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1. Introduction

Drosophila subobscura has been used extensively in
the past, in numerous studies focused on the coloniza-
tion history of natural populations (Afonso et al., 1990;
Brehm and Krimbas, 1987; Khadem et al., 199S;
Krimbas, 1993; Latorre et al., 1992; Pascual et al., 2001;
Pinto et al., 1997; Prevosti, 1974; Prevosti et al., 1984). A
native Paleartic with circum-Mediterranean distribu-
tion, the species reaches the southern limits of its dis-
tribution in Morocco and is also present in the North
Atlantic Archipelagos of Azores, Canaries and Madeira.
In the two later archipelagos an ancestral lineage gave
rise to the endemics Drosophila guanche and Drosophila
madeirensis, respectively (Gonzdlez et al., 1983; Gonz-
alez et al., 1990; Krimbas and Loukas, 1984; Monclds,
1976, 1984) all together forming the subobscura cluster.
A recent combined analysis of nucleotide sequences
indicated that D. madeirensis is the sister taxa of
Drosophila subobscura (O’Grady, 1999) and this was
supported by mtDNA A+T rich region sequences
(Brehm et al., 2001). The vast geographical distribution
of D. subobscura makes it an excellent species for phy-
logeographic studies assessing past colonization events.
It is known that D. subobscura from Crete resembles
much more populations from Israel and Tunisia than
those from mainland Greece, probably due to the last
European glaciation which did not extend into the
Middle East and North Africa (Krimbas, 1993). Extant
North Atlantic island populations are supposed to be
long isolated from those of the mainland and were not
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greatly affected by the last glaciation periods acting as
refuge for many plant and animal species. Inversion
chromosomal polymorphism of D. subobscura, suggest
that the Iberian Peninsula (and also the Balkans) may
have had an important role in repopulating Europe
(Krimbas, 1993; Menozzi and Krimbas, 1991). Based on
chromosome inversion polymorphism frequencies the
populations from Azores and Madeira were found to
differ from the Canary ones but clustered together, and
were highly differentiated from Iberian Peninsula pop-
ulations (Brehm and Krimbas, 1987). Alternatively,
autosomal allozyme loci did not discriminate Madeira
from the mainland populations (Larruga et al., 1993;
Pinto et al., 1997), while Canary Islands populations
appeared as a distinct lineage. Using combined chro-
mosomal inversion data and sequences of the rp49 gene,
Khadem et al. (1998) hypothesized that the D. subob-
scura group ancestral linecage invaded twice, but sepa-
rately, the Canary Islands and Madeira. The first
colonizers differentiated in the islands, giving rise to the
endemics. MtDNA-RFLP analysis suggested a different
scenario, with two Canary Islands (La Palma and El
Hierro) more related to continental populations, but the
other Canary Islands populations were generally distinct
(Pinto et al., 1997). Madeira populations could not be
differentiated from Continental ones.

In order to gain additional insight into the coloniza-
tion and phylogeography of the Atlantic Islands by D.
subobscura populations, we have sequenced the mtDNA
A+ T rich region of individuals belonging to popula-
tions from Morocco, the Iberian Peninsula and the At-
lantic Islands of Azores, Madeira, and the Canaries.
This region has proven to be a good marker for intra-
specific studies in D. subobscura (Brehm et al., 2001),
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and can then be compared to the previously published
chromosomal and nuclear markers.

2. Materials and methods
2.1. Samples

Thirty-three individuals of D. subobscura belonging
to 12 populations from the Iberia Peninsula and North
Atlantic islands have been sequenced for their entire
mtDNA A+T rich region (Fig. 1). In order to gain
additional information on haplotype variability, we
obtained an additional 103 partial sequences belonging
to sub-regions R7 and RS of the A + T rich region from
D. subobscura (see below) corresponding to a fragment
of 469bp long. In this case we included individuals
sampled in two more islands from the Azores archipel-
ago. Population codes and number of individuals se-
quenced for the entire A + T rich region are described in
Fig. 1 and Table 1. Partial sequences are summarized
in an Annex provided as complementary material in
www.uma.pt/bioarticles. We included as outgroups the
two other species from the subobscura cluster: D. ma-
deirensis and D. guanche for which the complete A+ T
rich region sequences were previously published (Brehm
et al., 2001).

2.2. Sequencing of mtDNA

Total DNA was extracted from individual adult flies
by the CTAB method (Towner, 1991) with minor
modifications. Amplification and sequencing of this re-
gion is complicated by the extremely high A + T content
(ca. 93%). It was therefore necessary to amplify and
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Fig. 1. Geographic localization of the Drosophila subobscura samples
used in this study. Population codes are as follows: AZ1—Flores Isl.,
AZ2 Terceira Isl., AZ3—Sao Miguel Isl., MA—Madeira Island,
CA1—El Hierro Isl., CA2—La Gomera Isl., CA3—La Palma Isl.,
CA4—Tenerife Isl., CA5—Gran Canaria Isl., IBl—Boquilobo, IB2—
Lisboa, IB3-—San Lorenzo del Escorial, IB4—Barcelona, and AG
Agadir (Morocco).

sequence the region using 6 pairs of primers (R1, R11,
R2, R10, R7, and R8) corresponding to six consecutive
regions named after the primers names, including the
control and adjacent mtDNA regions. Description of
the primers and their localization in the mtDNA control
region of D. subobscura (A +T rich region) as well as
PCR conditions and methodology has been described
elsewhere (Brehm et al., 2001). The complete sequences
included in the present study have been deposited under
Accession Nos. AY442192-AY442224.

2.3. Data analysis

Multiple sequence alignments were performed with
CLUSTAL X (Thompson et al., 1997) and later maxi-
mized for sequence similarity by visual inspection. All
sequences were compared to the subR complete A+ T
rich region already published (AJ132900, Brehm et al.,
2001). In those cases where indels were found but were
non-existent in the published subobscura consensus se-
quence, they were given a small case annotation (e.g.,
586a) next to the closest nucleotide in the published
sequence. We used the statistical parsimony algorithm
(Templeton et al., 1992) performed in TCS (Clement
et al., 2000) to estimate the maximum number of dif-
ferences among haplotypes as a result of a single sub-
stitution with a 95% confidence level, and also the most
probable ancestral haplotype. Two median-joining net-
works (Bandelt et al., 1995, 2000) were constructed to
represent the phylogeographic relationships among
haplotypes (Fig. 2). The first network was restricted to
the full sequences and included both species from the
subobscura cluster (D. madeirensis and D. guanche) as
outgroups. Because of the extensive mutations charac-
terizing these two species in relation to D. subobscura,
we limited the comparison to those sites that were var-
iable in D. subobscura, thus excluding mutated sites
typical of the outgroups. The second network was based
on partial sequences from the Annex. We also per-
formed phylogenetic analyses, using maximum like-
lihood and Bayesian inference, following the
methodology described in detail in Brehm et al. (2003).

3. Results and discussion

The complete sequence of a 977 bp segment that in-
cludes 10 bp of the tRNA, the complete control region
and 14bp of the srRNA of the mtDNA of D. subob-
scura, corresponding to base pairs 14929 to 10 in
D. yakuba (AC NC001322, Clary and Wolstenholme,
1985), was obtained for a total of 33 individuals. Fifty-
one polymorphisites were identified in the region studied
(Table 1) of which 19 are indels. Positions 52 and 607
showed both transitions and transversions, and posi-
tions 588-597 showed two different types of insertions.
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Table 1

A +T rich region haplotypes found in 33 complete sequences of D. subobscura specimens from 12 localities

R1 R11 R2 R10 R7 R8 Canaries Iberia T

111 33 4444445 5555555555555555555 6 6 6 6 6 7 8 999 cccee o

11 5578245 12 33355090 0177788888888 8888289 0 4 456 75 004 AAAAAAIIII:

58 1207853 09 44756109 7348904666 ¢626¢66¢6F6¢69°5 2 2628 109 150 12345GBBBBL

ab abcdefghiij 1 2 3 4

Hapl G A TTTTATT TT AAA--CG TTATAAA----------AA A TT-A A A TTT 1 1 11 10
Hap2 G A . 1
Hap3 . . - T . . . .. . . 1
Hap4 A C - -GTATA A . T C C T GG . C C 11 2
Hap5 c A . . c c T GG.C.C 1 1
Hap6 - . . (] .. T . . T G G Cc C 1 1
Hap7 . A A A G (o] --GTATA A . TT (] T G G Cc (o] 1 1
Hap8 G A A C A . C C T G G Cc C 1 1
Hap9 A C - -GTATA A . C Cc T G G Cc C 1 1
Hapl0 . - -GTAT . T - C T . . 1 1
Hapll G A - - - TATA . - C T c.cC 1 1
Hapl2 TATA. - C T ccc 1 1
Hapl3 . --GTAT. 1 11 3
Hapl4 . A . --GTATA 1 1
Hapl5 A . A - -GTATA . 1 1
Haplé . . A . . A . . 1 1
Hapl7 A C - -GTAT . . C T . Cc . 1 1
Hapl8 A . --GTAT A e o C T G (o] C 1 1
Hapl9 A . C --GTAT . . TTATATATATA. - Cc T . Cc . 1 1
Hap20 A . . . --GTATA A (] c. . T G C (] 1 1
Hap21 G A G . A 1 1

The codes for 1 the regions are as in Fig. 1. Nucleotide numbers and sub- regions R1-R8 refer to the complete A + T rich region sequence of D. subobscura 2 and have been described elsewhere

(AC AJ132899-132900, Brehm et al., 2001). A dot indicates the same base as in haplotype 1. Indels are 3 indicated by a dash.
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Fig. 2. (A) Median-joining network of 21 haplotypes of the 33 complete A + T rich region sequences included in the present work. Drosophila guanche
and D. madeirensis were also included but only in relation to variable positions common to D.subobscura. Indels were disregarded. Thick branches to
the outgroups are not in proportion to mutational steps. (B) Network constructed with all partial sequences included in the annex (segments R7 and
R38). Individuals with complete sequences are indicated with an asterisk. The grey circle is out of scale and includes individuals belonging to all
regions sampled. This circle is estimated to be the ancestral haplotype using TCS.

Two microsatellites occur within this region. Altogether
the 33 individuals yielded 21 haplotypes. Haplotype 1 is
the most common, represented by 10 individuals and
present in all five regions analysed (the three Archipel-
agos, Morocco, and Iberia). The other 20 haplotypes are
region-specific. Except haplotype 1, only two haplotypes
are found in more than one locality (haplotypes 4 and
13). The most parsimonious network of haplotypes is
shown in Fig. 2A. Using modeltest we estimated that the
most appropriate model of evolution for this data was
the HK'Y85 model (Ts/Tv ratio 1.68) with an estimate of
invariable sites (0.63) and a discrete approximation of
the gamma distribution (0.39). The estimate of rela-
tionships derived from the Bayesian analysis was very

similar, with no nodes with even moderate support
(50%) in conflict.

Partial segments from fragments R7 and R8 were also
obtained adding additional individuals belonging to 14
populations. These segments uncovered additional var-
iable positions than the previously detected with the
complete sequences. The data is summarized in the
Annex and contains the sample number and the number
of fragments sequenced for each of these 3 sub-regions.
Sub-region R7 uncovered a total of 34 haplotypes with
34 variable sites excluding indels and R8 showed 26
different haplotypes based on 19 variable positions.

Our results, when compared to the previously pub-
lished chromosomal inversions and allozyme data sets,
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show how different markers can indicate extremely dif-
ferent colonization patterns. Using autosomal loci the
populations from the Canary Islands form a single well
supported (99% bootstrap) monophyletic unit. The same
is true when chromosomal rearrangements are analysed
(Pinto et al., 1997). However RFLP analysis of mtDNA
clustered populations from two of the Canary Islands,
El Hierro, and La Palma, with continental populations.
Similarly our data set groups the samples from El Hi-
erro and La Palma (CAl, 3) among continental haplo-
types, while sequences from the other island (CA2, 4, 5)
are more genetically distinct. Based solely on the
mtDNA evidence for the Canary Islands, we would
suggest that they had been colonized by two different
waves, with El Hierro and La Palma being colonized
only more recently, and Tenerife, La Gomera, and Gran
Canaria much earlier. However, with the evidence from
the nuclear markers it seems more likely that the islands
were all colonized during the first wave, and that later
gene flow with mainland forms has introduced the
continental type mtDNA into the populations of El
Hierro and La Palma. Although we only included four
individuals from El Hierro and La Palma, approxi-
mately 70 individuals were included for the RFLP
analysis (Pinto et al., 1997), and all had the same pat-
terns. Thus it seems likely that the continental type
mtDNA is now fixed, or at least widespread in these
islands.

Populations from Madeira island are much more
similar to the continental forms based on nuclear
markers, and also have similar A+ T rich mtDNA
haplotypes. In this case all the markers indicate a rela-
tively recent colonization of the island. However, there
are some differences, both in allele frequencies and
variation at the rp49 gene (Khadem et al., 1998), thus an
anthropogenic introduction is unlikely. The two indi-
viduals from the Azores both share the commonest
continental haplotype. This could mean that these
populations were introduced. Similarly, nuclear enzy-
matic polymorphisms are not highly differentiated be-
tween the Azores and Morocco (Larruga et al., 1993).
The fact that there is no separation of Iberian from
Moroccan haplotypes in the network weakens the hy-
pothesis that the Strait of Gibraltar was a strong barrier
to gene flow in this species as deduced from chromo-
somal data (Prevosti et al., 1975). Furthermore, the
mainland haplotypes most closely related to older Ca-
nary Islands haplogroup are from Morocco and from
Boquilobo. Chromosome rearrangement data clearly
relate the Canary Islands to North Africa rather than to
the Iberian Peninsula. It would be very interesting to
know the chromosomal polymorphism in Boquilobo, as
it is in an area of Portugal that could have acted as
glacial refugia, in order to reconcile these discrepant
results. The highest level of variation within the Canary
Islands (excluding the more recent haplotypes on El

Hierro and La Palma) is almost 2%. Assuming a Dro-
sophila molecular clock estimated at 1.7% per million
years (Caccone et al., 1988a,b), this would imply that the
original radiation within the Canary Islands was at least
1.1 MYA, probably more since more divergent haplo-
types many not have been sampled or may have gone
extinct. This estimate falls within the range of between
0.7 and 2.8 MYA that was estimated by Khadem et al.
(1998). To conclude, the Canary Islands have become
a model region for studying colonization patterns (Juan
et al., 2000). However most phylogenetic analyses have
relied on a single marker, mtDNA. At least in the case
of D. subobscura, colonization patterns derived from this
marker are not completely congruent with those derived
from nuclear markers. By examining mtDNA and nu-
clear markers it is clear that the colonization patterns
are even more complex than previously proposed. The
same may well be true for other organisms.
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