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Abstract

Range-wide variation of maritime pine was studied at maternally inherited and paternally
inherited markers (mitochondrial DNA and chloroplast DNA). While chloroplast DNA
exhibits the highest diversity, phylogeographic inferences from this marker are blurred by
homoplasy and extensive pollen flow. In contrast, the only three mitochondrial haplotypes
found provide a clear picture of nonoverlapping areas colonized from different refugia,
with no single population having a mixed composition (

 

G

 

ST

 

 = 1). Comparison of the genetic
structure inferred from both organelle genomes allows the investigation of differential
seed and pollen dispersal, pointing to pollen, but not seed, dispersal across the Strait of
Gibraltar (from Morocco into Iberia). A comparison with already available genetic informa-
tion, especially that of one of the maritime pine’s most threatening insect pests, the bast
scale 

 

Matsucoccus feytaudi

 

, further completes the picture.
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Introduction

 

In any phylogeographic survey, the accuracy of the spatio-
temporal reconstruction will be conditioned by the resolution
that can be achieved in terms of geographical structure and
phylogeny. Geographic resolution will be greater if the
genomes targeted are subject to limited gene flow, whereas
phylogenetic reconstructions will be facilitated if they are
uniparentally inherited. While mitochondrial DNA (mtDNA)
has been extensively used in animal studies (Avise 1998),
plant mtDNA is known to exhibit a lower rate of nucleotide
substitution and to be prone to extensive intramolecular
recombination (Newton 1988; Palmer 1992). Chloroplast
DNA (cpDNA) has therefore been used preferentially
in plants, especially for species where it is maternally
inherited (Schaal 

 

et al

 

. 1998; but see Desplanque 

 

et al

 

. 2000).
In hermaphrodite plants, both organelles are transmitted
many together, through gametes of the same sex, the
female in most angiosperms (e.g. Dumolin-Lapègue 

 

et al

 

.
1999), the male in some gymnosperms (Taxodiaceae,
Cupressaceae and Cephalotaxaceae, Chesnoy 1987). Cases
of opposite inheritance of the two organelles also exist. In

Pinaceae or in the genus 

 

Actinidia

 

 (kiwifruit), chloroplasts
are paternally inherited and mitochondria are matern-
ally inherited (Wagner 

 

et al

 

. 1987; Neale & Sederoff 1989;
Cipriani 

 

et al

 

. 1995; Chat 

 

et al

 

. 1999; but see Wagner 

 

et al

 

.
1991 for a case of paternal leakage of mtDNA in 

 

Pinus

 

). The
reverse situation also exists: in banana (

 

Musa acuminata

 

)
and in cucumber and melon (genus 

 

Cucumis

 

), chloroplasts
are maternally inherited and mitochondria are paternally
inherited (Fauré 

 

et al

 

. 1994; Havey 

 

et al

 

. 1998). Such cases of
discordant uniparental inheritance offer the opportunity to
study the effects of differential levels of gene flow through
seeds and pollen on levels of geographical structure,
reminiscent of, but not strictly comparable with, studies of
animals when genetic information is available from both
mitochondria and Y-chromosomes. Moreover, because
plant mtDNA and cpDNA are known to differ in their
rates of evolution (generally very slow in both cases, but
more so in mtDNA; Wolfe 

 

et al

 

. 1987), the levels of divers-
ity that can be expected from surveys of each organelle
genome are likely to differ, and hence the precision of
the phylogenetic reconstruction. Here we compare the poten-
tial of both cytoplasmic genomes for phylogeographic
investigations in a pine species.

Geographic variation at cpDNA and mtDNA were stud-
ied comparatively early in conifers, especially in pines
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(Wagner 

 

et al

 

. 1987, 1989, 1991). As a result of their opposite
mode of inheritance, mtDNA is expected to have a greater
genetic differentiation than cpDNA in Pinaceae (Petit 

 

et al

 

.
1993). This has been verified for 

 

Pinus banksiana

 

 and 

 

P. con-
torta

 

 (Dong & Wagner 1994), for 

 

P. flexilis

 

 (Latta & Mitton
1997) and for 

 

P. albicaulis

 

 (Richardson 

 

et al

 

. 2002), but the
disjunct populations of 

 

P. muricata

 

 display high genetic
differentiation for both organelle genomes (Strauss 

 

et al

 

.
1993). In studies based on cpDNA, phylogeographic
insights have been reduced because of the low levels of
geographical structure and the limited phylogenetic reso-
lution [cf. the nature of these polymorphisms: variable
number of repeats (VNTRs) at mini-or microsatellites;
Doyle 

 

et al

 

. 1998; Liepelt 

 

et al

 

. 2001]. On the other hand,
despite its low level of polymorphism, mtDNA has proved
to be very useful in several studies of conifers, even when
VNTRs were investigated (e.g. Soranzo 

 

et al

 

. 2000; Gugerli

 

et al

 

. 2001; Sperisen 

 

et al

 

. 2001). The development of uni-
versal plant cytoplasmic primers (Demesure 

 

et al

 

. 1995;
Dumolin-Lapègue 

 

et al

 

. 1997; Grivet 

 

et al

 

. 2001; Duminil

 

et al

 

. 2002) should allow a better exploration of several non-
coding regions from both plant organelle genomes. We
have made an attempt to characterize the phylogeographic
structure of a pine species using polymorphisms from non-
coding regions of both cpDNA and mtDNA.

The species selected, maritime pine (

 

Pinus pinaster

 

Aiton), occurs naturally in fragmented populations in the
western part of the Mediterranean basin, limited notably
by limestone outcrops. This distribution has been reshaped
during the last two centuries by heavy afforestation, par-
ticularly in southwest France and in the Iberian Peninsula,
and by invasive behaviour in disturbed areas (Devy-
Vareta 1988; Carrion 

 

et al

 

. 2000).
The genetic structure of the species has been described

using several sets of markers, including terpenes (Baradat
& Marpeau-Bezard 1988), total proteins (Bahrman 

 

et al

 

.
1994), isoenzymes (Petit 

 

et al

 

. 1995; Salvador 

 

et al

 

. 2000;
González-Mártinez 

 

et al

 

. 2001), chloroplast microsatellites
(Vendramin 

 

et al

 

. 1998; Ribeiro 

 

et al

 

. 2001), nuclear micro-
satellites, and amplified fragment length polymorphisms
(Mariette 

 

et al

 

. 2001). Most of these studies focused on a
reduced part of the natural range or sampled only a few
populations. Therefore, our understanding of the history
of the species refers mainly to the large survey of Baradat
& Marpeau-Bezard (1988). These authors analysed terpene
polymorphism in 105 

 

P. pinaster

 

 populations and reviewed
the available fossil data; they inferred a complex scenario
of differentiation from Portugal and Andalusia, involving
different routes of migration before and after the last ice
age. They also proposed the existence of three major
groups of maritime pine: an Atlantic group comprising
populations from western France and the larger part of
Spain and Portugal, a Mediterranean group consisting of
all eastern European populations, and including eastern

Spanish populations up to Andalusia and the small stand
of Punta Cires in Morocco, and a North African group
comprising all the other African populations, the island
of Pantelleria and one Andalusian stand. They suggested
that the present range of these groups is partly the result
of human influences

 

,

 

 as the introduction of nonautoch-
thonous plant material may have accompanied human
migrations and commercial exchanges that occurred all
around the Mediterranean basin.

Because of the fragmentation of its natural range, the
maritime pine exhibits a relatively high genetic differentiation
among populations at nuclear markers in comparison to
other conifer species (

 

G

 

ST

 

 

 

≈

 

 0.15–0.20, Petit 

 

et al

 

. 1995).
Genetic differentiation of a specific pest of maritime pine,
the bast scale 

 

Matsucoccus feytaudi

 

, estimated using mtDNA
markers, is again particularly high, probably because of
the fragmented distribution of its host (

 

N

 

ST

 

 = 0.87, Burban

 

et al

 

. 1999). The phylogeographic pattern of 

 

P. pinaster

 

derived from both organelle markers will be discussed in
comparison with previously derived nuclear data and
with mtDNA data from its pathogen 

 

M. feytaudi

 

.

 

Materials and methods

 

Sampling

 

Fifty-seven populations were used for genetic analysis,
covering the natural range of the species. In each popu-
lation, 10 individuals, distant from each other by at least
50 m, were sampled (one cone per tree). Seedlings were
grown in a greenhouse and conserved frozen until DNA
isolation. The material for the Corsican and Aquitaine popu-
lations and for nine of the Spanish populations had been
obtained separately but using similar sampling approaches
(Agúndez 

 

et al

 

. 2001; Mariette 

 

et al

 

. 2001).

 

Polymerase chain reaction (PCR), restriction fragment 
length polymorphism–single-strand conformation 
polymorphism analysis (RFLP-SSCP) and sequencing

 

DNA was isolated according to the protocol of Doyle &
Doyle (1990), modified following Dumolin 

 

et al

 

. (1995) and
Belahbib 

 

et al

 

. (2001). PCR were performed in a thermo-
cycler allowing a gradient of annealing temperatures. The
reaction mixture (25 

 

µ

 

L) contained 20 ng DNA template,
0.2 U Silverstar 

 

Taq

 

 polymerase (Eurogentec), 1 

 

×

 

 Buffer
(Eurogentec 10 

 

×

 

 PCR Buffer), 1.8–2.5 m

 

m

 

 MgCl

 

2

 

, 0.1 m

 

m

 

of each dNTP, 5 

 

µ

 

g bovine serum albumin. The PCR
conditions for four mtDNA and five cpDNA fragments
that were successfully amplified are given in Table 1.

RFLP-SSCP techniques are described in Bodénès 

 

et al

 

.
(1996) and Burban 

 

et al

 

. (1999). Two individuals from 48
populations were used for the screening of polymorphic
fragments, by combining RFLP and SSCP techniques
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(Sunnucks 

 

et al

 

. 2000). RFLP was applied first and then
combined with SSCP to enhance the detection of poly-
morphisms for the digested fragments. One fragment
from each genome, 

 

nad

 

1 intron 2 (mtDNA) and 

 

psa

 

A-

 

trn

 

S
(cpDNA) exhibited variation using restriction enzymes
alone. SSCP did not allow the detection of additional vari-
ation in these and in six other PCR fragments among the 48
populations (Table 1), nor when it was applied to the
whole sample set in the case of 

 

nad

 

1.
Sequencing conditions for 

 

nad

 

1 intron 2 and 

 

psa

 

A-

 

trn

 

S
were as in Burban 

 

et al

 

. (1999). We obtained the entire
sequence for 

 

nad

 

1 intron2 and a partial one for the inter-
genic cpDNA spacer 

 

psa

 

A-

 

trn

 

S, for 12 individuals. This
allowed full characterization of the polymorphisms detected
by RFLP, but no additional mutation was detected else-
where in the sequence. As a consequence, we performed
simple RFLP analysis for all the samples. This was done
directly from the 

 

nad

 

1 PCR product. For the longer 

 

psa

 

A-

 

trn

 

S fragment, we designed two internal primer pairs: AS1
(71360F: 5

 

′

 

-GGAGCCATCGGGATTATTC-3

 

′

 

 and 70668R:
5

 

′

 

-CGGAAAGACGAAAGGACATT-3

 

′

 

) and AS2 (73395F:
5

 

′

 

-ATATAAAAGGCCATCCATTA-3

 

′

 

 and 72660R: 5

 

′

 

-
GCGGTGTAGCATCAGAT-3

 

′

 

) and the two amplified
fragments (respectively 674–709 bp and 791–811 bp) were
analysed by RFLP. Numbers refer to 5

 

′

 

 nucleotide position
in the 

 

Pinus thunbergii

 

 cpDNA complete sequence
(GenBank accession number D17510).

Differentiation indices 

 

G

 

ST

 

 and 

 

N

 

ST

 

 were compared with
an analytical test (Pons & Petit 1996) and a permutation test
(Burban 

 

et al

 

. 1999), using the programs 

 

haplonst

 

 and
permut, available at http://www.pierroton.inra.fr/genetics/
labo/Software/. These parameters were first applied to the
whole data set for each marker. The differentiation para-

meters were also calculated for paired populations, and
analysed in relation to their geographical distances.

The sequences obtained were compared to GenBank
using 

 

blast

 

 (Altschul 

 

et al

 

. 1990) and aligned with 

 

clustal
w

 

 (Thompson 

 

et al

 

. 1994). Percentages of identity with
other species were determined with 

 

align

 

 (Myers & Miller
1988). The cpDNA network was built with the help of 

 

tcs

 

(Clement 

 

et al

 

. 2000); no 

 

a priori

 

 model of evolution for the
cpDNA repeats was considered (unordered states).

 

Results

 

Three mitotypes were detected from RFLP analysis of 

 

nad

 

1
intron 2 (Table 2). Their geographical distribution and
their phylogenetic relationship are provided in Fig. 1. No
single population was polymorphic and the subdivision
is therefore maximal (

 

G

 

ST

 

 = 

 

N

 

ST

 

 = 1). The distribution of
these mitotypes clearly divides the range of maritime pine
into three regions: the first mitotype (‘Moroccan’) is found
in all populations from Morocco except Punta Cires; the

Table 1 PCR and RFLP conditions for screening polymorphism of Pinus pinaster mtDNA and cpDNA

Primer pair Fragment amplified Reference
Annealing 
temperature

Extension 
time

Restriction 
enzyme

Mitochondrial DNA HinfI
nad1/2–3 nad1 intron 2 Demesure et al. (1995) 57 °C 2′ 15″ HinfI
nad4/3–4 nad4 intron 3 Dumolin-Lapègue et al. (1997) 49 °C 2’ HinfI
nad5/1–2 nad5 intron 1 Dumolin-Lapègue et al. (1997) 47 °C 2′15″ HinfI
cox1* cox1 Soranzo et al. (2000) 47 °C 45′ HinfI

Chloroplast DNA HinfI
AS psbA-trnS Demesure et al. (1995) 53 °C 4′ HinfI
AS1 intern AS this study 59 °C 45′ DraI
AS2 intern AS this study 58 °C 45′ HinfI
CD psbC-trnD Demesure et al. (1995) 50 °C 4′ HinfI
CS trnC-trnS Demesure et al. (1995) 57 °C 1′20″ HinfI
K1K2 trnK intron Demesure et al. (1995) 61 °C 3′ DraI
SfM trnS-trnfM Demesure et al. (1995) 60 °C 1′10″ TaqI

SSCP was tested after digestion for most fragments, but directly after PCR for the smaller one: cox1. It was not applied to subfragments AS1 
and AS2.
*MgCl2 concentration was 2.5 mm for cox1 and 1.8 mm for others fragments.

Table 2 Sequence data (polymorphism in bold) of nad1 intron 2
for maritime pine and Pinus ponderosa*

Mitotype Sequence

Morrocan … ACTAAAAGGCGGTGGT …
Western … ACTA — GCTTATGGT …
Eastern … ACTA — GCTTATGGT …
Pinus ponderosa … ACTA — GCTTATGGT …

*The 34 bp repeat ‘ACCATATGAATAGTGAGTGTGCTTACGCACCCTC’, 
characterizing the eastern haplotype, cannot be aligned 
unambiguously with P. ponderosa sequences (see the text).

http://www.pierroton.inra.fr/genetics/
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second (western) is present in all populations from the
Iberian peninsula, except for that of Catalonia in north-
eastern Spain, and all populations from continental France
except the two easternmost; the last (‘eastern’) mitotype is
found in all populations from southeastern France, Corsica,
Italy, Pantelleria island, Tunisia and Algeria. Sequencing
allowed characterization of two mutations differentiating
the three mitotypes (Table 2). The Moroccan mitotype is
characterized by the replacement of a 5-base-pair (bp)

sequence by an unrelated 8-bp sequence, whereas the eastern
mitotype had a 34-bp duplication in a region of complex
rearrangements (EMBL, accession no. AJ509804 to AJ509806).

Among the nad1sequences available from other conifers,
that of Pinus ponderosa had a 91% identity and that of Picea
abies a 76% identity with that of P. pinaster; intermediate
values were observed for Pinus from other sections (Sylves-
tris and Strobus). Comparison with the P. ponderosa
sequence demonstrated that the Moroccan haplotype is
likely to be derived, because its 5-bp insertion is unique.
The complex rearrangements observed for both species
in the region of the 34-bp repeat prevent the direct use of
the result of alignments. They also preclude establishing
preferential relationship of the P. ponderosa sequence with
either the eastern or western haplotype.

RFLP analysis of the two cpDNA regions studied in
psaA-trnS (AS1 and AS2) differentiated 15 chlorotypes
(Fig. 2). The analysis of these sequences (EMBL accession
nos AJ509858 and AJ509859) indicates that the mutations
correspond to a variable number of tandem repeats at
four loci of 5–10 bp each (Table 3). The resulting network
is particularly complicated (Fig. 3). Applying a more
restrictive (i.e. stepwise mutation) model for the evolution
of these repeated sequences did not help to resolve
the phylogenetic relationships (results not shown). Despite
the difficulty of reconstructing a clear phylogeny, a phylo-
geographic structure was detected, because the fixation
index NST (0.26) is significantly higher than the corre-
sponding GST (0.19), using both the permutation approach
of Burban et al. (1999) and the analytic method of Pons &

Fig. 1 Distribution of maritime pine mitotypes and phylogenetic
relationships based on variation in nad1 intron 2.

Fig. 2 Distribution of maritime pine chlo-
rotypes (psaA-trnS subfragments). Colour
codes for the chlorotypes are as in Fig. 3.
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Petit (1996). Moreover, NST increases more than GST as a
function of geographical distances between paired popula-
tions (Fig. 4).

The distribution of some of the chlorotypes can be com-
pared with that of the three mitotypes (Fig. 5). Chlorotype
A is widely distributed and associated with both the west-
ern and the eastern mitotypes. Chlorotype J, which is less
frequent, is also associated with these two mitotypes, but is
more frequent in the south. Other chlorotypes are mainly
associated with one particular mitotype, except that they
are generally more widely distributed. This is the case for
chlorotype K, fixed in the Moroccan populations (except
Punta Cires) but also found at lower frequency up to north-
ern Iberia, and chlorotype E, particularly abundant in asso-
ciation with the eastern mitotype.

Discussion

mtDNA data

Only two polymorphisms have been found in Pinus pinaster
mtDNA. Available universal plant mitochondrial primers
were designed from angiosperm sequences, because of the
absence of a completely sequenced mtDNA genome in
conifers, and only a fraction of them can amplify conifer
sequences, which limits the chances of detecting variation.
The polymorphisms detected are not substitutions but
occur in a region which is prone to complex rearrange-

ments. In fact, in this particular intron (nad1 intron2), a
minisatellite had already been identified, which is common
to several conifers (Sperisen et al. 2001). It is noticeable that
the repeat of 34 bases that differentiates the western and
eastern maritime pine haplotypes matched exactly the R1
repeat described in the same intron for P. ponderosa (Mitton
et al. 2000). Furthermore, the absence of polymorphic
populations in P. pinaster matches results obtained in P.
ponderosa with the same marker: in the latter species, the
only polymorphic population was located at the junction
of the range of two different varieties, P. p. ponderosa and

Table 3 Description of Pinus pinaster chlorotypes (psaA-trnS
subfragments) and comparison with P. thunbergii (*t)

Chlorotype 
number

Number of repeat (repeated bases)

AS1R1 
(CAATCTATTC)

AS2R1 
(ATGGA)

AS2R1 
(ATTCA)

AS2R2 
(ATATT)

a 3 2 2 3
b 3 2 2 4
c 3 1 2 3
d 3 1 2 2
e 3 2 1 3
f 4 2 2 3
g 3 2 1 2
h 3 2 nd 3
i 5 2 1 3
j 5 2 2 3
k 5 2 2 2
l 5 2 1 2
m 6 2 2 3
n 6 2 2 2
o 3 2 nd 3
*t 2 2 1 1

nd, not determined.
Chlorotypes h and o exhibit particular ASR1 RFLP pattern and 
were not sequenced.

Fig. 3 Relationships between maritime pine chlorotypes deter-
mined from the sequences of psaA-trnS subfragments (*t: P. thunbergii).
The tree was built on the basis of the nature of the length variants
found at each of the four loci (described in Table 3) considered as
unordered states (no a priori model of evolution).

Fig. 4 Chloroplast differentiation in Pinus pinaster as related to
geographical distances between population pairs.
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P. p. scopulorum (Latta & Mitton 1999). In P. pinaster, as in
P. ponderosa, genetic differentiation at mtDNA is therefore
exceptionally large (i.e. close to one), even by comparison
with other conifers (mean GST = 0.76, averaged over 10
species; Petit et al. 2003). Particularly low seed flow in these
two species may account for this observation.

cpDNA data

With a screening effort comparable to that used for
mtDNA, up to 15 different chlorotypes were detected. The
level of differentiation measured is much lower than that
found with mtDNA but of the same magnitude as that
found in a previous study based on chloroplast micro-
satellites (GST = 0.15; G.G. Vendramin, personal communica-
tion). Paternal inheritance, leading to gene flow through
both pollen and seeds, instead of through seeds only, is the
simplest explanation to account for the contrasted levels of
differentiation observed for cpDNA vs. mtDNA markers
(Petit et al. 1993). Despite the nature of the polymorphisms
identified (tandem repeats prone to recurrent or parallel
mutations), a phylogeographic structure was present (as
demonstrated by the fact that NST is significantly higher
than GST). The faster increase of NST with geographical
distances, compared to GST, further confirms this finding.
This situation differs from that observed with chloroplast
microsatellites, where RST (a measure comparable to NST
but adapted to the stepwise mutation process of micro-
satellites; Slatkin 1995) was not higher than GST (G.G.
Vendramin, personal communication).

Phylogeographic inferences

Despite the low level of mtDNA polymorphism, the pattern
detected is of great significance for our understanding of
the history of the species. The existence of at least three
separate refugia during the last ice age can explain the
present distribution of the mitotypes. This subdivision
matched some previous taxonomic subdivisions of the
species (e.g. Del Villar 1933).

Although we had attempted to avoid available chloro-
plast microsatellites in an effort to recover more reliable
markers for phylogenetic purposes, the only cpDNA poly-
morphisms detected proved to be tandem repeats, which
are prone to recurrent or parallel mutations. The distribu-
tion of most chlorotypes should therefore be interpreted
with caution, and pollen dispersion may not be the only
factor involved. Nevertheless, the differential dispersion
of mtDNA and cpDNA haplotypes is most likely a con-
sequence of differential gene flow through pollen and seeds.
The pattern found for the chlorotype K, fixed in Morocco
but extending into Iberia, could reflect pollen flow across
the straight of Gibraltar, all the way to northern Iberia. No
evidence for pollen flow in the other direction is present. It
will be particularly interesting to check if such pollen flow
has also played a role in the introgression of adaptive traits,
such as resistance to the bast scale Matsucoccus feytaudi,
which is particularly high in Moroccan provenances
(Harfouche et al. 1995). Extensive pollen flow (in the absence
of seed flow) across hundreds of kilometres has been
inferred for other conifers as well: for Pinus albicaulis in

Fig. 5 Comparative distribution of maritime
pine mitotypes (solid lines) and chlorotypes
(circles). (a) Widespread distribution of
chlorotype A; (b) possible introgression of
eastern chlorotype E into Iberia; (c) dis-
tribution of chlorotype J in both eastern Spain
and in Tunisia/Algeria; and (d) possible
introgression of Moroccan chlorotype K
into Iberia.
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western USA (Richardson et al. 2002), or for Abies alba through-
out Europe, resulting in the extensive introgression of popu-
lations originating from different ice age refugia (Liepelt
et al. 2002).

The distribution of mtDNA haplotypes based on nad1
intron 1 variation does not match the three geographical
groups previously defined with terpene analysis (Baradat
& Marpeau-Bezard 1988). Analysis of both mtDNA and
cpDNA did not confirm the existence of a North African
group; exchanges by pollen rather than by seeds between
the disconnected populations from Morocco and Algeria/
Tunisia could in principle account for the similarity of
terpene composition, but the distribution of chlorotypes
suggests otherwise.

The claim for extensive seed transfer that would have
taken place during historical time, and which would be
responsible for the present distribution of terpene groups
(Baradat & Marpeau-Bezard 1988), is not supported by the
findings based on organelle DNA markers, especially the
maternally inherited mtDNA. Exceptions are the popu-
lations in Gard and Corbières (southern France) chara-
cterized by the western type; Aquitaine provenances are
known to have been introduced into Gard for timber
production during the last century (Baradat & Marpeau-
Bezard 1988). The presence of the eastern mitotype in
Catalonia may be related either to a non-native status or to
the western geographical extent of the eastern mitotype.
Comparisons with other tree species suggest that this
region indeed had a separate postglacial dynamic com-
pared with the rest of the Iberian Peninsula (Agúndez et al.
2001; Petit et al. 2002).

The resolution of the phylogeography of P. pinaster
based on organelle DNA is limited, given the low level of
polymorphism in mtDNA, but can be supplemented with
data from animal mtDNA. The insect Matsucoccus feytaudi
(maritime pine bast scale) is a specific pest of this tree, char-
acterized by a strong mtDNA geographical structure (Burban
et al. 1999). Trees characterized by the eastern mitotype all
belong to maritime pine provenances known to be sens-
itive to the pest (Harfouche et al. 1995). When (naturally
or artificially) introduced in those stands, the insect causes
severe decay (Schvester 1967; Covassi & Binazzi 1992;
Jactel et al. 1996, 1998). The stands from Middle Atlas in
Morocco are colonized by a particular lineage of the scale
insect, endemic to Morocco, in agreement with an ancient
differentiation of the pest and its host. Except for Andalusia,
all the stands exhibiting the western mitotype are infested
by M. feytaudi whose mtDNA belongs to an Atlantic lineage.
Furthermore, the insect genetic diversity is higher in
the Iberian Peninsula than in France, suggesting a north-
ward colonization from Iberian refugia. The stand of
Punta Cires in northern Morocco (the only P. pinaster
stand in Morocco which has neither mtDNA nor cpDNA
Moroccan haplotypes) is generally assumed to have been

introduced (Baradat & Marpeau-Bezard 1988). It hosts an
endemic population of the pest belonging to the Atlantic
lineage but characterized by private haplotypes. This
would argue in favour of a native status of both the tree
and the insect in this marginal stand, a finding which
should have important consequences for conservation.

Andalusian populations of M. feytaudi exhibit a particu-
lar mtDNA lineage, whereas no difference was found
between maritime pines from this area and from the rest of
Spain. However a detailed survey of Iberian maritime
pine based on isoenzyme data allowed the distinction of
Andalusian stands from other Iberian stands (Salvador
et al. 2000). Palynological and palaeoecological data also
suggest that there were several refugia in the Iberian peninsula
during the last ice age (Carrion et al. 2000), in line with find-
ings for other tree species (such as the deciduous oaks,
Petit et al. 2002). This illustrates the limits of the resolution
with mtDNA polymorphism found at present in maritime
pine. Analysis of mtDNA from Spanish populations of
another Mediterranean pine, P. halepensis, has revealed no
polymorphism at all (Agúndez et al. 2001), while iso-
enzymes (Agúndez et al. 1999) and chloroplast microsatel-
lites (Gomez 1998) were useful at this scale. Nevertheless,
mtDNA remains a promising source of markers for study-
ing the phylogeography of conifers, being the only genome
that is maternally inherited; this genome is comparatively
large in plants, and future sequencing studies should even-
tually allow the appropriate markers to be targeted more
easily.
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