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Drosophila telomeric retrotransposons derived
from an ancestral element that was recruited

to replace telomerase
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Susan E. Celniker,? and Beatriz de Pablos’

"Centro de Biologia Molecular “Severo Ochoa” (CSIC-UAM), Cantoblanco, 28049 Madrid, Spain; ?Berkeley Drosophila Genome
Project, Department of Genome Sciences, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

Drosophila telomeres do not have arrays of simple telomerase-generated G-rich repeats. Instead, Drosophila maintains its
telomeres by occasional transposition of specific non-long terminal repeat (non-LTR) retrotransposons to
chromosome ends. The genus Drosophila provides a superb model system for comparative telomere analysis. Here we
present an evolutionary study of Drosophila telomeric elements to ascertain the significance of telomeric
retrotransposons (TRs) in the maintenance of Drosophila telomeres. PCR and in silico surveys in the sibling species of
Drosophila melanogaster and in more distantly related species show that multiple TRs maintain telomeres in Drosophila. In
addition to TRs with two open reading frames (ORFs) capable of autonomous transposition, there are deleted
telomeric retrotransposons that have lost their ORF2, which we refer to as half telomeric-retrotransposons (HTRs).
The phylogenetic relationship among these telomeric elements is congruent with the phylogeny of the species,
suggesting that they have been vertically inherited from a common ancestor. Our results suggest that an existing
non-LTR retrotransposon was recruited to perform the cellular function of telomere maintenance.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been
submitted to GenBank under accession nos. AMI6I543, AMO040250-6, AM040240-, AMO040246-9, and

AMO040237-9.]

The molecular study of Drosophila telomeres began initially by
analyzing the plasmid cDm356 (Rubin 1978) and afterward the
phage NT-A (Young et al. 1983). In both cases, the cloned DNA
hybridized with all telomeres of Drosophila melanogaster. It took a
long time to realize that these clones derived from heterochro-
matin: cDm356 from the centromeric region of chromosome Y
(Agudo et al. 1999) and \T-A from the pericentromeric region of
chromosome 3 (Losada et al. 1999). The unexpected findings of
telomeric elements at the centromeric region of the Y could be
understood if this region derived from an ancestral telomere, as
has been proposed by Agudo et al. (1999).

It was not until 10 years after Gerald Rubin had observed
hybridization at the telomeres with cDm356 that a telomere-
specific retrotransposon, named HeT-A, was described as an ele-
ment capable of healing broken or receding chromosome ends
(Traverse and Pardue 1988; Biessmann et al. 1990, 1992a,b). The
second element, TART, was discovered in the analysis of a native
Drosophila telomere (Levis et al. 1993). The TART element has
two open reading frames (ORF1 and ORF2), typical of non-LTR
retrotransposons; ORF1 encodes a putative RNA-binding protein
and ORF2 encodes a protein with domains related to both reverse
transcriptase (RT) and endonuclease (Sheen and Levis 1994).
However, HeT-A is an atypical element because it lacks ORF2, so
the RT for its transposition is produced in frans from a yet-
unknown source. This type of nonautonomous element has been

3Present address: Facultad de Ciencias, UNED Senda del Rey 9, 28040
Madrid, Spain.

“Corresponding author.

E-mail avillasante@cbm.uam.es; fax 34-91-4974799.

Article published online before print. Article and publication date are at http://
www.genome.org/cgi/doi/10.1101/gr.6365107. Freely available online
through the Genome Research Open Access option.

previously described in several species. For example, half-
elements derived from LINE elements, by deletion of its ORF2,
have arisen in both the rat and mouse lineages (Smit 1999; Rat
Genome Sequencing Project Consortium 2004). And, it has been
shown that LINE-encoded proteins can act in trans to promote
retrotransposition of half-LINE elements (Wei et al. 2001). In
Drosophila telomeric arrays, HeT-A and TART are intermingled
and frequently truncated at the 5’ end (Abad et al. 2004b). This
could partially explain why it has been so difficult to clone and
characterize complete copies of these elements. The HeT-A and
TART elements never appear in euchromatin, but they are found
in centromeric and pericentromeric heterochromatin (Traverse
and Pardue 1988; Danilevskaya et al. 1993; Levis et al. 1993;
Losada et al. 1997, 1999; Agudo et al. 1999; Abad et al. 2004a).
Recently, the third and less abundant telomere-specific retro-
transposon, TAHRE, was discovered during the sequence analysis
of the telomeres of the y; cn bw sp strain of Drosophila melanogas-
ter (Abad et al. 2004b,c). The 5'UTR, ORF1, and 3'UTR of TAHRE
are very similar to the corresponding sequences of HeT-A, and its
ORF2 encodes a RT that has some similarity to the RT of TART
(Abad et al. 2004c). The structural and phylogenetic analyses of
HeT-A, TAHRE, and TART imply that HeT-A derived from ances-
tral TAHRE elements (Abad et al. 2004c). However, Pardue and
collaborators favor the hypothesis that HeT-A derived from
telomerase-encoding sequences (Pardue et al. 1996, 2005; Pardue
and DeBaryshe 1999, 2002, 2003).

The identification of TART and HeT-A elements in Dro-
sophila yakuba and Drosophila virilis has shown that these ele-
ments have been performing the cellular function of telomere
maintenance during more than 45 million yr (Danilevskaya et al.
1998b; Casacuberta and Pardue 2002, 2003a,b).
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The molecular characterization of Drosophila telomeres has
been so difficult, in part, because of the intrinsic difficulty in
isolating large DNA clones containing chromosome ends (Adams
et al. 2000; Celniker et al. 2002; Hoskins et al. 2002). But, re-
cently, the use of sheared DNA libraries has allowed the cloning
of these chromosomal regions from D. melanogaster (Abad et al.
2004b) as well as from other species (Osoegawa et al. 2006).

In this report we have used a phylogenetic analysis of Dro-
sophila telomeric DNA to demonstrate that multiple autonomous
and nonautonomous telomere-specific retrotransposons have di-
verged from the common ancestor that was recruited to perform
the cellular function of telomere maintenance. The novel vision
of the telomeres in Drosophila, presented in this work, could have
never been achieved without the sequencing and the compara-
tive analysis of the genomes of the 12 Drosophila species.

Results

TAHRE elements in the D. melanogaster species subgroup

To investigate the rate and nature of the evolution of Drosophila
telomeres, it is essential to analyze telomere sequences from spe-
cies that are at various levels of divergence. Thus, we initiated
PCR (see Methods) and in silico surveys in the sibling species of
D. melanogaster and in more distant species. To identify TAHRE
homologs in silico, we performed TBLASTN searches using the

ORF2 of Dmel\TAHRE as query for the genomic databases. Sub-
sequent to the in silico survey, we have principally used scaffolds
in which the telomeric retrotransposons (TRs) appear in the typi-
cal telomeric head-to-tail arrays with no interspersed nontelo-
meric elements. Using this approach we have identified scaffolds
in which a subtelomeric minisatellite (named telomere-
associated sequences or TAS) often appears between the most
proximal telomeric retrotransposon in the array and the most
distal nonrepetitive sequences. In these cases we identified the
putative telomere from which they derived, validating our ap-
proach. As the success of our analyses depends on the coverage
and assembly quality, the number and nature of telomeric con-
tigs we have obtained vary among the sequenced species (Figs.
1B, 2).

In the Drosophila sechellia genome we found a scaffold that
contains a typical tandem array of two Dsec\TART, two
Dsec\TAHRE, one Dsec\HeT-A, and one Dsec\TART (Fig. 1B).
However, in D. yakuba and Drosophila erecta there were no single
scaffolds containing long TAHRE sequences, so we have con-
structed representative TAHREs by connecting scaffolds that had
overlapping regions that were >97% identical (see Methods).
Dot-matrix comparisons of each TAHRE with its corresponding
HeT-A clearly show that the HeT-A elements are TAHREs without
their ORF2 (Fig. 1A). To determine the chromosomal location
and ascertain whether these elements are found at telomeres, we
performed fluorescence in situ hybridization using TAHRE-ORF2

A X
| E
< ) v E
[ ; fom "a y o
@ ¥ o | T J
; / ; //' -
Q // = /- E 6P 4
bV g o il
] : LR Q B f.:/ 5§ At el
B . 1 il ta{ My i gte
T T T : IR T
s Yt o thm i i L
ORF 1 ORF 2 ORF 1 ORF 2
Dsec\TAHRE Dere\TAHRE [E]
B

D. sechellia

Scaffold 182 [ | T

EATAHRE  [7]HeT-A
[ ]JTART

Figure 1.

D. yakuba

%

¥
an

o

TAHRE elements in the D. melanogaster species subgroup. (A) Dot-matrix comparisons of the nucleotide sequence of each TAHRE

(Dsec\TAHRE scaffold 182, 15703-7717; Dyak\TAHRE and Dere\TAHRE are listed in Supplemental Fig. $12) with its corresponding HeT-A (Dsec\HeT-A
scaffold 182, 7716-2747; Dyak\HeT-A AF043258; Dere\HeT-A scaffold 4836, 38316-32346). The three-frame ORF maps of TAHRE elements are indicated
(the tall tick marks correspond to stop codons; the short tick marks correspond to methionines; the ORFs are the long stretches without tall tick marks).
(B) Diagram of scaffold 182 from D. sechellia. The color code for the TRs is indicated in the box below. (C) FISH of TAHRE-ORF2 probes to polytene
chromosomes of D. simulans and D. yakuba. Hybridization signals are shown in green on the chromosomes counterstained with DAPI (blue).

1910 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 9, 2026 . Published by Cold Spring Harbor Laboratory Press

The evolution of Drosophila telomeres

D. ananassae

Scaffold 13266 (C/2R)

[Emu Plutex AuRY PRz FATAS [lEuchromatin]

PHTR24

D. persimilis Scaffold 8 (BI2L)E

Scaffold 127 P4 7 e ma a P a T 2

Scaffold 172 &
Scaffold 480 EEEEE7] Sca_ﬂ"old 254

Recurrent evolution of HTRs from TRs
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During our analyses in more distant spe-
cies, we have found up to 37 phyloge-
netically distinct telomeric elements, of
which 19 were half TRs (HTRs) because
they had lost their ORF2. The names of
the new elements were given after per-
forming phylogenetic analysis. In order
to help the reading and comprehension,
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relationships was added to the graphical
representation of the elements. Thus, el-
ements from different species that share
the same color in Figure 2 are closely re-
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largest genome of the 12 sequenced spe-
cies, around 231 Mb. After the analysis
of its genome, we have found that three
scaffolds end in arrays of TRs and HTRs
(Fig. 2). In these telomeric arrays, the el-
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Figure 2. Diagrams of scaffolds containing head-to-tail arrays of telomeric retrotransposons from D.
ananassae, D. persimilis, D. mojavensis, D. virilis, and D. grimshawi. The putative origin of each scaffold
appears between brackets. The color code for TRs, HTRs, TAS, and euchromatin is indicated in boxes.
In the euchromatin regions a distal gene is indicated. Ns indicates the presence of unsequenced

regions.

probes to polytene chromosomes of Drosophila simulans and D.
yakuba. The results showed the presence of TAHRE sequences at
two telomeres of D. simulans and at three of D. yakuba (Fig. 1C).
These elements are not found in all telomeres, similar to the
situation in D. melanogaster (Abad et al. 2004c), but they seem to
be present across the melanogaster subgroup. As the PCR analysis
has obvious limitations (see Methods), and the sequences of the
12 species are at their first assembly stage (Comparative Analysis
Freeze 1), it is not surprising that a full-length TAHRE has only
been found in D. melanogaster, in which identified telomeric
clones have been sequenced (Abad et al. 2004c).

NNs N Cid
VYWY Er WX 777777 A R

characteristic long 3'UTR made of com-
plex repeats (see dot-matrix comparison
between them in Fig. 3).

TS The N-terminal part of the ORF1 of
retroelements evolved quickly due to
base substitutions and small deletions.
However, in D. ananassae there are three
HTRs (Dana\HTRX, Dana\HTRY, and
Dana\HTRZ; Supplemental Fig. Sla)
with an additional large deletion that re-
moved the conserved motif called major
homology region (MHR) (Supplemental
Fig. S1b). Moreover, Dana\HTRX and Dana\HTRY have long
3'UTRs with several repeats (Supplemental Fig. S1a). Apart from
those telomeric scaffolds, we found other scaffolds containing
decayed TRs interspersed with other transposable elements. In-
terestingly, Jennifer Kirkland, John Belote, and Robert Levis had
previously isolated a D. ananassae clone having those TRs
(DQ114943) (Kirkland 200S5). They hypothesized that it was
probably derived from centromeric heterochromatin after ob-
serving that the elements were decayed and that the clone did
not give any telomeric signal when hybridized to polytene chro-
mosomes (R. Levis, pers. comm.).
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Figure 3. Dot-matrix analysis of TRs with HTRs. Dot-matrix comparisons of the nucleotide sequence of Dana\TR2A: Dana\HTR2A, Dper\TR1A:
Dper\HTR1A, Dper\TR3A: Dper\HTR3A, Dper\TR3B: Dper\HTR3B, Dmoj\TR1Ab: Dmoj\HTR1Ab, Dmoj\TR1D: Dmoj\HTR1D, Dmoj\TR1C: Dmoj\HTRI1C,
Dmoj\TRTE: Dmoj\HTRTE. The three-frame ORF maps are indicated.
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The genome sequence of Drosophila persimilis, a sister species
of Drosophila pseudoobscura, provides an opportunity to study
whether a recent speciation, in the obscura group, has affected
the structure of telomeric elements. Although, the Drosophila per-
similis genome has only been sequenced at the 3 X level, we have
been able to recognize telomeric scaffolds. Thus, we found three
scaffolds containing arrays of TRs and HTRs that correspond to
chromosome ends (Fig. 2). We have also found four additional
scaffolds that are not linked to telomeres. In these scaffolds we
identified five TRs (Dper\TR1A, Dper\TR2A, Dper\TR3A,
Dper\TR3B, and Dper\TR4A) and three HTRs (Dper\HTRI1A,
Dper\HTR3A, and Dper\HTR3B). The dot-matrix comparisons be-
tween these TRs and their corresponding HTRs are shown in Fig-
ure 3. Dper\TR1A, Dper\TR2A, and Dper\TR3A have short
3'UTRs, Dper\TR3B has a long 3'UTR, and Dper\TR4A has a large
repeated region in its 3'UTR (Fig. 4; Supplemental Figs. S2-54).
The ORF1 of the Dper\TR3A element contains dispersed short
runs of polyglutamines (poly Qs) after the three zinc knuckle
domains, whereas ORF2 has a nonhomogenous long run of poly
Qs after the RT domain (Fig. 4).

As expected for two species whose separation has occurred
recently, the telomeric elements found in D. persimilis are very
similar (~98% of nucleotide identity) to those in D. pseudoobscura
(data not shown).
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Figure 4. Diagrams of the structure of TRs and HTRs. Diagrams are
approximately to scale. The 5'UTR regions appear in yellow, the ORF1 in
green, the ORF2 in orange, and the 3'UTR in magenta. The three zinc
knuckles domain in ORF1 and the RT domain in ORF2 are indicated. The
polyglutamines appear as a single “Q” and the polyasparagines as a
single “N.” The presence of repeats in the 3'UTR regions is also indicated.

Drosophila willistoni belongs to the willistoni group and has
the largest genome of the 12 sequenced species (~237 Mb). Un-
fortunately, we could not identify any scaffolds containing TR
sequences that, by our criteria, derive from a telomere. Neverthe-
less, we found small scaffolds that encoded partial TRs phyloge-
netically related to TR2 elements.

Drosophila mojavensis, a cactophilic species in the repleta
group, is a good model of incipient speciation. Among the new
sequenced species, the D. mojavensis genome assembly appears to
be the most complete (Gilbert 2006). As a consequence, we found
five scaffolds linked to telomeres and one additional very long
scaffold not linked (Fig. 2). We have identified up to six TRs
(Dmoj\TR1A, Dmoj\TR1B, Dmoj\TR1C, Dmoj\TRI1D,
Dmoj\TR1E, and Dmoj\TR3A) and, among the HTRs found, four
(Dmoj\HTR1Ab, Dmoj\HTR1B, Dmoj\HTRI1C, and Dmoj\HTR1D)
have their corresponding TR (see dot-matrix comparison be-
tween them in Fig. 3). We have also found three additional HTRs
whose TRs counterparts were not detected (Dmoj\HTR2A,
Dmoj\HTR3B, and Dmoj\HTR3C).

The TRs and HTRs in D. mojavensis display a number of
different features. Five of the six TRs found have a short 3'UTR
(Dmoj\TR1A, Dmoj\TR1B, Dmoj\TR1C, Dmoj\TR1D, and
Dmoj\TR3A) and only Dmoj\TRIE has a long 3'UTR, with three
repeated regions along it (Fig. 4; Supplemental Figs. S4-S7). The
ORF1 of Dmoj\TR1C has two long runs of poly Qs following the
zinc knuckles domain (Fig. 4). Dmoj\HTR2Aa has a long 3'UTR
with two duplications along it (Fig. 4; Supplemental Fig. S4).
Dmoj\HTR3Ba has a long 3'UTR with a large repeated region
covering the majority of the 3'UTR, and its ORF has several tracts
of poly Qs before and after the zinc knuckles domain (Fig. 4;
Supplemental Fig. S7). Dmoj\HTR3Ca has two large repeated re-
gions covering almost the entire length of its 3'UTR, and its
ORF has two tracts of poly Qs after the zinc knuckles domain
(Fig. 4; Supplemental Fig. S7). With this data on hand, it would
be interesting to analyze whether diverging populations of
D. mojavensis show clear differences in the structure of the telo-
meres.

The genome size of D. virilis is about twice as large as that of
D. melanogaster, but this seems to be due to an increase in the
amount of simple and complex satellite DNAs. In D. virilis, we
have found two scaffolds linked to telomeres (Fig. 2). In both
cases, between the proximal telomeric element and the euchro-
matic sequences there are subtelomeric repeats of 370 bp, corre-
sponding to the TAS of D. virilis. Interestingly, these are the re-
peats that Biessmann et al. (2000) found at the telomeres and at
internal euchromatic regions. These telomeres have five autono-
mous elements: Dvir\TR1A, Dvir\TR1B, Dvir\TR2A (previously
called Dvir\TART by Casacuberta and Pardue 2003a), Dvir\TR2B,
and Dvir\TR2C. They also have three half telomeric-
retrotransposons: Dvir\HTROA (previously called Dvir\HeT-A by
Casacuberta and Pardue 2003b), Dvir\HTROB, and Dvir\H’TR2B.
The TRs and HTRs of D. virilis have short and long 3'UTRs, re-
spectively (Fig. 4; Supplemental Fig. $S8). The ORF1s of
Dvir\TR1B, Dvir\TR2C, and Dvir\HTROA have short tracts of poly
Qs following the three zinc knuckle domains (Fig. 4; Casacuberta
and Pardue 2003b). However, the ORF1 of Dvir\TR2A has long
runs of poly Q after the zinc knuckles domain (Casacuberta and
Pardue 2003a) and the ORF of Dvir\HTROB has long runs of poly
Qs and a long tract of polyasparagines (poly Ns) following the
zinc knuckles domain (Fig. 4). In D. virilis, only the ORF2 of
Dvir\TR2A has long runs of poly Qs after the RT domain (Fig. 4;
Casacuberta and Pardue 2003a).
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The Hawaiian Drosophila lineage contains >1000 species.
Drosophila grimshawi, the sequenced picture wing species, is rep-
resentative of a lineage that began to rapidly diversify 26 million
yr ago. In D. grimshawi, we identified a single telomeric scaffold
(Fig. 2). This scaffold contains arrays made of one TR (Dgri\TR2A)
and two HTRs (Dgri\HTR2B and Dgri\HTR2C). The Dgri\TR2A
elements have tracts of poly Qs after the three zinc knuckles of
the ORF1 and a short 3'UTR (Fig. 4; Supplemental Fig. S9). The
Dgri\HTR2B has long tracts of poly Qs after the zinc knuckles
domain and a large duplication in its 3'UTR (Fig. 4; Supplemental
Fig. S9). The Dgri\HTR2C does not contain extended glutamine
repeats and has a short 3'UTR (Fig. 4;
Supplemental Fig. 9).

Since we have analyzed whole-
genome shotgun draft sequence that
contains many gaps within telomeric re-
gions, we cannot exclude the possibility
that corresponding TRs may exist in the
genomes where only orphan HTRs have
been detected. Nor can we exclude the
possibility that additional elements and
even additional families may exist in all
of the sequenced species. Future analy-
ses, when further sequencing has been
done, are likely to find more telomere-
specific elements than the ones de-
scribed in this article.

Phylogenetic relationships among
Drosophila telomeric retrotransposons

Normally, phylogenetic analyses of non-
LTR retrotransposons are restricted to
the RT domain, the only domain com-
mon to all elements. Therefore, we have
initially constructed the phylogenetic
relationships between the TRs based on
their entire RT domains (for alignments
see Supplemental Fig. $10). The limits of
the RT domains were defined according
to Malik et al. (1999). The phylogenetic
tree identifies multiple families of TRs
that belong, as expected, to the jockey
clade (Fig. 5).

In Drosophila, the C-terminal half of
ORF1 of TRs and the ORF of HTRs con-
tains three conserved domains: the
MHR, the zinc knuckles (also called
CCHCQ), and the leucine zipper-like re-
gion (Rashkova et al. 2003). To verify the
TRs phylogeny based on the RT domain,
we have also analyzed the phylogenetic
relationships between TRs and HTRs us-
ing these ORF1 domains (for alignments

RT

agreement with the RT phylogeny (Fig. 6). Moreover, it is in this
type of analysis that the evolutionary relationships between TRs
and their corresponding HTRs appear more clearly. Our finding
of multiple pairs (Fig. 6) of TRs and HTRs is strong evidence that
HTRs, like HeT-A, have derived from ancestral TRs, rather than
from telomerase.

The phylogenetic relationships among the telomere-specific
elements are congruent with the phylogeny of the species, which
suggests vertical transmission of these elements from a common
ancestor recruited to perform the cellular function of telomere
maintenance.
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see Supplemental Fig. S11). In this analy-
sis, the ORF1s from the D. ananassae
HTRs were omitted, as they lack MHR

Dmel\X

77 | | — Dmel\ Doc
100 —————— DmenF

Dmel\jockey

Dmel\Juan

Dmel\R2

domains. Importantly, although the

ORF1 tree has less resolution than the RT ez

tree, because the ORF1 region is smaller
and less conserved than the RT domain,
the phylogeny of the TR ORFls is in

Figure 5. Phylogenetic relationships of TRs based on their RT domains. The tree was inferred using
the neighbor-joining method. Bootstrap values are given as percentage numbers. The color code for
TRs is indicated. TART and TAHRE have not been renamed to keep their historical names.
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historical names.

Discussion

Drosophila telomeric sequences do not behave as regular hetero-
chromatin sequences. While in centromeric heterochromatin
there are multiple amplifications, deletions and insertions of
transposable elements that produce the decay of the elements
present in it, in terminal retrotransposon arrays amplifications
and internal deletions still occur, but never interrupt the reading
frames of the telomeric elements. In noncoding regions, the am-
plification events principally occur in the 3'UTRs, and it is pos-
sible that multiple amplifications events occur in the same 3'UTR
(Fig. 4; Supplemental figures). In coding regions, amplifications
in ORF1 and/or ORF2 can take place, where repeats of the triplets
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5
N
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Dpsel\TRTA
Dper\HTR1A

Phylogenetic relationships of TRs and HTRs based on their ORF1 domains. The tree was
inferred using the neighbor-joining method. Bootstrap values are given as percentage numbers. The
color code for TRs and HTRs is indicated. TART, TAHRE, and HeT-A have not been renamed to keep their

Dyak\HeT-A

CAG and CAA encode for tracts of poly-
glutamines (or AAC for polyaspara-
gines). These polyglutamines or poly-
asparagines are not part of known func-
tional domains and they have been
suggested to provide a molecular basis
for fast adaptation to environmental
changes (Trifonov 2004). As the gluta-
mine-rich and asparagine-rich regions
form polar zippers, Perutz et al. (2002)
proposed that they mediate interaction
between different proteins. It is tempt-
ing to speculate that the initial expan-
sion of triplets coding for poly Qs/Ns
could have been selected because of the
improvement in the ability to interact
with other telomeric proteins. However,
since extremely long expansions cause
the formation of protein aggregates, the
elimination of these tracts by unequal
crossing-over is expected to happen over
time. This could explain why some ele-
ments have poly Qs and most of them
do not.

In telomere-specific elements it is
normal to find deletions of varied sizes
in different upstream regions with re-
spect to the zinc knuckles domains of
the ORF1. However, the most outstand-
ing event that occurs in telomeric het-
erochromatin is a recurrent loss of most
of the TRs” ORF2, giving rise to HTR el-
ements. This finding is consistent with
the suggested origin of HeT-A by dele-
tion of the ORF2 of an ancestral TAHRE
(Abad et al. 2004c¢).

The recent discoveries of the telom-
erase reverse transcriptase (TERT) of
Bombyx mori (Lepidoptera), Tribolium
castaneum (Coleoptera), and Apis mellif-
era (Hymenoptera) has confirmed the
absence of telomerase orthologs in the
available Drosophila and Anopheles ge-
nomes (Osanai et al. 2006; Robertson
and Gordon 2006). This is consistent
with the absence of TTAGG telomeric re-
peats in flies and mosquitoes. The phy-
logenetic relationships using the core RT
domain of the three insect TERTs
showed, as expected, that the insect

telomerases cluster together, and that A. mellifera appears basal to
T. castaneum (Robertson and Gordon 2006) in the same way that
the Hymenoptera is basal to the Coleoptera in the Holometabola
(Honey Bee Genome Sequencing Consortium 2006). These insect
TERTs lack the N-terminal domain implicated in processivity in
others telomerases, and this feature could explain why telomer-
ase activity is low in the bee and virtually undetectable in the
silkworm.

The unexpected complexity of the Drosophila telomeric se-
quences seems to challenge the requirement for the conven-
tional telomerase-synthesized repeats with G-tracts. But, the 3’
noncoding DNA of Dmel\HeT-A elements have the same strand
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bias: the strand running 5'-3’ toward the end of the chromosome
is G+T rich (Danilevskaya et al. 1998a). Moreover, the 3’ UTR of
Dmel\HeT-A elements contains sequences with the propensity to
form G-quadruplex DNA structures (Abad and Villasante 1999).
The RNA templates of TRs and HTRs found in the genus Dro-
sophila have a C+A bias not restricted to the noncoding regions.
Interestingly, the RNA template of other members of the jockey
clade such as, Dmel\Doc, Dmel\F, Dmel\Juan, and Dmel\X also
has a C+A bias. Therefore, in Drosophila, the universal telomere
strand bias seems to be maintained by repeated reverse transcrip-
tion of telomere-specific C+A biased RNA templates primed by a
3'0OH on the end of the chromosomal DNA.

In D. melanogaster, as in any eukaryote, recombination-
based mechanisms maintain chromosome termini normally
(Kahn et al. 2000). Therefore, it is plausible that a progressive
telomerase inactivation (as seems to happen now in B. mori)
would have led to its loss if another telomerase-independent
mechanism would have been able to replace telomere function
progressively. Interestingly, to compensate for the extremely low
activity of the T. castaneum and B. mori telomerase’s, these species
seem to have co-opted non-LTR retrotransposons, which belong
to the R1 clade, for the maintenance of telomeres. (Fujiwara et al.
20035; Osanai et al. 2006). A scenario for the origin of Drosophila
telomeres has been recently proposed (Abad et al. 2004c): once
the telomerase was lost, and the recombination-based mecha-
nism to maintain telomeres was acting normally, telomere ero-
sion could activate the mobilization of C+A biased non-LTR ret-
roelements via a DNA-damage signaling pathway (Rudin and
Thompson 2001) and their addition to the chromosome ends
would restore telomere function (Yamamoto et al. 2003). In
agreement with this model, Morrish et al. (2007) have detected
endonuclease-independent LINE-1 retrotransposition at dysfunc-
tional telomeres. Finally, the extensive and rapid evolution of
Drosophila telomere-specific elements could give a wide range of
situations for evolutionary innovations.

Methods

Drosophila strains and DNA preparation

Four Drosophila species were used for experimental studies: D.
simulans (14021-0251.176 from the Tucson Stock Center [TSC]),
D. mauritiana (14021-0241.05, TSC), D. sechellia (14021-0248.08,
TSC), and D. yakuba (14021-0261.00, TSC). Genomic DNA was
obtained from adult flies as previously described (Pirrotta et al.
1983).

PCR amplification and DNA cloning

The sequences of DmeI\TAHRE (AJ542581), Dmel\TART
(AJ566116), and Dmel\HeT-A (U06920) were used to design prim-
ers for the PCR amplification of specific regions of telomeric ret-
rotransposons. The sequence of these primers appears in Supple-
mental Table S1. Because of the great similarity of HeT-A and
TAHRE, with HeT-A being much more abundant, we have not
managed to PCR-amplify whole copies of TAHRE from genomic
DNA. In all of the attempts we made, HeT-A was the only ampli-
fied product. To overcome these difficulties, we designed two sets
of primers (Supplemental Table S1) to amplify two overlapping
regions of TAHRE: one containing the ORF1-ORF2 junction and
the other encompassing the ORF2-3'UTR junction, thus cover-
ing the entire ORF2 of TAHRE. Using this approach, overlapping
fragments from D. simulans, D. mauritiana, and D. sechellia were
isolated. The high degree of identity of the nucleotide sequence

showed that the reconstructed elements encoded TAHRE ho-
mologs. However, while Dsim\TAHRE (AM040252) and
Dsec\TAHRE (AM040246) sequences show nondecayed OREFs,
suggesting a telomere origin, all cloned Dmau\TAHRE
(AMO040237, AM040238, and AM040239) and some of the
Dsec\TAHRE (AMO040247, AM040248, and AM040249) and
Dsim\TAHRE (AM040253) sequences have the typical deletions
of the decayed telomeric elements found in centromeric and
pericentromeric heterochromatin (Losada et al. 1997, 1999;
Agudo et al. 1999; Abad et al. 2004a). When we tried the same
approach in more distant species, we were unable to get PCR
amplification using any set of primers. The amplified DNA was
cloned in vector pGEM-T (Promega). DNA fragments contain-
ing the TAHRE ORF1-ORF2 junction were PCR amplified using
genomic DNA form D. mauritiana, D. sechellia, and D. simulans
and the pair of primers TH1 from the ORF1 and Tscl.4 from
ORF2. The amplified DNAs were cloned, sequenced, and
named pThmau3.1 (AM040237), pThsch3.6 (AM040246), and
pThsim3.6 (AM040252), respectively. In D. simulans a clone con-
taining HeT-A sequences was also obtained (pHeTsim1.9;
AMO040254). The PCR amplifications of fragments containing the
TAHRE ORF2-3'UTR junction were performed using the pair of
primers THS from the ORF2 and TH9 from the 3'UTR. The cloned
DNAs were sequenced and named pThmau2.1 (AM040238) and
pThmaul.7 (AM040239) in D. mauritiana; pThsch2.1.0
(AM040247), pThsch2.1.1 (AM040248), and pThschl.8
(AM040249) in D. sechellia, and pThsim2.1 (AM040253) in D.
simulans. In D. yakuba, we have reconstructed the TAHRE homo-
log using two sequences encompassing the ORF1-ORF2 junction
(AAEU02006918 and AAEU02009565), one with a portion of
the ORF2 (AAEU02013304), and another one that contains a big
region of the ORF2 and the whole 3'UTR (AAEU200040S5). To
confirm that the reconstructed ORF1-ORF2 junction truly
exists in the genome, we PCR amplified a DNA fragment encom-
passing the junction using the pair of primers Thyl and Thy2
(see Supplemental Table S1), and the PCR product was cloned
(pThyak1.4) and sequenced (AM161543). Similarly, in D. erecta,
we have found that scaffolds 3102 and 1433 contain an ORF1-
OREF2 junction and an ORF2-3'UTR junction of a TAHRE homo-
log, respectively. The reconstructed sequences of Dyak\TAHRE
and Dere\TAHRE are listed in Supplemental Figure S12. The un-
available TART ORF2 sequences from D. mauritiana, D. sechellia,
and D. simulans were amplified with the primers T14 (AJ566116;
11235-11254) and T28 (AJ566116; 6997-7016), cloned, and se-
quenced: pTmau4.3 (AM040241), pTsch4.3 (AM040251), and
pTsim4.3 (AM040256). The unavailable HeT-A sequences
from different species were PCR amplified using the following
pairs of primers: TH1 and Hs6 (AM040254, 1226-1246) for
D. mauritiana, TH1 and Hs4 (AM040254, 1199-1216) for D. sech-
ellia, and TH9 and Hs4 for D. simulans. The cloned DNA frag-
ments were sequenced and named pHeTmaul.2 (AM040240),
pHeTsch1.2 (AM040250), and pHeTsim2.7 (AM040255), respec-
tively.

To perform standard PCR amplification, Taq DNA polymer-
ase and reaction buffer from Promega were used in a Perkin-
Elmer Thermal Cycler. The 50-pL reaction mix contained 2 mM
MgCl,, 5 U of Taq polymerase, 100 pm of dNTPs, 500 ng of
genomic DNA, and 30 nmol of each primer. The amplification
program was 30 cycles of 1 min, 20 sec at 94°C, 1 min at 50°C,
and 2 min, 30 sec at 72°C, increasing the extension step of the
last cycle to 7 min. To perform long PCR, the Expand Long Tem-
plate PCR System kit from Roche Diagnostics was used. The 50-pL
reaction mix contained 1.75 mM MgCl,, 3.75 U of Taq DNA
polymerase, 350 pm of dNTPs, 500 ng of genomic DNA, and 300
nmol of each primer. The amplification program was 30 cycles of
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1 min, 20 sec at 94°C, 4 min at 52°C, and 4 min 30 sec at 68°C,
increasing the extension step of the last cycle to 8 min.

DNA sequencing, sequence analyses, and annotation

The sequencing was done using the primers listed in Supplemen-
tal Table 1. All sequencing was performed using big dye-
termination reagents and ABI 3700 automated sequencers. Se-
quence analyses were performed online against the DroSpeGe
comparative genome database, the FlyBase database, and the da-
tabase at the National Center for Biotechnology Information.
The TBLASTN program (Altschul et al. 1990) was used for these
searches. The major problem during the annotation of TRs and
HTRs inside the positive scaffolds was to identify the boundaries
of the elements. This task was performed manually using princi-
pally dot-matrix comparisons. The name of the TR or HTR, its
length, and the coordinates within its corresponding scaffold
appear in Supplemental Table S2. Normally, the translated se-
quences revealed intact ORFs, but in some cases, ORFs had to be
manually reconstructed due to frameshifts in the original se-
quence. Also, in some cases the ORFs had to be extended up-
stream of the first encountered methionine. Multiple-sequence
alignments were performed with ClustalX (Thompson et al.
1997), followed by manual adjustments of gaps. Phylogenetic
trees were generated with the MEGA 2.1 program (Kumar et al.
2001) using a neighbor-joining method with bootstrap statistics
(1000) after removal of the gaps. Dot-matrix analyses were per-
formed with the COMPARE and DOTPLOT programs from the
CGC package (University of Wisconsin, Madison).

Fluorescence in situ hybridization

The Dsim\TAHRE probe used for FISH was pThsim2.1
(AMO040253). The Dyak\TAHRE probe used for FISH was an ORF2
fragment obtained by PCR using pThyak1.4 as the template and
the pair of primers: Thy2 and Ths11: 5'-ACAATATAAATCCG
CAGCC-3'. Probes were labeled by nick translation using Biotin-
16-dUTP (Roche Diagnostics). FISH experiments on polytene
chromosomes were carried out under high-stringency condi-
tions, as described in Pimpinelli et al. (2000). Post-hybridization
washing was in 0.1 X SSC at 60°C. For probe detection, a 3.3-ug/
mL FITC-conjugated avidin (DCS grade, Vector Laboratories) di-
luted in SBT (1% BSA, 0.1% Tween-20, 4 X SSC) solution was
used. Chromosomes were counterstained with 4’,6-diamino-2-
phenylindole (DAPI). Digital images were obtained using a Zeiss
Axiovert 200 microscope equipped with a cooled CCD camera.
The fluorescent signals from the FITC and the DAPI were re-
corded separately as grayscale digital images and then pseudo-
colored and merged using the Adobe Photoshop software.
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