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Abstract

The insertion site numbers of the retrotransposable elements (TE) 412, gypsy and bilbo were
determined in individuals of five distinct natural populations of the endemic species
Drosophila madeirensis from the island of Madeira. The TE distributions were compared
to those of the paleartic, widespread and phylogenetically closely related species, D. sub-
obscura. In situ hybridization and Southern blots showed that in D. madeirensis the number
of insertion sites ranged between 10 and 15, three and six, and 35 and 42 for elements 412,
gypsy and bilbo, respectively. The corresponding values for D. subobscura were similar. Two
of these elements, 412 and gypsy, had very few insertions in the heterochromatin, unlike
bilbo, which displayed a high heterochromatic insertion number. The Southern band
polymorphism was very high, leading to within-population variation of 97.2%, whatever
the population and the TE concerned. Using the polymorphic TE insertion sites as markers
to analyse population structure by amova, adapted for RAPD (Randomly Amplified Poly-
morphic DNA) data, we found small but significant genetic differences between the popu-
lations on Madeira. This slight differentiation, coupled with similar copy numbers for each TE
between populations, suggests that the D. madeirensis species consists of a single, only slightly
subdivided population. These data also show that insular populations and endemic species
of Drosophila can have as many copies of TEs as more widespread species.
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D. simulans has an unusually low average chromosomal

Introduction . . . ..
insertion site number per genome for many TEs (Vieira

Transposable elements (TEs) are ubiquitous elements that
have been found in a variety of organisms including
bacteria, arthropods, plants and vertebrates. However, the
way they invade genomes, populations and species is still
a matter of lively debate. To understand the dynamics of
these TEs, we need data about their copy numbers and
genomic localization in different species. Although data on
TE genomic distributions are now available for various
organisms, including plants (Heslop-Harrison et al. 1997)
and mammals (Lower et al. 1996; Patience et al. 1997), most
of what we know comes from Drosophila, and especi-
ally from D. melanogaster (Biémont & Cizeron 1999). How-
ever, this may not reveal the whole story. For example,
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etal. 1999). Similarly, D. algonquin and D. affinis are
characterized by having a few high-copy-number elements
with high occupancy (Hey 1989), whereas in the Hawaiian
Drosophila, the LOA and uhu elements have high insertion
site numbers on the chromosome arms. The distribution
of these two elements seems to be related to the time since
the species appeared in the various Hawaiian islands
(Brezinsky et al. 1992; Wisotzkey et al. 1997). This means
that the colonization process must play an important part
in the dynamics of these elements, as has been proposed for
the element osvaldo in D. buzzatii (Labrador efal. 1998,
1999). It is also postulated that severe bottlenecks or
small effective population size due to a restricted geo-
graphical range of the species or their ecological speci-
alization in terms of specific fruits or habitats could be
responsible for the observation of fixed copies of TEs
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(Aquadro et al. 1988), as for the mariner and 17.31 elements
in D. sechellia (Capy et al. 1992; Montchamp-Moreau e al.
1993). However, D. mauritiana, an endemic species found
on Mauritius, near the southeast coast of Africa, contains
nearly as many copia-homologous DNA sequences as the
cosmopolitan species D. melanogaster (Csink & McDonald
1995).

The apparent unpredictability of TE behaviour from spe-
cies to species may be attributable to several factors: (i) spe-
cific characteristics of the genome, which can be more or
less resistant to an increase in copy number; (ii) a relation-
ship between copy number and the distribution of the host
species, a wider distribution being associated with a higher
copy number, because the different environments to which
the species is exposed may promote the mobilization of
TEs; (iii) different species effective size; or (iv) recent mobil-
ization or horizontal transfer of a TE in a local population,
followed by the progressive invasion of the entire species.
All these aspects are crucial to understanding the biology
of TEs and their role in genome size variation (Tarchini
et al. 2000) and population divergence (Duvernell & Turner
1999), and also important because TEs are increasingly
being used as molecular tools for phylogenetic (Sheen et al.
2000) and ecogeographic (Kalendar et al. 1999; 2000; Kumar
& Hirochika 2001) research. In the present paper, we invest-
igate the presence and distribution of the retrotransposable
elements 412, gypsy and bilbo in samples from natural
populations of D. madeirensis, which is endemic on
Madeira, and we compared their TE distribution to that of
D. subobscura. In both species, we found that high TE inser-
tion site polymorphism for 412 and gypsy was associated
with high copy numbers on chromosome arms, but with
few copies in the chromocentre, and with numerous
copies in both the chromosomal arms and the chromo-
centre for bilbo. Overall, these findings suggest that spe-
cies from small islands can have a high TE copy number,
with high insertion-site heterozygosity despite the post-
ulated small effective population size. Due to the great
insertion polymorphism of each element found between
individuals, only slight, though significant, differentiation
could be demonstrated between some of the populations
analysed.

Fig.1 Map of the island of Madeira
showing the location of the five
populations studied (CL, Chado dos
Louros; CR, Chao da Ribeira; Qu,
Queimadas; Ra, Rabagal; RF, Ribeiro Frio).

Iberia

Materials and methods

Natural populations

Drosophila madeirensis is an endemic species on Madeira
with a habitat restricted to the Laurisilva relict Tertiary
forest. The habitat of the species lies between 600 and 900 m
altitude. Flies were collected from five, geographically
distinct sites (Fig. 1), each of them situated in separate
valleys or otherwise separated from each other by high
mountains. The TE copy number of the flies was
determined by Southern blots soon after their arrival in
the laboratory. They were then maintained in the
laboratory as isofemale lines with around 50 pairs every
generation.

In situ hybridization

Polytene chromosome spreads from the salivary glands
of third instar female larvae taken from the isofemale
lines were prepared and treated with nick-translated,
biotinylated DNA probes (Biémont 1994). Insertion
sites were detected as brown bands resulting from a
dye-coupled reaction with peroxidase substrate and
diaminobenzidine.

To get a quick estimation of the TE insertion site number
of the natural populations of D. madeirensis and D. subob-
scura, one female larva per isofemale line was analysed
directly for each population. This gave us the insertion site
number of diploid individuals. In addition, the insertion
sites for element 412 were precisely localized on the poly-
tene chromosomes, using the photographic maps of the
sibling species D. subobscura (Brehm 1992). The names of
the chromosomes and their correspondence with those of
D. melanogaster are as follows: A (X); U (2 L); E (2R);J 3 L);
O (3R); and Dot (4).

The insertion site number, estimated directly using chro-
mosomes from the larvae of isofemale lines, is sensitive to
the degree of homozygosity of the individuals in the lines.
Indeed, the number of insertion sites detectable in diploids
by in situ hybridization decreases with increasing homozy-
gosity (because the polytene chromosomes are composed
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of both parental homologous chromosomal sets). As a
result, the in situ technique underestimates the site number
of a diploid genome.

Probes used

The gypsy probe for D. madeirensis consisted of a 450-base
pair (bp) polymerase chain reaction (PCR) fragment,
encompassing the envelope gene (ORF3) (Vasquez-
Manrique efal. 2000). The bilbo probe was a 985-bp
fragment from the 3' end of a D. subobscura element,
encompassing a fragment between the HindlIIl site at
position 5127 and BgII at position 6112 (Blesa & Martinez-
Sebastian 1997). The 412 probe from D. madeirensis was
constructed by PCR amplification of a conserved region
between the integrase and reverse transcriptase genes,
using primers designed from the sequence of the D.
melanogaster 412 element (Yuki et al. 1986). The primer
sequences, Uppl (5-TTCCTTTATATGGATGACTTAATAG-
3")and Low1 (5'-TTCTATGACTTCTTTCTACTACTCC-3"),
amplified a 1.8-kb fragment, which was cloned into pCR2
vector (Invitrogen®). Flanking regions were sequenced to
confirm the identity of the clone.

Southern blots

Total genomic DNA was extracted from a single female of
each isofemale line by a standard phenol-chloroform
method after proteinase K digestion. DNA was digested
with EcoRI (to hybridize with the gypsy probe) or HindIII
(to hybridize with both 412 and bilbo probes), which cut
once within the sequences of the transposable elements.
With the combination of restriction enzymes and probes,
each element yields a unique band corresponding to its
3' portion and a piece of the flanking genomic DNA on
the autoradiographs. The number of bands on the gels
therefore gave a good estimate of the number of TE
complete or deleted insertions on the genome. Agarose
gel electrophoresis, transfer of DNA to membranes,
prehybridization, and hybridization procedures were
carried out as described by Junakovic et al. (1984) and Di
Franco efal. (1989). Nylon Hybond N+ membranes
(Amersham) were washed at 42 °C in 1 X saline sodium
citrate and 0.1% sodium dodecyl sulphate (3 x 30 min).
Probes were random prime labelled with a Megaprime kit
(Amersham). The X-ray film was exposed at —80°C
overnight or up to 4 days, with intensifying screens. The
autoradiographs were scanned and the patterns were
assessed with a DNA molecular weight ladder.

Data analysis

Automated detection of the bands in each individual lane
on the Southern blots was done using Bro-pPROFIL® image
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analysis software (Vilber Lourmat). This software ascribed
a molecular weight to each band on the autoradiographs
and made it possible to compare the gels. Assuming a 3%
error in the molecular weight of the bands, the gels were
divided into 71 classes in terms of their molecular weight,
with size intervals proportional to their central value.
We considered only the region of the gel between 1.8
and 18.5 kb, which could be analysed adequately. The
observed bands on the gel were then ascribed to the class
which included their estimated molecular weight. By
assuming that DNA bands within the same molecu-
lar weight class shared the same TE sequence, all the
individual profiles on the blots were scored as discrete
characters using a binary matrix of 0 and 1, where 0 and 1
corresponded to the absence and presence of a given band,
respectively. The data from this matrix were then analysed
by molecular variance (amova) based on the Euclidean
distances between all pairs of profiles according to
Excoffier etal. (1992), using the ARLEQUIN program
(Schneider et al. 2000). The total variation was subdivided
into within-population and between-population levels.
The AmovAa variance components were tested for sig-
nificance by nonparametric randomization tests using 1023
permutations with the null hypothesis of no popula-
tion structure. To allow for the dominant nature of our TE
markers, which behave like RAPD markers, we used
the extended amMova analysis developed by Steward &
Excoffier (1996), which considers diploid populations in
Hardy-Weinberg equilibrium. We thus calculated the ®g;
statistic, which is an analogue of the fixation index of
interpopulation differentiation, Fg.

Results

TE insertion site numbers on polytene chromosomes

Table 1 summarizes the number of insertion sites of the
elements 412, gypsy and bilbo per genome in the five
populations of Drosophila madeirensis, estimated by in situ
hybridization. Four larvae were analysed per population,
and the numbers of insertion sites were determined on
each chromosome arm (data not shown). The average
number of euchromatic copies differed between the TEs:
three to six for gypsy, 10-15 for412 and 35-42 for bilbo, with
nonsignificant differences between populations [two-way
analysis of variance (anNova): F=0.74, P =0.57]. There
were no significant differences between the chromosome
arms for the average TE insertion site numbers for 412
(F=2.11, P =0.09) and gypsy (F = 1.28, P = 0.28). However
there was a difference for bilbo (F = 17.29, P < 0.001), which
has fewer insertions on the A chromosome (average
insertion site number: 4.8) than on the other chromosomes
(average insertion site numbers: 6.8-10.5) (data not
shown).
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Table 1 Average euchromatic insertion site number per entire genome, estimated by in situ hybridization, and mean number of bands
estimated by Southern blots of the 412, bilbo and gypsy elements in five natural populations of Drosophila madeirensis

Transposable elements

412 bilbo gypsy
Technique CL CR Qu Ra RF CL CR Qu Ra RF CL CR Qu Ra RF
In situ 12.5 15.0 10.8 12.0 125  35.0 413 415 40.3 385 38 33 6.0 33 35
hybridization  (3.1) 25 @2 68 (13 G 26 @73 @5 @9 G2 19 @2 @3 @D
Southern blot  17.6 20.8 17.2 19.3 232 317 30.9 28.7 28.2 31.6 12.3 15.4 14.5 14.0 111
(3.2) 35 (29 @3 B6) 45 B6) G779 G4 G4 GI 22 29 @5 9

CL, Chéao dos Louros; CR, Chao da Ribeira; Qu, Queimadas; Ra, Rabagal; RF, Ribeiro Frio.
One female larva from four isofemale lines was analysed per population and TE in the in situ hybridizations. Fourteen to 18 flies were
analysed per Southern blot. The standard deviation is shown in parentheses.
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Fig. 2 Distribution of TE 412 insertions in
the chromosomes of Drosophila madeirensis.
Chromosome designations and divisions
are according to Kunze-Muhl & Muller
(1958), modified by Brehm (1992), and
display the structural arrangement of D.
madeirensis according to Krimbas & Loukas
(1984). Black circles at the chromosome tips
indicate the centromere. Squares above the
chromosomes indicate the insertions. Inser-
tions in the centromeres were found only in
chromosomes ] and O, and are not de-
picted in the Figure.
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The dot chromosome only labelled for bilbo, which was
also strongly labelled on the chromocentre and on the peri-
centromeric regions of all chromosome arms. Pericentro-
meric labelling was also seen at the base of chromosomes |
and O for the 412 element. To take a closer look at insertion
polymorphism, we accurately localized the 412 insertion
sites on the polytene chromosomes. As shown in Fig. 2, the
labelled sites were widely scattered over the chromosome
arms, although there was a high frequency of insertion in
sections 1 and 16 of the sex chromosome A, and in section
17 of chromosome ]. Although the gypsy insertion sites
were not accurately localized on the chromosomes, a close
look at some in situ squashes revealed that the few labelled
insertion sites were located in different chromosomal
regions in different individuals and populations.

Southern profiles of D. madeirensis and D. subobscura
populations

Figure 3 shows examples of Southern blot profiles of flies
analysed on their arrival in the laboratory, and probed
using 412, gypsy and bilbo. Table 1 summarizes the number
of bands estimated from these blots in D. madeirensis. In
accordance with the in situ results, different numbers of
bands were found between the different TEs (ANOVA:
F =533, P <0.001): bilbo had the most bands and gypsy the
least, with significant differences between populations
(F=7.85, P<0.001 for 412; F =6.67, P <0.001 for gypsy;
F=3.28, P<0.05 for bilbo). Drosophila subobscura had on
average fewer bands than D. madeirensis for both 412 (the
number of bands ranged from 5.7 to 10.6: data not shown)
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D. madeirensis D. subobscura
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Fig. 3 Southern blots of genomic DNA from individuals of the Queimodas populations of Drosophila madeirensis and of the Chao dos Louros
(1-9) and Rabagal (10-18) populations of D. subobscura. (A) DNA digested with HindIII, transferred to filters, and probed with 412. (B) DNA
digested with HindlII, and filters probed with bilbo. (C) DNA digested with EcoRI, and filters probed with gypsy. CL, Chao dos Louros; CR,
Chéo da Ribeira; Qu, Queimadas; Ra, Rabagal; RF, Ribeiro Frio.
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(F=210.9, P<0.001) and gypsy (the number of bands
ranged from 5.9 to 8.0) (F = 141.9, P < 0.001), but globally
more bands for bilbo (the number of bands ranged from
35.8 t0 36.2) (F = 42.8, P < 0.001). In contrast to the findings
in D. madeirensis, the Southern blot revealed no significant
differences in band number between populations of D.
subobscura (F=1.90, P =0.15 for 412; F=0.77, P = 0.52 for
gypsy; F=0.03, P = 0.99 for bilbo).

In D. madeirensis, the element bilbo had fewer bands on
the Southern blot than insertion sites detected by in situ
hybridization, whereas 412 and gypsy had more Southern
bands than euchromatic insertion sites. Such data could be
attributable to band co-migration in the Southern blot
experiment for bilbo, and to the presence in heterochro-
matic regions of insertions of 412 and gypsy, which are not
detected by the in situ technique, because heterochromatin
is largely under-replicated in polytene chromosomes.
Variation in copy number between populations of
these heterochromatic bands, in addition to a higher
variance in labelled insertion site number estimated by
in situ hybridization, could explain the significant vari-
ation observed between populations of D. madeirensis
when Southern band numbers were considered.

Population structure

The 0 and 1 matrices obtained from the different Southern
blots from the TEs in D. madeirensis, were analysed by
AMOVA. To ensure the accuracy of band detection, only
the parts of the filters with the best band resolution were
used, i.e. regions from 2.3, 2.9, 1.8-18.5 kb, for 412, gypsy
and bilbo, respectively. The extended AMova of Steward
& Excoffier (1996) detected low between-population
variation (2.8% of the total variation) and very high
within-population variation (97.2), calculated for all TEs
simultaneously. This between-individual divergence of
band profiles was reflected in the value of the ®g; index,
calculated from the matrix formed with the three TEs. This
index was low (0.028), although it was significantly
different from zero. The pairwise population estimates of
®g; shown in Table 2, were analysed by multidimensional
scaling. This analysis showed that the Ribeiro Frio

Table 2 Pairwise genetic distances (®g;) between populations of
Drosophila madeirensis

Chaodos Chaoda

Louros Ribeira  Queimadas Rabagal
Chao da Ribeira  0.0153*
Queimadas 0.0120* 0.0162*
Rabagal 0.0125* 0.0057*  0.0120*
Ribeiro Frio 0.0045ns 0.0102* 0.0054ns 0.0131*

*P < 0.05; ns, nonsignificant.

population was similar to those from Queimadas and Chao
dos Louros, and that these three populations could be
differentiated from the Rabagal and Chdo da Ribeira
populations. This reflected the distance between the
populations in terms of the presence of geographical
obstacles, such as mountains and deep valleys.

Discussion

The genome of the endemic species Drosophila madeirensis
appears to have numerous euchromatic insertion sites
of the TEs, 412, gypsy and bilbo, with a very high level
of insertion polymorphism. In addition, labelling of the
chromocentre and pericentromeric regions for bilbo
and 412, recalls some of the data for D. subobscura
(Blesa & Martinez-Sebastian 1997) and D. melanogaster
(Charlesworth et al. 1992; Biémont etal. 1994a), which
suggest that the presence of these elements is old enough
in the D. madeirensis genome for them to have become
embedded in the heterochromatin. TE copy numbers in D.
madeirensis are even higher than in D. subobscura, its close
relative, which has spread over Europe, the Middle East
and North Africa, as well as the islands of the Azores,
Madeira and the Canaries (Noor et al. 2000). The copy
numbers of 412 and bilbo in the Madeiran populations of
D. subobscura are even higher than those reported in
continental populations (Biémont & Cizeron 1999). These
data are compatible with the observation of nearly as many
copia-homologous DNA sequences in D. mauritiana, an
endemic species from the island of Mauritius, as in the
cosmopolitan species D. melanogaster (Csink & McDonald
1995). Fixed copies of TEs, or at least a high frequency of TE
site occupancy, are expected in species of restricted
geographical range, as postulated for the 17.31 and mariner
elements in D. sechellia (Capy et al. 1992; Montchamp-
Moreau ef al. 1993). We can thus conclude that the effect-
ive size of the D. madeirensis populations is not small
enough to affect TE insertion site polymorphism or TE
copy number significantly (Charlesworth & Charlesworth
1983; Biémont et al. 1994a,b). However, the similarity
in euchromatic copy numbers among the populations
analysed, for both D. madeirensis and D. subobscura,
strongly suggests that each of these species is represented
by a single, only slightly subdivided population, in spite of
the topographical extremes of Madeira, with deep valleys
surrounded by high mountains. We cannot, however,
entirely exclude the possibility that the similar TE copy
numbers could result from similar forces (e.g. specific copy
number regulatory mechanism, environment, population
size) at work on the populations, and acting on the 412,
Qypsy and bilbo elements analysed. It is also possible that
the species D. madeirensis has only recently invaded the
various valleys, and that there has not yet been time
for marked differentiation between the populations to

© 2002 Blackwell Science Ltd, Molecular Ecology, 11, 347-354
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develop. If this is true, then the effective size of each
subpopulation must have been large, because any
inbreeding due to a small effective size or an initial
bottleneck should have lead to more homogeneous
individuals within the populations (Biémont et al. 1994b),
which would have led to a greater between-population
differentiation than is actually observed. Moreover, the
fact that populations of D. madeirensis and those of its close
relative, D. subobscura, displayed similar high levels of
polymorphism in their TE profiles, adds strength to the
hypothesis that there are large populations of each species.
Although such data cannot predict what would be
observed for allozymes, which have a lower mutation rate
than TEs, they are in agreement with the lack of genetic
differentiation found between the populations Minorca
and Majorca in the Balearic Islands using both allozymes
and mitochondrial DNA (Castro et al. 1999). These latter
data suggest that gene flow may occur between neigh-
bouring islands of archipelagos and between different
valleys within an island, or that rapid population growth
has renewed genetic diversity (Nei ef al. 1987; Davies
etal. 1999; Urbanelli etal. 2000). The present findings
indicate that TEs, which are efficient in maintaining
genetic variability within populations of Drosophila on
islands, are powerful tools for determining population
structuring.
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