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� Background and Aims In the last decades, the geographical location of the centre of origin of Quercus suber
(cork oak), a strictly western Mediterranean oak species, has been the subject of controversy.
� Methods RFLP variation over the whole chloroplast DNA molecule and PCR–RFLPs over seven specific cpDNA
fragments were analysed phylogeographically to reconstruct the evolutionary history of cork oak.
� Key Results Nine chlorotypes of the ‘suber’ cpDNA lineage were identified throughout the species range. Using
closely related Mediterranean oak species as outgroup, the chlorotypes showed a clear phylogeographical pattern
of three groups corresponding to potential glacial refuges in Italy, North Africa and Iberia. The most ancestral and
recent groups were observed in populations located in the eastern and western parts of the species range, respect-
ively. Several unrelated chlorotypes of the ‘ilex’ cpDNA lineage were also identified in specific western areas.
� Conclusions The results support a Middle-Eastern or a central Mediterranean origin for cork oak with subsequent
westward colonization during the Tertiary Period, and suggest that the ‘ilex’ chlorotype variation does not reflect
entirely cytoplasmic introgression by Q. ilex but originated partly in Q. suber.

Key words: cpDNA RFLP and PCR–RFLP variation, evergreen Mediterranean oaks, phylogeography, Quercus suber,
Quercus ilex.

INTRODUCTION

Quercus suber (cork oak) has a quite narrow geographical
range as compared with the other main evergreen Mediter-
ranean oak species, e.g. Quercus coccifera/Q. calliprinos
(holly oak) and Q. ilex (holm oak). It is restricted to several
discontinuous areas located exclusively in the western
part of the Mediterranean Basin and along the Atlantic
coast of North Africa and of south-western Europe. As
reported previously by Bellarosa (2003), the few relict
areas of south-eastern Italy constitute the far eastern limit
of the species. Cork oak avoids limestone substrates and
usually grows in hot parts of the humid and sub-humid
Mediterranean areas with at least 450 mm mean annual
rainfall and >4–5 �C mean temperature for the coldest
month. These physiological requirements may account pre-
dominantly for the observed natural distribution pattern of
Q. suber, which belongs to subgenus Cerris (Tutin et al.,
1993) and has been used since Antiquity to produce cork.

Some authors have suggested that Q. suber may have
originated in the Iberian peninsula where the species has
its present main range. This assessment was based on geo-
botanical studies (Sauvage, 1961) and on allozyme variation
in the whole cork oak range, which revealed a substantially
higher genetic diversity in the Iberian populations as com-
pared with those from North Africa, Italy and Provence
(France) (Toumi and Lumaret, 1998). Alternatively, fossil
records from oak species of subgenus Cerris dating to the
Tertiary were found in the Balkanic Peninsula, and other
authors considered that Q. suber probably appeared first in
more eastern countries, either in the Balkanic peninsula or,

alternatively, in the Middle Eastern–Peri-Caucasian area
(Palamarev, 1989; Bellarosa, 2003; Bellarosa et al., 2005,
and references therein). It has been suggested that the spe-
cies expanded westward during the late Miocene and was
widespread throughout the Mediterranean Basin during the
Pliocene, with several other Mediterranean oak species of
subgenus Cerris. During the Quaternary glaciations, cork
oak may have survived in scattered refugia which possessed
favourable microclimate conditions, and from which post-
glacial colonization occurred over recent millennia.
However, reliable scientific evidence is lacking to verify
this scenario. The Tertiary and early Quaternary remains
(megafossils and pollen) found in several European coun-
tries did not allow taxonomic identification at the species
level (Smit, 1973; Kvacek and Walther, 1989) and could be
attributable, therefore, to any Mediterranean oak species of
the Cerris group, most of which (e.g. Q. cerris, Q. trojana,
Q. macrolepis) grow exclusively in the eastern and central
parts of the Mediterranean Basin. Molecular phylogenetic
reconstruction could be a promising way to elucidate the
geographical origin of Q. suber by identifying the location
of the most ancestral genotypes currently observed in
the species. Such identification should be obtained by com-
paring molecular variation in Q. suber with that in related
species of subgenus Cerris.

Among available genetic molecular markers, restriction-
site analysis of chloroplast DNA (cpDNA), a molecule
inherited maternally in oaks (Dumolin et al., 1995), has
been shown to be a powerful tool for phylogenetic recon-
struction at both inter- and intra-specific levels. In several
(mostly regional) studies, PCR–RFLP variation of a few
cpDNA fragments was analysed in Q. suber, Q. ilex and* For correspondence. E-mail roselyne.lumaret@cefe.cnrs.fr
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Q. coccifera populations sampled predominantly in Iberia
and Morocco (Belahbib et al., 2001; Jimenez et al., 2004;
Staudt et al., 2004; Lopez-de-Heredia et al., 2005). In these
studies, chlorotypes belonging to two very distinct cpDNA
lineages were identified in cork oak. In the first lineage,
named ‘suber’, which may be considered as the original
and most widely distributed lineage in cork oak, Jimenez
et al. (2004) identified four related chlorotypes. Their partial
geographical distribution was reported by Lopez-
de-Heredia et al. (2005). In addition, in two specific geo-
graphical areas, i.e. north-eastern and southern Morocco,
and eastern Iberia with adjacent French Catalonia, all the
sampled cork oak populations were shown to possess
chlorotypes corresponding to a second cpDNA lineage
(‘ilex’) shared with holm oak. This fact was interpreted
as the result of multiple and mainly unidirectional cyto-
plasmic introgression of Q. suber by Q. ilex. From their
experimental crosses, Boavida et al. (2001) reported the
occurrence of asymmetric hybridization between cork oak
and holm oak. However, in several surveys of cpDNA vari-
ation in these species, evidence was provided that, in initial
hybridization and in back crosses, Q. ilex is predominantly,
but not exclusively, the maternal species (Belhabib et al.,
2001; Staudt et al., 2004). Quercus suber and Q. ilex possess
overlapping geographical distributions (Tutin et al., 1993)
but they are not very closely related, as shown from both
cytoplasmic and nuclear genetic analyses (Belahbib et al.,
2001; Toumi and Lumaret, 2001; Petit et al., 2002;
Bellarosa et al., 2005) and belong to subgenera Cerris
and Schlerophyllodrys, respectively (Tutin et al., 1993).

In the present work, RFLP analysis of the whole chloro-
plast DNA molecule is used for the first time in Q. suber to
analyse the phylogeographical variation of cpDNA over the
whole species range, including the eastern part that was
poorly investigated previously. Using the same technique,
25 related chlorotypes of the ‘ilex’ lineage were distin-
guished previously in 174 Q. ilex populations sampled
over the entire species geographical distribution (Lumaret
et al., 2002). These chlorotypes were mapped and
treated cladistically to build a phylogram, using related
Mediterranean oak species as an outgroup, and the evolu-
tionary history of Q. ilex was reconstructed successfully
(Lumaret et al., 2002). In the present study, a complement-
ary PCR–RFLP analysis of cork oak cpDNA, using several,
DNA fragment/endonuclease combinations, was performed
to identify additional phylogenetically informative charac-
ters based on very small fragment changes, and usually not
detected with the standard RFLP technique. The main
objectives were: (a) To identify, map and conduct a phylo-
geographical analysis of Q. suber cpDNA variation in the
‘suber’ lineage, to infer the probable route followed by the
species during its spread over the Mediterranean Basin at
the end of the Tertiary period; (b) to determine putative ice-
age refugia and the main post-glacial re-colonization routes;
and (c) to identify the ‘ilex’ lineage chlorotypes observed in
Q. suber according to those described previously in Q. ilex
(Lumaret et al., 2002). Specifically, the aim of the present
study was to determine whether the ‘ilex’ lineage cpDNA
variation of Q. suber is entirely due to cytoplasmic intro-
gression by Q. ilex or else originated partly in Q. suber, from

novel mutational events occurring in already introgressed
cork oak material.

MATERIALS AND METHODS

Plant material

To analyse RFLP variation over the whole cpDNA
molecule, the tree material used in the study was collected
from 91 Q. suber populations distributed over the entire
geographical range of the species (Fig. 1). Geographical
coordinates and sample sizes of the localities may be
obtained from the corresponding author. The populations
were either pure (42 sites) or mixed with Q. ilex in 45 sites.
A single Q. suber population (no. 69) was mixed with
Q. coccifera and four populations were mixed with both
evergreen oak species (nos 39, 41, 46 and 50). A mean of
4·02 trees per population was analysed for RFLP variation
over the whole cpDNA genome. In the populations where
cpDNA variation was observed, the sample size was
increased to 10·1 trees per population, on average. In addi-
tion, as a complement, a sub-sample including tree material
from 39 populations (nos 1, 3, 4, 6–11, 14, 16, 17, 22–38,
52, 57, 59, 69, 75, 79, 87, 88, 90 and 91) was scored for
RFLP variation in seven specific cpDNA fragments amp-
lified by using a polymerase chain reaction (PCR–RFLP)
technique. Species identification was based on morpho-
logical characters as described in Flora Europaea (Tutin
et al., 1993). Moreover, cpDNA variation was analysed
in Q. cerris (by using the same RFLP and PCR–RFLP
techniques) and Q. trojana (with PCR–RFLPs exclusively),
two species closely related to Q. suber. Several Q. cerris
individuals (three from two sites in France, three from one
site of central Italy, two from one site of north-western
Hungary, one from central Greece, and one from southern
Macedonia), and two individuals of Q. trojana from south-
ern Macedonia were used as outgroups.

Isolation and restriction endonuclease analysis of
the whole cpDNA molecule

Leaf-bearing branches collected on the trees were placed
in the dark for 8 d to de-starch the leaves before they were
ground in liquid nitrogen and freeze-dried. Chloroplasts
were isolated from 4-g aliquots of freeze-dried powder
and cpDNA was extracted from chloroplasts as described
by Mariac et al. (2000). Aliquots of 20 mg of chloroplast
DNA were incubated for 5 h with three six-cutter (AvaI,
BamHI and DraI) and one four-cutter endonucleases
(HhaI), according to the recommendations of the suppliers
(Boehringer-Germany, Appligene-France). These restric-
tion enzymes provided consistent restriction patterns with
a large number of fragments (usually over 45). The restric-
tion digests were separated by electrophoresis on horiz-
ontal 0·85 % agarose-slab gels. The ‘1-kb ladder’ DNA
(Eurogentec) was used as size standard. Gels were stained
with ethidium bromide and photographed under UV light.
For each cpDNA restriction endonuclease pattern, DNA
restriction fragment sizes were determined using ‘Bande’
software (Duggleby et al., 1981).
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PCR–RFLP analyses of cpDNA

Although RFLP analysis over the total cpDNA molecule
(cpDNA-RFLP) is very efficient in identifying the putative
variants, it can fail to differentiate between very small
fragment-size changes (addition, deletions), if these concern
either very large (>10 000 bp) or very small (<400 bp) frag-
ments. Small fragment-size changes can be more easily
detected with a PCR–RFLP technique, which was used as
a complement to the RFLP analysis of the whole cpDNA
molecule. Universal primers are only available for the large
copy region of cpDNA (Grivet et al., 2001).

Total DNA was extracted from freeze-dried powder using
a DNeasy Plant Minikit (QIAGEN). Chloroplast DNA was
amplified using seven pairs of universal chloroplast primers
corresponding to fragment TF (Taberlet et al., 1991);
fragments AS, CD, DT, HK (Demesure et al., 1995), FV
(Dumolin-Lapègue et al., 1997) and SR (Grivet et al.,
2001). The four CD, DT, FV and HK amplified fragments
and the three AS, TF and SR fragments were cut using
endonucleases TaqI and HinfI, respectively. Digestion
products were separated in 8 % polyacrylamide gels (18 ·
28 cm) stained with ethidium bromide and photographed
under UV light. The ‘Smart ladder’ (100–1000 bp)
(Eurogentec-France) was used as a size standard.

Identification of cpDNA mutations

The cpDNA restriction endonuclease patterns of indi-
vidual trees were scored for fragment-length differences.
When possible, the cpDNA changes were identified as either

length or site mutations. For instance, in the RFLP study
of the whole cpDNA molecule, the detection of specific
changes, each revealed from an individual oak tree by sev-
eral restriction enzymes, suggests that alterations in the
length of the fragments may be due to DNA length muta-
tions rather than restriction site mutations. By scoring those
length variants arbitrarily as the same mutation (same let-
ter), counting the same insertion/deletion several times was
avoided and, thereby, overestimating the number of distinct
mutations.

Relationships between chlorotypes

Even if distinct site mutations (based on distinct restric-
tion sites) were identified using either RFLP method, the
possibility that both revealed, at least partly, the same length
mutations cannot be ruled out and justifies separate data
treatment. The different chlorotypes were scored for
presence/absence and pooled to compute a similarity matrix
(F-values) as proposed by Nei and Li (1979). The fraction of
shared fragments was estimated by F = 2Nxy/(Nx + Ny)
where Nxy is the number of bands chlorotype x and chloro-
types y have in common, and Nx and Ny are the number of
bands found for chlorotypes x and y, respectively. The dis-
tance (1 – F values) was then analysed using the UPGMA
option of PHYLIP 3·5 (Felsenstein, 1993). In addition, for
both RFLP and PCR–RFLP analyses considered separately,
using the main Q. cerris chlorotype as an outgroup, the
DNA changes observed in the several chlorotypes identified
in Q. suber were scored for presence/absence and were
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analysed cladistically by enumeration of the parsimonious
trees using PAUP 4.0b10 (Swofford, 2000). A strict con-
sensus tree was obtained and 1000 bootstrap samples were
used to place confidence limits on branch points in the tree.

Geographical distribution and genetic diversity of
cpDNA haplotypes

The geographical distribution of the different chlorotypes
identified in the sampled plant material from RFLP vari-
ation over the whole cpDNA molecule was mapped. Nei’s
(1987) genetic diversity statistics, adapted to small and
unequal sample sizes, were calculated for each population
(hs) and over all populations (ht), and the proportion of
diversity resulting from genetic differentiation among popu-
lations (Gst) was estimated using GENETIX 4.03 (Belkhir
et al., 2001).

RESULTS

Of all the Q. suber individuals analysed by cpDNA-RFLP
with four restriction enzymes (AvaI, BamHI, DraI and
HhaI), two very divergent types of restriction patterns were
distinguished and these contained, on average, 24 % of dis-
tinct fragments. One type, corresponding to the molecular
lineage ‘suber’ was observed in 84 % of cork oak trees and
in 100 % of the Q. cerris and Q. trojana individuals ana-
lysed in the study. A second type, the ‘ilex’ lineage, was
found in 16 % of the cork oak individuals, and was com-
posed exclusively of restriction profiles similar to those
identified previously in Q. ilex populations (Lumaret et al.,
2002). The restriction patterns observed in both of these
cpDNA lineages were also very distinct from those observed
in the European white oak species of section Quercus
(R. Lumaret, J.-Ph. Ripoll, C. Mir et al., unpublished data).

The size of the chloroplast genome was estimated by
adding together the size of the fragments generated by
each endonuclease, particularly those produced by BamHI,
which provided fewer and larger-sized fragments, and was
estimated to be 141–142 kb in cork oak. In the Q. suber
material, which showed cpDNA-RFLP restriction patterns
corresponding to the ‘suber’ lineage, five, four, three and
four distinct patterns and an average of 55·5, 47·0, 40·0
and 38 fragments were observed for HhaI, DraI, AvaI
and BamHI, respectively. By comparison with the restric-
tion profiles observed in Q. suber material from continental
Italy (used as a reference because they showed the highest
similarity to the patterns observed in Q. cerris), the muta-
tions responsible for cpDNA variation were distinguished.
Thirteen site mutations and three length mutations were
identified (Table 1) and categorized with numbers and let-
ters, respectively. Eight distinct haplotypes (chlorotypes)
were distinguished in cork oak material from all the muta-
tions obtained with the four restriction enzymes (Table 1).
Four of these chlorotypes, S1, S3, S4 and S5, had a wide
geographical distribution (Fig. 1) and were observed in 9·0,
19·9, 8·5 and 42·2 % individuals, respectively. The four
other chlorotypes, S2, S6, S7 and S8, had a very restricted
distribution and their frequencies were 0·8, 3·0 0·5 and
1·1 %, respectively. In Q. cerris, one additional chlorotype

of the same lineage was observed which differed from S1 by
a single mutation (no. 14) using HhaI. A 5300-bp fragment
observed in S1 is replaced by a 5260-bp fragment in
Q. cerris.

In Q. suber, the similarity index (F) values obtained from
all of the mutations (site and length) ranged from 0·35
to 0·94. When the distance matrix obtained from the 1 – F
values was constructed using UPGMA algorithm, four
groups of chlorotypes could be distinguished (Fig. 2). Two
of these groups, S1–S2 and S3–S4–S7, corresponded to cork
oak material sampled exclusively in the eastern part of the
species range, whereas the two other groups, S5–S6 (very
distant from the other chlorotypes) and S8, possessed
an Iberian-Moroccan distribution (Fig. 1). With the Dollo
parsimony method, a similar general clustering pattern was
obtained from the analysis of presence/absence of the 17
cpDNA mutations, of which 11 were phylogenetically infor-
mative, with Q. cerris as an outgroup (Fig. 3A). A single
most-parsimonious tree was obtained (17 steps) with no
character reversion. The consistency and retention indices
were equal to 1·000. The consensus tree was obtained with
confidence values ranging from 63 to 100 % of the major
branches (Fig. 3A). Three clusters could be distinguished,
each with a distinct geographical distribution (Fig. 1). A first
cluster included two chlorotypes, S1 and S2, which differ
from the chlorotype observed in Q. cerris by one and two

T A B L E 1. Restriction fragment length changes (kb) compared
with the fragment size observed in the Q. suber individuals
possessing chlorotype S1 (reference) in cork oak material
and their occurrence in the other chlorotypes of Q. suber

cpDNA lineage

Restriction
enzyme

Fragment size (bp)

No. Reference Mutant Chlorotypes

HhaI 1 5600 + X ! 5680 S3–S4–S7
2 5300 + X ! 5450 S3–S4–S5–S6–S7–S8
3 5300 ! 5150 + X S8
a 4760 ! 4650 S5–S6
4 4080 + X ! 3880 S5–S6
5 1545 + X ! 1560 S3–S4–S7
6 7730 ! 5210 + 2520 S7

DraI a 2680 ! 2570 S5–S6
7 2045 + X ! 2065 S4
b 2040 ! 1980 S5–S6–S8
c 1550 ! 1580 S5–S6–S8

AvaI 8 10590 + 3440 ! 14010 S5–S6
c 5220 ! 5250 S5–S6
9 3930 + X ! 3900 S5–S6
10 3120 ! 3050 + X S8
b 2220 ! 2180 S5–S6

BamHI 11 9310 + X ! 9390 S6
12 4520 + X ! 4480 S2
13 2960 + X ! 2970 S5–S6
a 2950 ! 2840 S5–S6

Cork oak material was scored for RFLP cpDNA variation by using four
restriction enzymes.

Changes attributable to site and length mutations are indicated with
numbers and letters, respectively. Changes attributable to the same
mutation are indexed with the same letter.

Some fragments could not be accurately sized due to small size or multiple
superimposed bands (X).
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mutations, respectively. S1 was found in Sicily, in a part of
Sardinia and of Corsica, and in central Italy, whereas S2 was
restricted to the south-eastern part of Italy (Apulia region).
A second cluster is characterized by the phylogenetically
informative mutations 1 and 5 and contains chlorotypes
S3, S4 and S7. Chlorotype S3 was observed in Sardinia,
Corsica, in the most eastern part of Provence (France),
and in Tunisia and Algeria. S4, which differs from S3 by
mutation 7, was only found in the western part of Provence,
while S7 was observed exclusively in two individual trees
collected in Tunisia (site 89) and Corsica (site 18), respect-
ively. The third cluster was characterized by the two phylo-
genetically informative length mutations (b and c) and
included the chlorotypes S5, S6 and S8 which are all restric-
ted to the western part of the Q. suber geographical area.
S5 was distributed widely in Morocco and in the Iberian
Peninsula, whereas S6 and S8 were restricted to the
centre of Morocco and to a single site located in southern
Portugal, respectively. S5 and S6, which differ from each
other by a single mutation (11) were very distinct from
the other chlorotypes and shared five specific mutations
(4, 8, 9, 13 and a).

PCR–RFLP cpDNA analyses of 39 Q. suber populations
distributed over the entire species range and which pos-
sessed the main cpDNA-RFLP chlorotypes of the ‘suber’
lineage (S1, S2, S3, S4, S5 and S6) provided interesting
additional data regarding the phylogeographical organiza-
tion of cpDNA in Q. suber. No polymorphism was observed
in using trnA-trnS and trnD-trnT. The five other cpDNA
primer pairs combined with the two restriction enzymes

identified five distinct chlorotypes (from A to E) containing
two site mutations and eight length mutations (Table 2).
Chlorotype ‘A’ was also observed in all the Q. cerris
trees sampled in France, Italy and Hungary. However,
the Q. cerris individuals from Greece and Macedonia and
the two Macedonian Q. trojana trees possessed an addi-
tional chlorotype which differed from chlorotype A by a
single mutation (no. 10) also found in the Q. suber popu-
lation 8 located in south-eastern Italy (Fig. 1).This chloro-
type, which was observed in the central parts of the ranges
of Q. cerris and Q. trojana where Q. suber does not occur,
was chosen as a reference (outgroup) for the phylogenetic
analysis of cpDNA PCR–RFLP variation in cork oak. The
consensus tree (Fig. 3B) was obtained using parsimony
based on the presence/absence of the ten other mutations,
five of which were phylogenetically informative. By way of
comparison, identity of the corresponding chlorotypes
obtained from analysis of the same tree material with the
RFLP method is also indicated. Two most-parsimonious
trees required a minimum of 11 steps to account for the
ten mutations. The single reversion was observed for length
mutation 4. The consistency and retention indices were
0·909 and 0·800, respectively. The consensus tree had con-
fidence values ranging from 65 to 85 % of the major
branches (Fig. 3B) and showed overall similarity with the
tree obtained from RFLP analysis over the whole cpDNA
molecule. However, in Fig. 3B, chlorotype B, observed in
the Italian population 8 and corresponding to S2, was the
closest to the root as it shared mutation 10 with the outgroup
species (Q. cerris and Q. trojana). Moreover, two distinct
chlorotypes, A and C, instead of a single one (S1), were
identified in Q. suber populations from continental Italy
(except no. 8), Sardinia and Corsica, and in those from
Sicily, respectively. Conversely, chlorotype D was found
in all the populations analysed from Algeria, Tunisia,
Sardinia, Corsica and Provence. By contrast, the popula-
tions from the eastern and western parts of Provence were
characterized by RFLP chlorotypes S3 and S4, respectively.
Chlorotype E was identified in populations from northern
Morocco, Iberia and the south-western part of France
characterized by chlorotypes S5 or S6, according to the
RLFP method.

In the 15 Q. suber populations (mixed stands) which
included individuals characterized by an ‘ilex’ cpDNA lin-
eage, six distinct chlorotypes were observed. Five of these
had been previously identified in Q. ilex as chlorotypes 12,
15, 21, 23 and 24 (Lumaret et al., 2002). The sixth chloro-
type, chlorotype 26, is closely related to Q. ilex chlorotype
20 but differs from it by two mutations, which had never
been reported for that species. Comparison of chlorotype 1,
the reference ‘ilex’ chlorotype (Lumaret et al., 2002),
to chlorotype 26, shows that a 6770-bp fragment and
a 1700-bp fragment in chlorotype 1 are replaced by a
6750-bp fragment and by two fragments (1410 and
290 bp) in chlorotype 26, respectively, using DraI. In
cork oak populations, chlorotype 12 was observed in the
southern and eastern parts of Morocco; chlorotype 15 was
found in Portugal (site 70); chlorotype 21 was identified
in site 50 (Andalusia) and in several sites of the Spanish
and French Catalonia region where chlorotype 23 was also

S8

S5

S6

S1

S2

S7S3

0·1

S4

F I G . 2. UPGMA unrooted phenogram based on the proportion of shared
site and length mutations for the eight chlorotypes observed in Q. suber
populations showing a ‘suber’ lineage cpDNA molecule and scored for four

endonuclease RFLPs.
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observed. Chlorotype 24 was found exclusively in the
French part of Catalonia, whereas chlorotype 26 was restric-
ted to site 46 (Fig. 1). For 14 populations where cork oak
was mixed with other evergreen oak species, and which
included individuals showing an ‘ilex’ cpDNA lineage,
chlorotype comparisons among Q. suber, Q. ilex and
Q. coccifera (when this species occurs) are presented in
Table 3. In five of these populations, the chlorotypes iden-
tified in Q. suber were distinct from those observed in the
other oak species.

In the present study, 76, 12 and 3 populations consisted
of cork oak trees showing exclusively a ‘suber’ cpDNA
lineage, an ‘ilex’ lineage and a mixture of individuals
possessing either cpDNA lineage, respectively (Fig. 1).
A single chlorotype was observed in 81 of the 91 cork

T A B L E 2. Restriction fragment length changes (kb) compared
with the fragment size observed in the Q. suber individuals
possessing chlorotype A (Reference) in cork oak material
and their occurrence in the other chlorotypes of ‘suber’

cpDNA lineage

Primers Enzyme
Mutation

no. Reference
Fragment

size mutant Chlorotypes

trnC-trnD TaqI 1 1100 ! 1050 E,,D
2 1100 ! 1000 B,,D
3 540 ! 555 D, E
4 335 ! 340 C, D

trnS-trnR Hinf I 5 215 ! 240 E,,D
trnT-trnF Hinf I 6 290 ! 280 D, E

7 120 ! 125 B,,D
trnH-trnK TaqI 8 70 + 40 ! 110 D, E
trnF-trnV TaqI 9 940 + 520 ! 1460 D,,D

10 320 ! 310 B,,D

Cork oak material was scored for PCR–RFLP cpDNA variation using five
combinations of primers/restriction enzymes.

A B

A [S1]

(1, 5) 

(4, 9) 

(3, 6, 8)
E [S5, S6] 

(4) 
C [S1] 

65 
(10) 

B [S2] (2, 7) 

Q. cerris 

D [S3, S4] 

85 

0·1S1 

(1, 5) 

87 

87 

(12) 

(2) 

S4 
(7) 

Q. cerris 

S7 

S3 

S2 

64 

(14) 

(6) 

63 

(11) 

(3, 10)

(4, 8, 9, 13, a) 

S8 

S5 

S6 

100 

0·1

(b, c) 

F I G . 3. Phylograms based on the consensus trees resulting from parsimony analysis of the eight RFLP chlorotypes (A) and of the five PCR–RFLP chlorotypes
(B) identified in Q. suber populations showing a ‘suber’ lineage cpDNA molecule. In both data treatments, Q. cerris was used as outgroup. The number
of mutations observed is indicated in parentheses for each node. For each major branch, the percentage of times that the defined group occurred in the
1000 bootstrap samples is indicated in italics. In (B), cpDNA haplotypes defined through PCR–RFLP are indicated by capital letters, and the corresponding

RFLP chlorotypes in (A) are given in the square brackets.

T A B L E 3. Chlorotype identity (following Lumaret et al., 2002)
and sampling size (in parentheses) in 14 mixed Quercus suber,
Q. ilex and Q. coccifera populations in which all Q. suber
individuals possessed a cpDNA molecule of the ‘ilex’ lineage

Chlorotype no.

Population no. Q. suber Q. ilex Q. coccifera

39 23 (7) 21 (11) 21 (4)
40 23 (10) 21 (8) –

24 (2)
41 21 (1) 21 (8) 21 (5)

23 (5) 23 (1)
42 21 (4) 21 (4) –
43 23 (4) 22 (4) –
44 21 (2) 21 (9) –

23 (8)
45 23 (4) 21 (4) –
46 26 (4) 19 (4) 21 (3)

21 (1)
50 21 (5) 21 (4) –
82 12 (7) 12 (2) –

13 (9)
83 12 (5) 12 (5) –
84 12 (5) 12 (6) –
85 12 (3) 12 (3) –
86 12 (4) 12 (4) –
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oak populations analysed and two chlorotypes were
identified in ten polymorphic sites. Total genetic diversity
(Ht) and the proportion of diversity attributable to dif-
ferentiation between the populations (Gst) were equal
to 0·689 and 96 %, respectively, in the 76 Q. suber
populations containing exclusively ‘suber’ cpDNA types.
For the same genetic parameters, the values were 0·705
and 84 %, respectively, in the 12 populations showing
exclusively the ‘ilex’ lineage, and 0·770 and 93 % in all
the populations.

DISCUSSION

General characteristics of cpDNA variation in Q. suber

As expected, a higher proportion of site mutations were
identified by using the RFLP than the PCR–RFLP analysis,
which revealed mostly small length variation (insertion/
deletion) and the two methods may be considered as
complementary. Eight, five and nine distinct chlorotypes
were identified using cpDNA restriction over the whole
molecule, PCR–RFLPs, and both techniques together,
respectively. Most cork oak populations possessed chloro-
types of the ‘suber’ lineage, which is shared with Q. cerris
and Q. trojana, the two closest relatives of cork oak. In a
previous study, Petit et al. (2002) identified closely related
cpDNA molecules in Q. suber and Q. cerris. Consistent
with other studies based on PCR–RFLP techniques (e.g.
Belahbib et al., 2001; Jimenez et al., 2004) by using a
RFLP analysis over the whole cpDNA molecule, substantial
genetic differentiation (24 % distinct restriction fragments
on average) was revealed between the chlorotypes of the
‘suber’ and ‘ilex’ lineage, respectively. As a comparison,
in Q. ilex, using the same endonucleases, 9 % distinct
restriction fragments were observed between the genetically
most distant chlorotype groups which corresponded to
subspecies ilex and rotundifolia, respectively (Lumaret
et al., 2002). This result justifies the separate phylogenetic
analysis of the two lineages and supports previous discrim-
ination of the taxonomic groups (or subgenera) Cerris and
Sclerophyllodris, in which Q. suber and Q. ilex are classi-
fied, respectively (Nixon, 1993; Tutin et al., 1993; Bellarosa
et al., 2005). In addition to the six chlorotypes of the ‘ilex’
lineage, in cork oak the approach used allowed the detection
of nine ‘suber’ chlorotypes, a similar value to those reported
in most other surveys of Fagaceae (Magni et al., 2005), with
the exception of Q. ilex where substantially higher values
were reported (Lumaret et al., 2002; Jimenez et al., 2004).
In the present study, only four cork oak populations pos-
sessing exclusively a ‘suber’ chlorotype were polymorphic
and most chlorotype diversity was attributable to differen-
tiation among populations, as reported previously by most
range-wide studies of oak species, including Q. ilex (for a
review see Magni et al., 2005).

cpDNA phylogeographical pattern within lineage ‘suber’

Consistent chlorotype phylogeographical patterns were
observed in Q. suber from the two complementary cpDNA
analyses used in the study. Examination of both chlorotype
phylogenetic structure and present geographical distribution

showed that the genetically closest chlorotypes to those
observed in related oak species (especially Q. cerris) were
found exclusively in the eastern part of the present Q. suber
distribution. In addition, in the two phylograms the main
clusters of chlorotypes, which are differentiated success-
ively from the base, were identified in geographical areas
distributed from east to west (i.e. continental and insular
Italy, the eastern and central parts of North Africa, the
western part of North Africa and the Iberian Peninsula),
suggesting that migration and genetic differentiation
occurred initially in that direction. Moreover, because
each cluster is defined by several mutations, this genetic
differentiation may be very ancient and may characterize
distinct geographical ice-age refugia (i.e. southern Italian
Peninsula, North Africa and southern Iberian Peninsula)
from which, after the last glaciations, Q. suber may have
begun to migrate northward to the southern part of France.
The finding that the Q. suber individuals of site 8 (south-
eastern Italy) share a specific cpDNA PCR–RFLP fragment
with the Q. cerris and Q. trojana individuals analysed from
Greece and Macedonia, may constitute additional evidence
to support Bellarosa’s assessment of an eastern origin
for cork oak (Bellarosa, 2003). However, comparisons of
cpDNA variants between species rely on homology of the
bands scored, which has not been tested in the present study.
On the basis of the variation for the intergenic spacer length
of rDNA genes, Bellarosa et al. (2003) suggested that the
primary centre of origin of Q. suber may be located in south-
eastern Europe, whereas the Iberian Peninsula (see above)
is more likely to be a secondary centre of origin for this
species. As shown in Fig. 2, substantial chlorotype differ-
entiation was observed between the populations sampled
in the eastern part of the species range, i.e. in Provence,
Corsica, continental and island Italy, eastern and central
North Africa, and those of the far western range, i.e.
Morocco, Iberia and the south-western part of France.
Using nuclear markers (allozymes and ITS), significant gen-
etic differentiation between the eastern and the western cork
oak population was observed and was interpreted as the
result of northward post-glacial re-colonization from dis-
tinct refugia located in the eastern and western parts of the
distribution range, respectively (Toumi and Lumaret, 1998;
Bellarosa et al., 2003).

As shown in the present study, within the eastern cork
oak range, the only chlorotype (S3) observed in Tunisia
and Algeria was also identified in Sardinia, Corsica and
Provence, suggesting that, in Q. suber, a North African
refuge may have contributed successfully to the re-
colonization of this part of Europe after the last glaciations,
contrary to what was reported for Q. ilex (Lumaret et al.,
2002) and for deciduous European oak species (Hewitt,
1999). An additional chlorotype S1, observed predomin-
antly in continental Italy and in Sicily, was identified in
a few populations from Sardinia, and from Corsica which
also shared the rare chlorotypes S7 with Tunisia. This situ-
ation probably reflects the occurrence of rare natural events
of long-distance dispersal from several geographical
sources located in the closest island or continental areas
to those islands. In addition, the possibility of intentional
acorn transport by people to extend cork oak areas for
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economic purposes cannot be ruled out and its impact on the
geographical patterns of cork oak genetic variation should
not be underestimated. In a recent paper, Lopez-de-Heredia
et al. (2005) suggested the possibility of long-distance dis-
persal events to explain the sharing of a rare chlorotype by
cork oak populations located in Minorca and in Sardinia,
respectively.

In the western species range, the occurrence of chlorotype
S5 in north-western Morocco and in a very large part of
Iberia, implies intercontinental migration. Cork oak could
have migrated between North Africa and Iberia, in either
direction, through the Strait of Gibraltar at the end of the
Tertiary period or later during the interglacial episodes
of the Quaternary period (Sauvage, 1961). In the phylo-
gram (Fig. 3A), in addition to several specific mutations,
chlorotype S8 contains some (b and c) but not all of the
mutations characteristic of the western cork oak range
(chlorotypes S5 and S6). Therefore, chlorotype S8 can be
considered as an evolutionary intermediate between eastern
chlorotypes (chlorotypes S3, S4 and S7) and the western
chlorotype (S5) from which S6 is probably derived.
Chlorotype S8 was observed exclusively in a natural relict
area located in southern Portugal (site 72, Fig. 1). The
possibility that S5 originated in Morocco and migrated
subsequently to Iberia cannot be ruled out. However, to
account for the presence of both S5 and S8 in Iberia, this
interpretation implies that several events of cork oak
migration from North Africa to Iberia occurred in different
episodes and assumes that S8 and/or other closely
related ancestral chlorotypes became extinct in Morocco.
Alternatively, it can be considered that S5 originated in
Iberia, and subsequently migrated to the north-western
part of Morocco. In Q. ilex, a north-to-south migration
pattern was reported previously on the basis of a wide range
in cpDNA variation (Lumaret et al., 2002) in approximately
the same geographical area.

cpDNA phylogeographical variation within lineage ‘ilex’

This large geographical survey of cpDNA variation in
cork oak confirms that populations possessing exclusively
an ‘ilex’ chlorotype are mainly confined to the few regions
identified previously (see above), which constitute <20 %
of the species range. As mapped in Fig 1, ‘ilex’ chlorotypes
were observed in a few additional small areas of southern
Iberia where Q. suber and Q. ilex constituted mixed
populations or were very close geographically. With the
exception of chlorotype 26, the ‘ilex’ chlorotypes found
in Q. suber, i.e. chlorotype 12 found in Morocco and chloro-
type nos 15, 21, 23 and 24 identified in Iberia and French
Catalonia, had been observed previously in the same areas
in Q. ilex populations (Lumaret et al., 2002). This result
indicates the occurrence of multiple events of local hybrid-
ization and of subsequent genetic introgression between the
two oak species, as reported previously (e.g. Toumi and
Lumaret, 1998; Belhabib et al., 2001). However, as shown
in Table 3, in mixed stands of Q. suber and Q. ilex the
populations do not always possess the same ‘ilex’ chloro-
type, suggesting that the two oak species may have under-
gone distinct colonization dynamics. This situation may in

part be due to human-mediated range expansion of Q. suber
in areas where Q. ilex, a species not intensively managed, is
naturally present.

A striking point raised by this study is the absence of cork
oak populations possessing ‘ilex’ chlorotypes in the eastern
range of the species. Similarly, Lopez-de-Heredia et al.
(2005) did not identify cork oak individuals possessing
an ‘ilex’ chlorotype in the few populations they studied
in the east. However, using larger sample sizes, Staudt
et al. (2004) observed an ‘ilex’ chlorotype in one of the
22 Q. suber individuals they analysed from a population on
Port-Cros Island (Provence, France). In a Corsican popula-
tion, one of the 50 cork oak individuals scored for
cpDNA RFLPs was shown to possess an ‘ilex’ chlorotype
(J.-Ph. Ripoll and R. Lumaret, unpublished data). In both
populations, ‘ilex’ chlorotype 4, predominant in Provencal
and Corsican Q. ilex populations (Lumaret et al., 2002), was
identified in Q. suber. This result suggests that cytoplasmic
introgression of Q. suber by Q. ilex does occur in the eastern
range of cork oak, but that it may be restricted to a few
isolated individuals. A substantial number of oak trees
showing intermediate morphology between both species,
possessing predominantly an ‘ilex’ chlorotype (Lumaret
et al., 2002) and for many of which the hybrid origin
was confirmed on the basis of nuclear interspecific dia-
gnostic markers, have been observed in south-eastern con-
tinental Italy (Bellarosa et al., 2005), in Sardinia and in
Provence (Lumaret et al., 2002). So, interspecific hybrid-
ization is likely to have happened quite frequently in the
eastern part of the range of Q. suber. The very rare occur-
rence of ‘ilex’ chlorotypes in Q. suber individuals of that
area may be attributable either to ‘intrinsic’ genetic diffi-
culties of backcrossed hybrids or, more probably, to
‘extrinsic’ ecological factors during establishment of back-
crossed (introgressed) hybrids in these areas.

In the present study, several ‘ilex’ chlorotypes (e.g. 23
and 26) were observed either exclusively or predominantly
in Q. suber populations. The possibility cannot be ruled out
that these ‘ilex’ chlorotypes were not found in Q. ilex as a
simple result of low sample sizes, as suggested previously
(Belhabib et al., 2001; Jimenez et al., 2004). However, in
very intensively sampled regions, e.g. in Spanish Catalonia,
and specifically in French Catalonia where chlorotype 23
was found to be widely distributed in Q. suber (Lumaret
et al., 2003; present paper) but was extremely rare in Q. ilex
(Lumaret et al., 2002), the possibility exists that this
chlorotype originated in Q. suber. As a result of predom-
inantly unidirectional cytoplasmic introgression between
the two species, several of the chlorotypes which were
never observed in Q. ilex, and which originated directly
in Q. suber, have a very low probability of being intro-
gressed into the Q. ilex genome. In addition, as shown in
the present work, ‘ilex’ chlorotype 26, observed exclusively
in Q. suber, differed by several mutations from the closest
chlorotype identified in Q. ilex. This suggests that, from
the cpDNA variants of ‘ilex’ lineage that were recovered
through interspecific introgression, additional successive
cpDNA changes may have occurred in Q. suber. Based
on this assumption, the occurrence of two distinct cpDNA
lineages in this species is predicted.
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