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ABSTRACT

Previous work on transposable element distribution in colonizing populations of Drosophila buzzatiirevealed
a high frequency of occupancy in several chromosomal sites. Two explanatory hypotheses were advanced: the
founder hypothesis, by which founder genetic drift was responsible, and the unstable hypothesis that assigns
this unusual distribution to bursts of transposition toward some chromosomal sites. Here, we study the
molecular structure of three euchromatic Osvaldo clones isolated from sites occupied at high (A4 and B9) and
low frequency (B4) in colonizing populations, to test these hypotheses. Large insertions, duplications, and
indels in the Osvaldo coding region and LTR were detected in the A4 clone and a truncated Osvaldowith many
substitutions was found in the B9 clone. These altered sequences indicate that the two copies of this retro-
element are precolonization insertions. Interestingly, the LTR of the A4 clone and the reverse transcriptase
region of B9 show identical sequences in all colonizing populations indicating, most probably, that they are
identical by descent. Moreover, Osvaldois inserted at the same nucleotide site in all colonizing populations. On
the other hand an almost identical LTR sequence, except by 1 base deletion, was found in the B4 clone
compared to the canonical active Osvaldoelement. These results suggest that Osvaldo copies in highly occupied
sites are, most probably, identical by descentand strongly favor the founder hypothesis. On the other hand, low-
insertion-frequency sites could represent recent transposition events. This work emphasizes the importance of
molecular population studies to disentangle the effects of genetic drift and transposition in colonization.

ETROTRANSPOSONS are the most abundant and
widely distributed class of transposable elements
(TEs) in the eukaryote genome (BERG and HowE 1989).
Drosophila contains at least 23 families of LTR retro-
transposons and retroviruses and 11 families of non-LTR
retrotransposons, representing ~5-10% of the Drosoph-
ilagenome (BowEN and MCDONALD 2001; KAMINKER et al.
2002; LERAT et al. 2003).

A widespread agreement from population studies is
that TE occupancy rate per site of insertion is low
in Drosophila (CHARLESWORTH and LANGLEY 1989;
BiimoNT 1992). Yet, some cases have been reported of
higher than expected insertion rates in colonizing pop-
ulations (LABRADOR et al. 1998; VIEIRA et al. 1999). Two
main mechanisms were advanced to explain this rate
increase: first, the activation of transposition following
colonization due to either environmental stress or
hybrid release in crosses between invaders and resident
flies (EVGEN’EV ef al. 1982, 2000; LABRADOR e¢f al. 1998;
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VIEIRA et al. 1999; BIEMONT et al. 2003) and, second, a
drift effect that increases the originally low-frequency
occupancy rate (GARciA GUERREIRO and FONTDEVILA
2001). There are few experimental designs that can dis-
tinguish clearly between these hypotheses, but those
based on theoretical models point toward the founder
hypothesis as the most likely (LABRADOR et al. 1998). Yet,
these models are valid only for steady-state populations.
Since colonizing populations may be in a nonequilib-
rium state, this casts serious doubts on their applicabil-
ity. In addition, support for the founder model does not
discard absolutely the possibility of colonization release
of transposition. Here, we address the problem focusing
on the molecular population genetics of TE insertions
by studying sequences of high- and low-occupancy sites.

Osvaldo is a LTR retrotransposon described from
Drosophila buzzatii (LABRADOR and FONTDEvVILA 1994;
PANTAZIDIS ef al. 1999), a South American species
that colonized the Old World a few centuries ago and
Australia in more recent times (DAvID and Tsacas 1980;
FoNTDEVILA ef al. 1981; BARKER 1982). Previous studies
on the natural distribution of this element showed a
low-occupancy rate for Osvaldo in original populations
from Argentina. Conversely, occupancy in colonizing
populations from the Iberian Peninsula is higher, show-
ing a bimodal distribution, with a few highly occupied
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sites, but with the majority of sites of low occupancy
(LABRADOR et al. 1998; Garcia GUERREIRO and
FonTDEVILA 2001). The colonization process of D. buzzatii
could explain this bimodal distribution pattern by
means of a founder event followed by genetic drift. We
hypothesized that TE copies in the Old World pop-
ulations are characterized now by high-occupancy fre-
quencies due to the ensuing genetic drift experienced
by founders and those of low occupancy correspond to
recent, after colonization, transpositions. This founder
hypothesis contrasts with the hypothesis that coloniza-
tion instability releases TE transposition to specific “hot
spots” of high TE occupancy. This unstable hypothesis
has been supported mainly by data from natural pop-
ulations of D. simulans (BIEMONT et al. 2003), D. mela-
nogaster (VIEIRA et al. 2002), and Hawaiian Drosophila
species (WISOTZKEY et al. 1997) in which a significant
increase in TE copy number is detected in colonizing
populations. Although possible, it is difficult to envisage
a process that affects equally all the TEs studied (all the
TEs do not need to be concerned, only some of them are
sufficient), but population- or species-dependent fac-
tors are most likely. Thus, host factors seem an unlikely,
though possible, cause in the case of D. buzzatii coloniz-
ing populations since the effect involves two very dif-
ferent elements, Osvaldo (LABRADOR et al. 1998) and
blanco (GARCIA GUERREIRO and FONTDEVILA 2001).

Fortunately, the two hypotheses generate very differ-
ent predictions for TE molecular structure and insertion
patterns. Under the unstable hypothesis elements in
highly occupied sites must be newly transposed, fully
active elements, showing no sequence differences from
the canonical active sequence, if the colonization is re-
cent. On the other hand, if the founder hypothesis is
correct, copies in sites of high occupancy must be older
than the colonization event. These high-occupancy-
site copies should thus be more diverged than “newer”
copies from low-occupancy sites. These latter copies
should show canonical active sequences because there
has been insufficient time for substitutions after recent
colonizations. Moreover, under the founder hypothesis
insertion site structure at the nucleotide level should
be identical among populations, something unlikely
under the unstable hypothesis. To decide between the
hypotheses, we sequenced two euchromatic clones of
Osvaldo from high-occupancy sites and one from a low-
occupancy site. Our results are more consistent with
the founder hypothesis and indicate the importance of
using TE structure and insertion pattern to assess the
role of driftin founder events in relation to transposition
release caused by the colonization processes.

MATERIALS AND METHODS

Drosophila stocks: Cal07]9is an inbred line started from a
population collected in Carboneras (Spain) in 1996 (Garcia
GUERREIRO and FonNTDEvILA 2001) and maintained by

brother-sister matings for 15 generations. At the time of the
experiment this line exhibited Osvaldo insertions at chromo-
somal sites 2F1d, 2F4a, 2D5a, (E4a) 3F2b, 3B5f, (4C2g), (4E1b),
5A4b, (5B1f), and (5C2a)—parentheses indicate polymorphic
sites.

The control line 63 42/7 F81 was originated from D. buzzatii
stock Bu42 (28/7) collected in Maimara (Argentina) and main-
tained by brother—sister matings during the initial 63 gener-
ations and kept thereafter by mass culturing (LABRADOR and
FoNTDEVILA 1994; LABRADOR ¢t al. 1998). This line is devoid of
Osvaldo euchromatic insertions.

Adeje, Puebla del Rio, Cullera, Colera, Sanlicar, Portosin,
Llano del Moro, Castelldefels, and Tiinez are laboratory stocks
derived from Spanish natural populations collected at these
localities (except Tanez, collected in Tunisia). These stocks
were maintained by mass culturing. To determine the exact po-
sition of the A4 clone, different isofemale lines from the five
first stocks have been established, numbered, as shown in
Table 1, and assayed for Osvaldo insertions by both in situ hy-
bridization and PCR. The stocks of Cullera, Carboneras,
Portosin, Llano del Moro, Castelldefels, Tinez, and Sanltcar
were used to sequence the B9 clone because these are the only
available stocks (except Colera) having the 5A4b site .

Genomic library: Total genomic DNA was extracted accord-
ing to PINOL et al. (1988) from the D. buzzatii inbred Cal07]9
line. DNA was partially digested with Seu3A and treated with
RNAse and alkaline phosphatase according to MANIATIS et al.
(1982). Then, 0.3 ug of the partially digested genomic DNA
was ligated with 1 pg of A-DASH II arms predigested with
BamHI. Recombinant DNA was packaged using Gigapack III
XL extracts (Stratagene, La Jolla, CA).

Hybridization and clone selection: The genomic library was
screened with a probe (Osv) containing a 6.4-kb EcoRI Osvaldo
fragment (PANTAZIDIS et al. 1999) inserted in the Bluescript
KS+ plasmid. This fragment comprises the complete canonical
element except the LTRs. Probes were labeled with digoxigenin
11-dUTP (Roche, Indianapolis), using a random primer reac-
tion. Positive clones were isolated and used for in situ hybridiza-
tion of polytene chromosomes from the laboratory 63 42/7 F§1
stock devoid of Osvaldo euchromatic insertions. Because each
hybridization signal in this stock is attributed to Osvaldo flank-
ing DNA, this allows the mapping of the Osvaldoflanking region
in each Osvaldo insertion.

In situ hybridization: Polytene chromosome squashes from
salivary glands of third-instar larvae were prepared as de-
scribed in LABRADOR et al. (1990) and in situ hybridized with
Osv (6.4-kb EcoRI Osvaldo fragment) and Fla (a 1.4-kb frag-
ment of the 3'-flanking region of the A4 Osvaldo clone) probes
using procedures described by LABRADOR and FONTDEVILA
(1994). Prehybridization and posthybridization washes were
done following the protocol of ScamipT (1992) published by
Roche.

PCR amplifications: PCR reactions were carried out in a
final volume of 50 pl, including 1X activity buffer (Ecogen),
1.6 mm MgCly, 0.2 mm of each ANTP (Roche), 0.4 wMm primer
(Roche), template DNA (~10-20 ng), and 0.04 units of Taq
polymerase (Ecotaq from Ecogen) /pl. Amplifications were run
in an MJ Research (Watertown, MA) thermocycler programmed
as follows: 5 min preliminary denaturation at 94°; 30 cycles of
45 sec at 94° (denaturation), 45 sec at specific PCR annealing
temperatures, and 1.5 min at 72° (extension); and a final ex-
tension for 10 min at 72°. The samples were then stored at 4°.

PCR products were gel purified with a Geneclean kit (BIO
101, Vista, CA) and either cloned or directly sequenced with
PCR primers and new primers designed to have big over-
lapping segments and diminishing sequencing errors.

Sequencing of Osvaldo insertions and flanking sequences:
Sequencing was performed in one strand by Sanger’s
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dideoxynucleotide chain-termination method (SANGER et al.
1977), using the ABI Prism BigDye Terminator Cycle Sequenc-
ing Ready Reaction kit (Applied Biosystems, Foster City,
CA) with an automatic ALF sequencer (Pharmacia Biotech,
Piscataway, NJ).

Sequences of clones from the Cal07]9 inbred line were ob-
tained by sequencing different overlapping restriction frag-
ments as in the A4 clone, sequencing directly the phage clone
asin the B9 clone, or by sequencing only the band that displays
hybridization signal with an Osvaldo probe (B4 and P1 clones).
Clone sequence comparisons, between different population
stocks, were done by amplification of a 1.6-kb PCR fragment.
In the case of the A4 clone PCR includes the A4 Osvaldo 3" LTR
plus 249 bp of the flanking region. For this, we used a specific
primer (orf3) from the A4 ORF3 region (5-GCTGGTGAG
CAGCGCGGCGCTGTT-3'), and another (popnat3) from the
3’-flanking region (5-ATCAAAAGTTTAGGCGGGTGC-3').
The B9 amplified region includes 577 bp of the reverse tran-
scriptase (RT) region of Osvaldo plus 1027 bp of the flanking
genomic DNA. Primers used were B9d (5-GTCCTTTCTGA
GGCACGAAT-3") and B9r (5'-GCACTAAAGACGGTATCC-3")
specific for the RT and flanking DNA regions, respectively.

DNA sequences were analyzed using BLAST programs to es-
tablish paired alignments (bl2 seq option) or to search se-
quence similarities to DNA (BLASTN option). When multiple
sequence alignments were required the CLUSTALW program
(HI1GGINS et al. 1996) was used. Alignments were edited using
the GENEDOC program (NICHOLAS et al. 1997; http:/www.
psc.edu/biomed/genedoc).

Age of Osvaldo 2F4a and 5A4b insertions was estimated as
in KaprroNov and Jurka (1996), using the synonymous Dro-
sophila substitution rate of 0.016 substitutions per site per MY
(L1 1997). Pairwise comparisons with the canonical active
Osvaldo were performed and the number of substitutions per
site was computed with the Kimura two-parameter model
using the MEGA v.2.1 program (KuMaR ef al. 2001).

Determining the position of the A4 Osvaldo clone: In con-
trast to B9 and B4 clones, which showed only one chromo-
somal position in the empty stock, several positions of the A4
clone were detected. In this case, different inbred lines of each
population were checked simultaneously by PCR (amplifying
the 1.6-kb band) and by in situ hybridization with Osvaldo
(Osv) and flanking (Fla) probes, to determine the specific site
that corresponds to the isolated clone.

RESULTS

Twenty-two positive Osvaldo clones isolated from the
Cal07]9 library were used for in situ hybridization on
polytene chromosomes from the Osvaldofree 63 42/7
F81 stock. Five of them mapped to a euchromatic site.
We selected one heterochromatic (P1) and three eu-
chromatic clones: A4 and B9 (located at the high-
occupancy sites 2F4a and 5A4b, respectively) and B4
(at the low-occupancy 2F1csite). 2F4a and 5A4b sites are
considered high-occupancy sites because a high inser-
tion frequency was observed in colonizer populations
(38 and 54% in Carboneras and 18 and 38% in Sanlicar,
respectively) compared to original ones (see LABRADOR
et al. 1998; GARcIA GUERREIRO and FONTDEvVILA 2001).
The remaining isolated clones were not analyzed be-
cause they showed very weak hybridization signal and we
supposed that they contained mostly genomic DNA plus
a very small portion of the Osvaldo element.
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FIGURE 1.—(A) Structure and restriction map of the Osvaldo
fragment included in the A4 euchromatic clone (GenBank
accession no. DQ139455). Shaded triangles depict insertions
and the open triangle depicts a duplication. Abbreviations of
restriction enzymes in the map are as follows: E, EcoRI; X,
Xbal; K, Kpnl. (B) Structure of an Osvaldo fragment included
in the B9 euchromatic clone (GenBank accession no.
DQ861339). Numbers at the top indicate nucleotide positions
in the canonical Osvaldo sequence. Arrowheads indicate posi-
tions of primers used to amplify the Osvaldo fragment plus the
flanking region.

Structure of A4 and B9 high-insertion-frequency
clones: The 4705-bp A4 clone (Figure 1) comprises an
Osvaldo 3'-end fragment plus a 394-bp flanking region.
Alignment with the canonical active Osvaldo sequence
(PANTAZIDIS et al. 1999) revealed nucleotide substitu-
tions, indels, and two insertions (702 and 73 bp long) in
the ORF3 region and one 42-bp imperfect duplication
(from which 30 bp corresponds to a perfect duplica-
tion) plus four substitutions in the 3’ LTR. The A4
flanking region is a repetitive sequence because it maps
by in situ hybridization, using a flanking probe, to sev-
eral dispersed sites (2F1d, 2F4a, 2E4a, 4C2g, and 5B1) in
the Cal07]9 line.

The B9 sequenced clone (1.7 kb) shows at the 5" end
577 bp corresponding to the Osvaldo RT region followed
by genomic DNA, indicating that this Osvaldo insertion
is deleted. Alignments to the canonical Osvaldo showed
seven-nucleotide substitutions and three-nucleotide
deletions.

To analyze the two cloned insertions in several colo-
nizing populations we sequenced two 1.6-kb PCR frag-
ments specific to A4 (Figure 2) and B9 clones. The A4
PCR fragment comprises the A4 Osvaldo 3" LTR (Osv)
plus a 249-bp fragment (Fla) from the flanking region.
The B9 PCR fragment includes 577 bp of the Osvaldo
RT region plus 1027 bp of the flanking genomic DNA.

We observed that these 1.6-kb sequences are identical
in the differentindependently analyzed populations for
A4 and B9 (Figure 3). Interestingly, the Cal07]9 42-bp
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F1GURE 2.—PCR mass amplifications of an A4 1.6-kb frag-
ment (LTR plus a flanking region) inserted in the 2F4a site
in six natural populations (see text for details). The first lane
of A and B corresponds to the size-calibrated DNA from
BstEIl. Lane numbers indicate analyzed populations as fol-
lows: 1, Carboneras; 2, Adeje; 3, Colera; 4, Cullera; 5, Puebla
del Rio; 6, Sanlicar. The arrow indicates the 1.6-kb fragment.

duplication and the seven-nucleotide substitutions of
A4 and B9, respectively, could be used as markers of colo-
nization, if these copies are rare in original populations,
as previous surveys suggest. Thus, we conclude that
these A4 and B9 sequences have a common origin de-
rived, most probably, from a founder individual.

The A4 ORF3 region shows several features. First, the
702-bp insertion is flanked by two 10-bp sequences,
identical except by one nucleotide [GAGGA(T) GACG],
which suggests that the 702-bp insertion is a TE inser-
tion. This insertion shows a high nucleotide similarity
(Figure 4) with a sequence, from position 3204 to 4909,
present in an Osvaldo heterochromatic clone (cDb314)
described by LABRADOR and FoNTDEvVILA (1994). Sec-
ond, alignments of an A4 ORF3 putative protein pro-
duct with the active Osvaldo env protein revealed a high
sequence similarity (Figure 5). We believe that this pro-
duct might correspond to an ancient degenerated env
protein containing several stop codons.

Estimation of the Osvaldointegration time in the 2F4a
gives different estimates depending on the region con-
sidered, 0.2 MY for LTR, 1.2 MY for the ORF2 region,
and 3MY for the envregion. These differences are due to
the different substitution rate in these regions; for ex-
ample, it is known that the env region usually presents
the highest substitution rate (PRESTON and DOUGHERTY
1996). Estimation of Osvaldo integration time from the
RTregion in the 5A4b site is the same as that for the 2F4a
Osvaldo LTR. All in all, the estimates of divergence in-
dicate that these Osvaldoinsertions are much older than

the colonization event, which occurred not earlier than
300 years ago (FONTDEVILA 1989, 1991).

Cytological position of the A4 clone: In situ hybrid-
izations of the A4 clone on the Osvaldofree stock
showed several dispersed hybridization signals, leading
to the conclusion that Osvaldo is flanked by a repetitive
sequence. To detect the exact positions of this clone we
combined two methodological approaches: in situ hy-
bridization and PCR. First we analyzed the insertion
profile of Osvaldo A4 with the Osv and Fla probes from
this region, using isofemale lines established from each
colonizing population by brother—sister matings. Simul-
taneously, PCR amplifications of each line were per-
formed with A4-specific primers (see MATERIALS AND
METHODS) to obtain the 1.6-kb fragment previously ob-
tained in mass amplifications. Comparisons between
PCR and in situ hybridization results allow us to dis-
tinguish between A4 and other Osvaldo insertions. Re-
sults in Table 1 show that amplification is observed only
in isofemale lines where Osvaldo and its flanking se-
quence coexist at the 2F4a position. In Colera and
Sanluacar lines, where no 2F4a insertions were observed,
in isofemale lines individually analyzed, no amplifica-
tion was obtained. The fact that some isofemale lines
show no 2F4a insertion is probably due to sampling be-
cause these lines were established from a single fertil-
ized female, but in mass amplifications (Figure 2) we
used DNA from >100 individuals. In fact, mass ampli-
fications give a 1.6-kb band with different intensities
depending on the insertion frequency in each stock.
Carboneras shows a very strong band intensity and is the
population that presents the highest insertion fre-
quency in the 2F4a site (LABRADOR et al. 1998). In the
same way Sanldcar, showing a faint band only after a
PCR reamplification process, shows a lower insertion
frequency than Carboneras. The insertion frequency of
the remaining populations can be deduced from the
insertion profile of each group of isofemale lines (Table
1), and populations presenting a weak amplification
band correspond to the lines that host very few or
no insertions in the 2F4a site. However, when we ana-
lyzed data from natural colonizing populations, the
2F4a site was always segregating at high frequency.
For example, two independent samples taken in Car-
boneras (LABRADOR ¢t al. 1998; GARciaA GUERREIRO and
FonTDEVILA 2001) and separated by 5 years showed very
similar 2F4a insertion site frequencies (0.31 and 0.38).

In addition to the 2F4a site, other chromosomal sites
(2F1d, 4C2g, and 5A4b) also show cooccurrence of Osv
and Flain some lines (Table 1). However, we obtain a 1.6-kb
band amplification product only when the 2F4a site
hybridizes with Osv and Fla probes simultaneously. We
conclude that those sites have a structure different from
the A4 clone structure and that they show the existence
of either (1) an ancient coinsertion of Osvaldo and the
flanking repetitive sequence or (2) an Osvaldo insertion
preference for sites occupied by that repetitive sequence.
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v v
Osvaldo GGTGTCATAGAGGG A== === === e e ATCAAGAAT
B4 GGTGTCATAGAGGGCA———————————m oo oo ___________ ATCARGAAT
R4 (6 pop.) GGTGTCATAGAGGGCATTCAAGAAAGGAATCARGAATCGAGAGTGARACTAATGTGGRT CAAGAAT
Osvaldo CGYAATCAAGAATCCGAGAGTGARACTAATGTGGRTCAR -~~~ S e CCGCCGGAGTAGACAG
B4 CGYAATCARGAATCGAGAGTGARACTAATGTGGRTCAA =~~~ ~-+ A~ -=--- CCGCCGGAGTAGACAG
R4 (6 pop.) CGQRATCAAGAATCGAGAGTGARACTAATGTGGRTCAR ~- =~ - o fommnnn CCGCCGGAGTAGACAG
Osvaldo TGCAAATCCTGGCGTGAGCTGGAGCGCTTGGGCGAATCCTGGTGCTACTGAGCCATAATT -~GTCTGC
B4 TGCAAATCCTGGCGTGAGCTGGAGCGCTTGEGCGARTCCTGGTGCTACTGAGCCATAATT -~GTCTGC
R4 (6 pop.) --CAAATCCTGGCGTGAGCTGGAGCECTTGGGCGAATCCTGGTGCTACTGAGCCATAATTAAGTCTGC
Osvaldo CCAGCCGGAGTGCGTGAACARACATAAC ------ A - CTCGGGTATAACCGAAGGTTCGTTACA
B4 CCAGCCGGAGTGCGTGAACAAACATAAC == == -~ S CTCGGGTATAACCGAAGGTTCGTTACA | LTR end
R4 (6 pop.) CCAGCCGGAGTGCGTGAACAAACATAAC -~ === S ommmen CTCGGGTATAACCGAAGGTTCGTTACA
B 3030
v
Osvaldo CCACCAARATCACGGAGCATCGGATCACCATGCAGGA-—-—7/ A=——==—= GCCCACACACGCGCACCT
B9 (7 pop.) CCACCAARATCACGGAGCATCGGATCACCATGCAGGA-—-———= # A GCCCACACA-GCGCACCT
Osvaldo ATAGTAATGGTCAAGGAAGAAAGAATGGCARATGGCGGCTGTECSTGGACT T~~~ # A —~~TCTGGATCT
B9 (7 pop.) ATAGTAATGGTCA-GGARGARA-ARTGGCAAATGGCGGCTGTISTGGACTT -~~~ A~ -TCTGGATCT
RT region
Osvaldo AARGCGRTGGATATTGGCARATACCCAT -——+ £ - -—AGTCCCAGGGAARGEdCTErTeccAGTGERRGGTG
B9 (7 pop.) RAAAGARTGGATATTGGCARATACCCAT - ——— 7 £ -—AGTCCCAGGGARAGRTIC TCCAGTGGAAGG%‘EUQ
v
Osvaldo ATGCCGT---7 £ ---CATAGGCAGGACACGTCAGGAGCACATGGATAACCTGREAGAGGTGTTCCGGCG
B9 (7 pop.) ATGCCGT————;’/‘——CA GCAGGACACGTCAGGAGCACATGGATAACCTGLEAGAGGTGTTCCGGCG

F1GURE 3.—Multiple-sequence alignments of a canonical Osvaldo

and (A) LTRs of the Osvaldo B4 clone (GenBank accession no.

DQ139461) and A4 clone from six colonizing populations (GenBank accession nos. DQ139456, DQ139457, DQ139458,

DQ139459, DQ139460, and DQ139455 included in the A4 clone)

. Shaded boxes indicate regions that correspond to a perfect

duplication. (B) RT region of the Osvaldo B9 clone from seven colonizing populations (GenBank accession nos. DQ861339,

DQ861340, DQB861341, DOQ861342, DQ861343, DO861344, and 8

61345). Open boxes indicate nucleotide substitutions in the

B9 clone. Arrowheads and numbers delimit the A4 duplicated region and the beginning and the end of the B9 clone, relative

to the Osvaldo canonical sequence.

The B4 clone at the 2Flc site and the P1 hetero-
chromatic clone: Two other clones were obtained and
compared to the A4 clone. The 13-kb B4 clone contains
mainly genomic DNA plus one Osvaldo LTR. The se-
quenced 1100-bp fragment includes a 5" LTR identical
to the active Osvaldo, except for a 1-bp deletion (Table
2), plus 56 bp of the Osvaldo 5’ region. The flanking
genomic DNA hybridizes only at the 2FIc site in the
Osvaldofree line, a very low-occupancy site in natural
populations. We think that the B4 clone could represent
arecent Osvaldoinsertion because of the high sequence
similarity to the canonical active Osvaldo element (Figure
3) and the absence of large duplications and deletions.

The P1 clone, including a noncanonical Osvaldo ele-
ment and a flanking region, hybridizes only at centro-
meric regions of the Osvaldofree line. A 4.6-kb (Xbal)
product, that shows hybridization signal with an Osvaldo
probe, includes 1712 bp of flanking DNA plus 2918 bp
of Osvaldo. P1 Osvaldo differs from the canonical Osvaldo
by the presence of aduplication, an insertion, and a dele-
tion (21, 8, and 322 bp, respectively) in its LTR (Figure
6) and an ORF1-ORF2 region with a 257-bp deletion.
The flanking sequence shows no homology with data-
base sequences, but a putative ORF of 522 nucleotides
found in this sequence encodes a predicted polypeptide
with 54% identity to a gag-pol polyprotein precursor of

the Max retrotransposon of D. melanogaster. This retro-
transposon exhibits preferential insertion in hetero-
chromatin (MARSANO et al. 2004), again indicating the
heterochromatic peculiarities of the flanking region of
this clone.

DISCUSSION

D. buzzatii colonizing populations show a high in-
sertion frequency of Osvaldo and blanco TEs in spe-
cific chromosomal sites (LABRADOR e¢f al. 1998; GARCIA
GUERREIRO and FONTDEVILA 2001), compared to source
populations. These results suggest that this TE distribu-
tion pattern is associated with colonization either by an
increase in the rate of transposition (unstable hypoth-
esis) or by genetic drift (founder hypothesis). To decide
between both hypotheses, we sequenced Osvaldo clones
from heterochromatic (P1) and euchromatic regions
corresponding to high- (A4 and B9) and low-occupancy
(B4) sites. The P1 heterochromatic clone represents a
copy of an inactive Osvaldo element that has accumu-
lated many structural changes over time. It is usually
thought that heterochromatic copies of retrotranspo-
sons represent the end point of an ancient invasion and
that heterochromatic regions serve as a sink for ancient,
defective copies (SHEVELYOV et al. 1989; VAURY et al.
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cDb314 4258
ins.702 72
cDb314 4333
ins.702 147
cDb314 4405
ins.702 222
GAGTCGGAGCCG AGG CG ATCGAGGAGCC GA TCATT T AT TCGGA TCGGAGG GGAGGAG
cDb314 4479
ins.702 294
CCGGAGCC ACCATCAC GC CA TT GAGGAG
FIGURE 4.—Alignment of
cDb314 455 . . .
, the 702-bp insertion into
ins.702 \ 3 .
TGGCCTGGAGCGAAC CTCGC GC TGG CAGCCGGCTTCACGCTGAGCGAGGTGGAG AG AGC the Osvaldo A4 clone with a
putative env degenerated se-
quence from an Osvaldo het-
?Db3}]32 42?? erochromatic clone (cDb
ins. CF | £ £ ( B
CCA G CACCA CATCA GCC CCA C CAT GCCACC G 314) described by LABRADOR
and FonNTDEVILA (1994).
cDb314 A ca| TGGA ATGG T 4700
ins.702 crlycieeccTciccdecidolde - 506
G  CGCCATCGCC CA CGGC CACC CG CGC CC C G AT GG A GC GCCG TC
cDb314 elelele 4772
ins.702 AA ( 574
GCCACC AGC G G ACAAC CG ACCA CAC G CACC CA TGG
cDb314 nEAMATCA ccc --a T!‘m \cTTEGCGTEAGA GAATEET TEGE 4845
ins.702 : GEcHNA--GEecENCA- clgcccan cT AC—AAAC olelele GTCHeChE 643
G AA GG CA ATGG G ATC CG CTA G G GT GG Gt ceca ¢
cDb314 4909
ins.702 703

GCGC

GGCC G TG GC

1989; PimMPINELLI ¢f al. 1995; DimrTRrI 1997). The clones
B4, A4, and B9, are different even though they all
are euchromatic. The B4 LTR differs only by one nu-
cleotide deletion from the canonical active Osvaldo LTR
(PANTAZIDIS et al. 1999), whereas the A4 LTR differs by a
42-bp duplication, four substitutions and insertions in
the envregion, from the canonical sequence. Otherwise
the B9 clone includes only the Osvaldo RT region dif-
fering by seven nucleotide substitutions and three dele-
tions from the canonical Osvaldo sequence. In view of
their accumulated insertions and nucleotide substitu-
tions, A4 and B9 clones host degenerated inactive
Osvaldo elements and represent precolonization inser-
tions. In contrast, the B4 clone may include a recent in-
sertion (postcolonization) because its LTR sequence is
identical to the active Osvaldo LTR except for a 1-bp
deletion. This deletion is likely due to a reverse tran-
scriptase replication error, as this process has been re-
ported as a frequent event in retroelement replication
(PresTON and DouGHERrTY 1996). When LTR retro-
transposons insert into genomes, they are generally full-

AGAGGAG G GCC GC

sized elements that, over time, change by gradual ac-
cumulation of insertions, duplications, substitutions,
and small deletions (PETROV 2002). Defective elements
often exhibit large changes, such as the deletion of ORFs
and LTRs, that impair their transposition (KAMINKER
et al. 2002). In our case we observed, in all analyzed
colonizing populations, the same 42-bp duplication in
the A4 LTR and seven substitutions in the B9 RT, never
found in other Osvaldo clones, and an identical Osvaldo
flanking region inserted in that chromosomal site. It is
difficult to explain this result under the unstable hypoth-
esis that predicts similar, but not identical, insertion sites
of intact canonical elements (at the nucleotide level). As
far as we know, until now no data have been reported
documenting an identical insertion site in different,
natural colonized populations. However, some cases of
similar, but not identical insertion sites have been re-
ported for the Penelope elementin D. virilisand D. lumme:
(EVGEN’EV et al. 2000) and for Zam and Idefix within the
white locus of the Revl strain of D. melanogaster (CONTE
et al. 2000).
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However, if the unstable hypothesis was correct,
insertion events to identical sites should occur indepen-
dently in many colonizing populations. In our case,
identical independent insertion events are unlikely for
three reasons. First, new insertions can occur only when
active full-length elements are involved in the transpo-
sition process. In contrast, we detected insertions, dele-
tions, indels, duplications, and the presence of multiple
stop codons in the env region of A4 and a deleted
Osvaldo insertion with seven-nucleotide substitutions in
the B9. Second, the age estimation of these insertions,
ranging between 0.2 (A4 LTR and B9 RT regions) and
1.5 MY (A4 complete sequence), is much older than the
age (300 years) of colonization (FONTDEvVILA 1989), re-
inforcing the conclusion that the occupancy profile is
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Ficure 5.—Alignment of
an active Osvaldo env do-
main of an active canonical
Osvaldo with the homolo-
gous A4 env region. Solid
boxes indicate identical or
chemically similar amino
acid sequences. Asterisks
indicate stop codons. After
position 341 (arrow) of
the A4 env domain there
are 237 amino acids that
cannot be aligned with
Osvaldo. Numbers below
the sequences refer to bio-
chemically similar amino
acids as follows: 1, D and
N; 3, Sand T; 4, K and R;
6,L,I,V, and M.

due to genetic drift. It is important to note that even if
these insertions are older than the colonization event,
they are young in evolutionary time and these age
estimates support BOweN and McpoNALD’s (2001) con-
clusion that Drosophila euchromatic LTR retrotranspo-
sons are evolutionarily young. Third, if independent
transpositions occur, it is difficult to explain the iden-
tical sequences of the 2F4a and 5A4b insertions across
populations, unless only one Osvaldo copy is active

The fact that the same 2F4a and 5A4b insertions are
present in different colonizer populations suggests a
common origin and reinforces the founder hypothesis.
The absence of these sites in some samples could be due
to their loss by sampling drift in some laboratory lines.
Moreover, the fact that these two sites were old and were
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TABLE 2

Characteristics of Osvaldo LTRs sequenced in different clones compared to a canonic Osvaldo LTR

Indels =3 bases/

LTR Location bp Duplications Insertions Deletions substitutions
A4 2F4a 1236 42 bp (455-456) — — 4
B4 2Flc 1044 — — — 1
P1 Heterochromatin 908 21 bp (69-70) 8 bp (525-526) 322 bp (152) 47

Nucleotide positions are in parentheses.

presentin all colonizer populations analyzed in previous
works (LABRADOR et al.1998; GArRciA GUERREIRO and
FonTDEVILA 2001) led us to consider that these two sites
are representative of other highfrequency insertions.
Different population studies show an accumulation of
TEs in regions of low recombination, as inversions
(SN1EGOWSKY and CHARLESWORTH 1994) or other non-
recombining regions like the fourth chromosome of
D. melanogaster (BARTOLOME et al. 2002; BARTOLOME
and MasipE 2004). However, in our case, previous
population analyses (LABRADOR et al. 1998; Garcia
GUERREIRO and FONTDEVILA 2001) show no association
between high-insertion-frequency sites and regions of
low recombination, for example, inversions. Only a case
of association was observed and can be explained by
a founder effect due to the small effective number of
colonizers (LABRADOR et al. 1998), rather than an
accumulation mediated by a low-recombination effect.

All evidence reported here favors the founder hy-
pothesis vs. the unstable hypothesis but does not negate
that colonization may trigger bursts of transposition as
suggested by other studies (VIEIRA and BiEMONT 1996;
WiSOTZKEY et al. 1997; VIEIRA et al. 2002) and that tran-
sposition hot spots could exist. The existence of hot
spots is difficult to reconcile to the low Osvaldoinsertion
frequency observed in source populations. Even if we

}I—Kh|
21 bp

Sbp

X v 1
LTR ORFI-ORF2
322 bp 257 bp
Flanking Osvaldo

“4— sequence ¥ fragment

Ficure 6.—Structure of the 4.6-kb Osvaldo fragment in-
cluded in the P1 clone (GenBank accession no. DQ139462).
Open, shaded, and stippled triangles depict, respectively, du-
plications, insertions, and deletions. X indicates Xbal.

suppose an Osvaldo transposition rate in original pop-
ulations lower than that in colonizer ones, we expect a
high frequency in putative hot transposition spots. Our
study concerns only one clone per band and we cannot
discard completely the possibility that new transposition
events to new large cytological regions occur after colo-
nization. If this possibility exists the two proposed hypo-
theses could be correct. This study represents an attempt
to combine information for TE sequence structure with
chromosomal occupation profiles to disentangle foun-
der effects from transposition bursts in colonization,
but it deals only with four clones, one Drosophila
species, and one kind of transposable element. Similar
analyses, which include additional colonizing species
and more TE clones, are under way in our laboratory to
test the generality of these results. Yet, these results are
the first direct molecular evidence that founder drift
effect may be responsible, at least in part, for high-
occupancy profiles of TEs in some natural populations.
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