling the location of refugia (Petit et al.,

2003) and the reconstruction of recolonization routes (Brewer

et al., 2002). This was not possible for oleaster as chlorotypes

were mixed in several GRPs, suggesting that ancient taxa

carrying the corresponding chlorotypes may have existed in the

three refuge zones before the last Ice Age. One was probably in

the eastern Mediterranean with CE1. The two others were in the

western Mediterranean with CCK in North Africa and COM in

Italy (Sicily), France (Corsica) and Spain. Furthermore,

microsatellite polymorphisms indicated that refuge zones were

deeply structured, but we found trees belonging to one GRP in

North Africa, Corsica, Spain and continental France. Gene flow

that disturbed the basic tripartite GRP structure, producing the

present oleaster distribution, is therefore probably more recent

due to human migration and trade. The distribution of these

chlorotypes on islands (Sicily, Corsica) and continents (Africa,

Europe) suggests their age in these locations and indicates

complex seed movement, probably by birds.

Relationship of olive with oleasters

The ages of the trees sampled range between 100 to probably

more than 500 years. Leaf morphology, fruit shape and weight

did not permit verification of whether trees were oleaster, feral

Israël

Spain

Corsica - Sicile

North Africa

Turkey

6
1

4

3 2
7

4

Libya

5
Figure 4 Map of the Mediterranean basin

showing the approximate locations of the

seven oleaster populations. RPOPs are circled

by continuous lines and numbered according

to Table 4. Dotted circles indicated that the

two RPOPs were not differentiated by all

methods.
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or cultivar. In some cases, habitat alteration and cultivation

traces may have fully disappeared after several centuries of

agricultural abandonment. Some cultivars from various coun-

tries were added to compare clustering of both types of tree.

Since the original oleaster sample did not cover the entire

Mediterranean basin, cultivars were chosen from countries not

represented by oleasters. It was assumed that if humans had

moved olive cultivars long distances, some trees may originate

from local oleasters, although animals may have contributed to

local spreading. Hybridization would have occurred within

local oleasters as well as with introduced cultivars in both

directions. This consideration increases the number of possible

feral oleasters (oleaster [maternal] · cultivar [paternal]

hybrids), since all hybridized trees must be considered feral

(see Appendix S3 in Supplementary Material). Admixture

analyses also revealed eastward seed gene flow to Israel, Syria

and Turkey that was not detected by chloroplast DNA RFLP

(all carried CE1) and RAPD markers (Besnard et al., 2002).

Those trees appear to be cryptic hybrids between trees from

different GRPs, although they are still clustered with the

genuine eastern trees. Nevertheless, a cryptic hybrid is an

individual that has the morphology of either parent but is the

result of hybridization. This can be revealed through a

combination of molecular and statistical procedures. Indeed,

cryptic hybrids would not be revealed with molecular markers

only. Thus, the procedure to determine the status of a tree

between genuine oleaster, cultivars and variations of feral

hybrids has to include morphological and historical traits,

molecular analysis with two or three kind of markers, and

statistical analysis such as multivariate or Bayesian analysis.

Model acceptance or rejection: a new model

The Bayesian method is based on several discussed assump-

tions. The patterns of diversity in eastern and western

oleaster groves did not support the stated working hypo-

thesis. The implications of these findings allowed us to better

understand the oleaster diversity and the origins of olive

from oleasters.

The predictions of our originally stated model on oleaster

diffusion in the Mediterranean were not proven: (1) the

genetic diversity did not display a bottleneck in the west in

comparison to the east; and (2) western oleasters were not

derived from eastern cultivars. Rather our results support the

possibility that: (3) some western cultivars originated from

western oleasters; and (4) diversity is much higher in the west

than in the east, thus supporting the hypothesis that

presumed western oleasters are genuine. According to these

findings a new hypothesis is proposed, namely oleasters

originally differentiated in the west where the diversity is

much higher.

CONCLUSION

Microsatellite markers bring new insights into oleaster differ-

entiation:

1. they revealed at least six origins for oleasters using three

different methods: Bayesian analysis, population differenti-

ation parameters and FCA. We also found support for the

argument that marker frequencies displayed a cline between

the eastern and western Mediterranean basin (Besnard &

Bervillé, 2000, 2002b);

2. the cline can be explained by the recolonization of the

Mediterranean basin by oleasters from the six GRPs, which

may match Pleistocene refuge zones;

3. with oleaster expansion the populations may overlap in

some locations and mix, as we detected with both cytoplasmic

and nuclear markers. However, data suggested that fruit

displacement, probably due to human movement, has

occurred westward;

4. however, the chloroplast diversity was found to be mixed in

some of the GRPs, suggesting that the chloroplast polymor-

phisms differentiated earlier than the last Ice Age;

5. the present analysis of the geographical and genetic

divergence of the eastern and western oleaster groups should

enable a rational sampling of oleasters for in situ conservation

of olive genetic resources.
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CNRS UMR 6116)
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