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&p.1:Abstract. Telomeres are nucleoprotein structures at the
ends of eukaryotic chromosomes that perform a number
of vital functions. They allow a cell to distinguish be-
tween natural chromosome ends and chromosome
breaks in order to delay the cell cycle and repair the bro-
ken end. Telomeres also compensate for the inability of
DNA polymerase to replicate the chromosome complete-
ly. In most eukaryotes a special reverse transcriptase, tel-
omerase, adds telomeric DNA repeats to the chromo-
some ends using an internal RNA template. However,
evidence is accumulating for alternative elongation
mechanisms in a variety of eukaryotes. In the yeast Sac-
charomyces cerevisiae, and possibly in humans, both of
which normally use telomerase, a different mechanism
can be used for chromosome length maintenance when
telomerase is inactive or inactivated. Yeast apparently
uses recombination for this purpose; the mechanism in
humans is not known. Some insect and plant species, on
the other hand, do not use telomerase as their primary
mechanism for maintaining chromosome length. Dro-
sophila makes use of specific retrotransposons for this
purpose, while other dipterans use recombination. We
summarize here the current knowledge of these alterna-
tive telomere elongation mechanisms.

Introduction

Telomeres were first defined some 60 years ago in the
fruit fly Drosophila melanogasterbased on the function
of chromosome end protection (Muller 1938). This cap-

ping function appears to be universal, although the mole-
cular components have not been identified in most spe-
cies. Telomeres are essential chromosomal components
whose functional integrity is required for cell cycle pro-
gression. One double-stand break in either a chromo-
some or a plasmid is sufficient to cause checkpoint-me-
diated cell cycle arrest in yeast (Bennett et al. 1993; San-
dell and Zakian 1993), and damaged DNA causes p53-
mediated G1 arrest in human cells (Kastan et al. 1991;
Kuerbitz et al. 1992; Lane 1992; Di Leonardo et al.
1994). In addition, telomeres are important for terminal
elongation to counterbalance chromosome shortening.
Every eukaryotic organism must compensate for termi-
nal loss of DNA from chromosome ends, because DNA
polymerases cannot completely replicate the ends of lin-
ear chromosomes. Most eukaryotes possess long arrays
of a short, tandemly repeated, DNA sequence motif on
their chromosome ends (Kipling 1995). These tandem
arrays are extended by a specific reverse transcriptase,
telomerase, that carries an internal RNA template encod-
ed by a single-copy gene in the genome (Blackburn
1992; Greider 1996). However, telomere elongation by
telomerase is not universal. A very different telomere
elongation mechanism has been demonstrated in the
fruit fly Drosophila melanogasterthat is based on at-
tachment of specific retrotransposable elements, HeT-A
and TART, to chromosome termini (Mason and Biess-
mann 1995), and in a few other species evidence is accu-
mulating in favor of recombination mechanisms in telo-
mere maintenance. Here, we summarize and discuss te-
lomere maintenance mechanisms that apparently do not
depend on the action of telomerase. While some species
use such mechanisms as a primary pathway in telomereCorrespondence to:H. Biessmann (e-mail: hbiessma@uci.edu)&/fn-block:
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elongation, others use them as a secondary pathway. Re-
combination as an alternative backup elongation mecha-
nism has been shown to exist in yeast, and recently tel-
omerase-independent elongation has also been observed
in immortal human cell lines.

Yeast

Yeast telomeres are mainly elongated by telomerase.
Telomerase activity has been detected in the budding
yeast Saccharomyces cerevisiae(Cohn and Blackburn
1995; Lin and Zakian 1995), and the telomerase RNA
template gene has been identified (Singer and Gottsch-
ling 1994). There is evidence, however, that recombina-
tion may also be used to elongate telomeres under some
circumstances. One form of evidence in favor of a re-
combinational mechanism for telomere elongation
comes from a series of experiments on linear plasmids
carrying terminal Tetrahymena(C4A2)n or Oxytricha
(C4A4)n repeats introduced into yeast. When positioned
in the natural orientation with respect to the terminus,
the sequences at the ends of these plasmids are recog-
nized as telomeric by the transformed cell, and yeast
C1–3A telomeric sequences are added to the ends
(Szostak and Blackburn 1982; Dani and Zakian 1983;
Pluta et al. 1984). When the transforming plasmid has
Tetrahymenarepeats at one end and Oxytricharepeats at
the other, telomeric repeats are transferred from one end
to the other by recombination (Pluta and Zakian 1989)
without loss of C4A2 repeats from their original position
(Wang and Zakian 1990). Reciprocal recombination that
would result in an exchange can be ruled out because the
observed addition occurs without the loss of C4A4 re-
peats from the recipient end.

While telomere length is not constant, the average
length of yeast telomeres is maintained at about 300 bp
per tip. Several genes in S. cerevisiaehave been identi-
fied that are required for maintenance of telomere length.
For example, mutations in some genes, such as RAP1
(Conrad et al. 1990; Lustig et al. 1990) or TEL1 (Lustig
and Petes 1986), cause a change in the equilibrium
length, while strains that are mutant for other genes that
are required for telomerase activity, gradually lose telo-
meric sequences (Lundblad and Szostak 1989; Cohn and
Blackburn 1995; Singer and Gottschling 1994; Nugent et
al. 1996). These mutant cells eventually suffer chromo-
some loss and die, possibly because the telomere repeat
tracts fall below a minimum requirement. However, a
small proportion of mutant cells survive by RAD52-de-
pendent amplification, indicating involvement of recom-
bination, and aquisition of Y′ subtelomeric repeats, and
associated C1–3A sequences, on most or all their chromo-
somes (Lundblad and Blackburn 1993). This widespread
rearrangement of Y′ repeats has been interpreted as a re-
combinational bypass pathway for maintaining chromo-
some end length. Whether this pathway is mechanistical-
ly related to the process of adding telomeric repeats onto
newly transformed linear plasmids remains to be seen. A
similar recombination pathway, probably not involving
subterminal sequences, has recently been demonstrated

in mutants of the related budding yeast Kluyveromyces
lactis that are deleted for the telomerase RNA gene TER1
(McEachern and Blackburn 1996). This bypass recombi-
nation pathway appears to be quite efficient, resulting in
lengthened telomeres and supporting cell growth in the
absence of a functional telomerase.

Insects

Telomeres have been studied in a few insect species of
the order Diptera, Lepidopteraand Hymenoptera. The
pentanucleotide (TTAGG)n, which lacks one guanine
residue of the vertebrate telomeric repeat, is located at
chromosome ends in the silkworm Bombyx mori (Lepi-
doptera), suggesting that B. mori, may elongate its telo-
meres by telomerase (Okazaki et al. 1993). However, no
enzymatic telomerase activity has yet been detected by
in vitro assays (H. Fujiwara, pers. commun.). Southern
blots of genomic DNA of representative species of most
insect orders showed cross-hybridization with the
TTAGG repeat (Okazaki et al. 1993), but no in situ hy-
bridizations have been done to determine whether these
cross-reacting sequences are telomeric, except in several
ant species of the genus Myrmecia, where the repeat is
located at the telomeres of all chromosomes (Meyne et
al. 1995). None of the tested dipteran species cross-hy-
bridized with this probe.

The chromosome ends of Drosophila are elongated
very differently from those of most other eukaryotes
(Mason and Biessmann 1995). D. melanogaster(Dip-
tera, suborder Cyclorrhapha)lacks canonical telomeric
repeats, as shown by the failure to cross-hybridize with
various oligonucleotides chosen based on similarities of
telomeric repeats in widely divergent eukaryotes (Rich-
ards and Ausubel 1988; Meyne et al. 1989; Levis 1993;
Okazaki et al. 1993). Instead of telomeric repeats, two
retrotransposable elements, HeT-A and TART, have been
found at natural chromosome ends in Drosophila and
can be acquired by broken ends (Traverse and Pardue
1988; Biessmann et al. 1990, 1992a,b, 1994; Danilevs-
kaya et al. 1992, 1994; Karpen and Spradling 1992; Le-
vis et al. 1993; Sheen and Levis 1994). These elements
are members of a novel family of polyadenylated, non-
LTR (long terminal repeat) retroposons and belong to
the evolutionarily widespread family of long inter-
spersed elements, LINEs. HeT-A and TART elements
transpose to broken chromosome ends without specific
sequences at the target site (Biessmann and Mason 1992;
Biessmann et al. 1992a; Levis et al. 1993; Mason and
Biessmann 1993). However, the presence of HeT-A ele-
ments does not protect the ends from gradual chromo-
some shortening (Biessmann et al. 1992b), and the
length of the HeT-A and TART array, which may vary
for a single chromosome tip within a population of flies,
likely reflects the balance between transposition fre-
quency and terminal nucleotide loss (Walter et al. 1995).

If telomere elongation by retrotransposition evolved
in a dipteran ancestor, it may be possible to detect HeT-
A and TART-like elements in other dipterans, or at least
in other drosophilid flies. However, noncoding regions



of HeT-A do not cross-react well under normal hybrid-
ization conditions to other Drosophilaspecies (Young et
al. 1983). Yet some species in the melanogastersub-
group exhibit cross-reactivity, and in situ hybridization
localizes these DNA fragments to some telomeres, sug-
gesting that HeT-A-like elements may be present in
these species and that they are also involved in telomere
elongation (Young et al. 1983). An HeT-A like element
was isolated from the close relative, Drosophila simul-
ans (Pardue et al. 1996). More distantly related species
such as Drosophila virilisdo not show any HeT-A cross-
reactivity (Young et al. 1983). Screening a library of D.
virilis genomic DNA with an oligonucleotide from the
highly conserved 3’ noncoding region of HeT-A failed to
yield any HeT-A-like elements (H. Biessmann, unpub-
lished). In an independent study, a tandem repeat of
4.4 kb units has been isolated from Drosophila miranda
that hybridizes to all chromosome tips in D. miranda,
but does not cross-hybridize with D. melanogasterDNA
(Steinemann 1984; Steinemann and Nauber 1986).
These features are reminiscent of D. melanogasterHeT-
A elements, which, in nontelomeric locations, can also
occur in tandem arrays containing the 3 kb noncoding
region of this element (Rubin 1978; Traverse and Pardue
1989). Thus, the presence of HeT-A-like elements with
potential function in telomere elongation is suggested in
D. miranda,but no sequence data are available as yet to
confirm this notion (M. Steinemann, pers. commun.). An
unusual situation exists in Drosophila neohydei, where
ribosomal DNA sequences are located outside the nucle-
olus organizers and found at the tips of autosomes 2, 3,
and 4 (Hennig et al. 1982). It is not known into which
telomeric region these rDNA copies are integrated or
whether they are involved in telomere elongation.

Although data on telomeric retroposons in the genus
Drosophilaare still very sketchy, it is possible that other
drosophilid flies contain some form of transposable ele-
ments involved in telomere elongation. Why then is
there so little sequence homology at the ends? One pos-
sibility is that different classes of transposable elements
are being used in different species for telomere elonga-
tion function. This hypothesis needs to be tested by clon-
ing DNA from chromosome ends from other Drosophila
species without any bias for HeT-A and TART homo-
logies. The closest relative of HeT-A and TART is the
retroelement jockey in D. melanogaster, and it is con-
ceivable that both have evolved from a jockey-like ances-
tor and acquired the capability, perhaps with the addition
of an extended 3′ noncoding region, to transpose to chro-
mosome ends. The novel capability of retrotransposons
to attach to double-strand breaks and “heal” broken
chromosomes has recently also been observed in yeast
(Moore and Haber 1996; Teng et al. 1996), providing an
example of how the D. melanogastertelomere-specific
elements HeT-A and TART may have evolved. It is un-
clear whether HeT-A and TART have acquired telomere
elongation function independently. Even though these
two different LINE-like elements perform the same
function in D. melanogaster, they exhibit very limited
sequence homology outside the zinc finger region of the
encoded gag-like protein. In addition, there seems to be

a relatively low degree of sequence conservation among
members of the HeT-A family of elements, suggesting a
tolerance for divergence in these functionally important
elements (Biessmann et al. 1994). Another possibility is
suggested by the observation that telomere elongation by
telomerase and by retrotransposition both require reverse
transcriptase activity, but only the portion of the RNA
template encoding the telomeric repeat is copied in the
case of telomerase, while the entire RNA transposition
intermediate is copied in the case of the retroposons
(Pardue 1995). One can speculate that both may have
evolved from a common, ancient RNA ligation mecha-
nism, which after the evolution of DNA, required reverse
transcriptase (Maizels and Weiner 1993).

Can these observations on telomere elongation in
higher dipterans be applied to lower dipteran species?
The genus Chironomus(suborder Nematocera)has been
studied extensively with regard to telomeric DNA se-
quences. Chironomids carry large, 50–200 kb, blocks of
complex, tandemly repeated sequences at seven of their
eight chromosome tips, excepting only the kinetochore
end of the telocentric IVth chromosome (Carmona et al.
1985; Saiga and Edström 1985). It has been proposed
that these complex telomere-associated repeats may have
evolved from sequences similar to simple telomeric re-
peats of other eukaryotes (Nielsen and Edström 1993).
Different telomeres contain different subfamilies of re-
peats, but these subfamilies also show considerable vari-
ation in distribution at the same telomere among differ-
ent individuals in the same stock (Cohn and Edström
1992a,b). The subfamily D3 is consistently located most
distally as indicated by Bal31 digestion (Zhang et al.
1994), terminal tailing, and polymerase chain reaction
(PCR) analyses (Lopez et al. 1996), and probably ex-
tends all the way to the ends of the chromosomes. To-
gether with the apparent absence of simple telomeric re-
peats as judged from cross-hybridization experiments
(Nielsen and Edström 1993; Zhang et al. 1994), these
data support the proposal that telomeres in Chironomus
are elongated by a gene conversion mechanism involv-
ing these long blocks of complex repeat units (Cohn and
Edström 1992b; Lopez, et al. 1996).

Chromosome end regression and extension have also
been studied in the mosquito Anopheles gambiae(subor-
der Nematocera), which also does not contain sequences
that cross-hybridize with the (TTAGG)n repeat of the
silkworm B. mori (H. Biessmann, unpublished). A fortu-
itous transgenic insertion of the pUChsneo plasmid at
the left end of chromosome 2 (Miller et al. 1987), con-
ferring G418 resistance to the stock, provided a single-
copy marker for measuring the dynamics of the 2L telo-
mere over a period of about 10 years and for cloning ter-
minal DNA fragments. The earliest molecular mapping
of this transgene indicated that one and a half copies
were integrated at or near the end of the 2L chromosome
arm, and that shortly after the integration of the trans-
gene the terminal DNA fragment shortened, until an un-
identified elongation event occurred between genera-
tions 23 and 32 after the integration event (Graziosi et al.
1990). In 1993, about generation 100, the population
was again sampled, and terminal length was found to be
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relatively homogeneous (Roth et al. 1997). By cloning,
no additional new sequence different from the pUChs-
neo sequence was observed at the end of chromosome
2L, arguing that mosquitoes apparently do not use retr-
oposons to extend either their broken or their normal
chromosome ends. Moreover, cloned terminal fragments
did not end in short repeat sequences that could have
been synthesized by telomerase. Two years later, some
2L chromosome ends had elongated by regeneration of
part of the integrated pUChsneo plasmid, probably by
recombination between homologous 2L chromosome
ends (Roth et al. 1997). This mechanism may also be
used in wild type telomere elongation in A. gambiae, al-
though proof is still lacking. If normal mosquito telo-
meres are made of tandemly repeated minisatellite se-
quences (Biessmann et al. 1996), elongation by recombi-
nation between multiple repeats is expected to be much
more efficient than that between the one and a half cop-
ies of the transgene at 2L. A telomere organization in A.
gambiae consisting of a complex satellite structure,
which extends to the chromosome end, would be compa-
rable to the organization at the telomeres of Chironomus,
a closely related dipteran.

It is tempting to speculate that telomerase may have
been lost by mutation in a dipteran ancestor. As a conse-
quence, alternative pathways for telomere elongation
that may already have been present as “backup” mecha-
nisms, may have evolved in this insect order, including
terminal transpositions of specialized retroposons in D.
melanogaster, and unequal recombination as suggested
for Chironomusand demonstrated in Anopheles. As no
data are available as to the efficiency of these mecha-
nisms, the unusual telomere elongation strategies in dip-
teran insects may be less efficient than telomerase. If
true, this telomere elongation mechanism may be the
limiting factor in dipteran chromosome evolution, favor-
ing the small chromosome numbers found throughout
this insect order.

Humans

Long-term chromosome stability in humans depends on
the addition of telomeric repeats. Telomerase is active in
cells of the germ line, but telomerase activity has not
been found in most somatic cells (Wright et al. 1996).
As a consequence, somatic cells lose telomeric sequenc-
es as a function of population growth in vitro and in vivo
(de Lange et al. 1990; Harley et al. 1990; Hastie et al.
1990; Lindsey et al. 1991). It has been proposed that the
lack of telomerase activity and the gradual loss of telo-
meric material may provide a “mitotic clock” that serves
to prevent the unlimited growth of somatic cells (Harley
1991). A two-stage model of cellular senescence in vitro
has been proposed (Wright and Shay 1992). The first
stage is a programmed cessation of mitotic growth, and
is under the control of the p53and the RB-1genes (Shay
et al. 1991; Rogan et al. 1995). Inactivation of these
genes allows cells to resume growth for a limited period,
after which they enter “crisis” and die. In most cases,
during this limited period of growth telomeres continue

to shorten, and very few cells escape crisis. Those that
do can grow indefinitely and are considered immortal-
ized. One of the changes required for cells to become
immortalized is the ability to add telomeric repeats to
chromosome ends. This is usually achieved by the reac-
tivation of telomerase, and consequently, most of the im-
mortal cell lines have stable, relatively short, telomere
arrays and exhibit telomerase activity (Autexier and
Greider 1996; Shay and Wright 1996). However, there
are some notable exceptions, indicating that spontaneous
immortalization can occur in human fibroblasts in the
absence of telomerase activity (Rogan et al. 1995). In a
survey of immortal cell lines, Kim et al. (1994) found
that approximately 2% of cultured cells and 10% of tu-
mors maintained long stretches of terminal repeats with-
out detectable telomerase activity. In a smaller survey,
Bryan et al. (1995) found that 40% of the immortal lines
they tested showed no telomerase activity, yet these cell
lines had very long and heterogeneous telomeres of up
to 50 kb. To date, it is not clear what mechanism is re-
sponsible for the elongation of the terminal array in the
apparent absence of telomerase. Intermittent bursts of
telomerase activity have been discussed, but elongation
by nonreciprocal recombination involving terminal and
subterminal sequences appears more likely. A study of
the dynamics of a single telomere that involved a single-
copy transgene at chromosome 13 in a telomerase-nega-
tive immortal fibroblast cell line revealed dramatic
bursts of telomere shortening and elongation, which may
be caused by recombination events (Murnane et al.
1994). Telomerase-independent elongation in B and T
cell lines, possibly caused by recombination, has recent-
ly been detected in experiments using inhibitors of retro-
viral reverse transcriptase to inhibit telomerase activity
(Strahl and Blackburn 1996).

Other organisms

Canonical telomeric repeats of the Arabidopsis type
(TTTAGGG)n have not been found in species of the
plant genus Allium (Fuchs et al. 1995). In situ hybridiza-
tion experiments reveal that these plants appear to have a
more complex repeat array of about 375 bp repeat length
at or near their chromosome ends (Pich et al. 1996a,b).
The ciliate Tetrahymenahas linear mitochondrial DNA
molecules with terminal arrays encompassing repeat
units of about 30–50 bp (Morin and Cech 1986, 1988).
As in other organisms discussed above, recombination
has been proposed as a possible elongation mechanism
in these cases; however, direct evidence is still lacking.

Conclusions

Telomerase is the most commonly used way in eukary-
otes for telomere elongation. However, telomere elonga-
tion in the absence of telomerase has been demonstrated
in three very divergent groups: the budding yeasts, dip-
teran insects, and humans. Terminal attachment of retro-
transposons elongate D. melanogastertelomeres, and



recombination rather than telomerase has been proposed
in several other cases as summarized above. How can the
occurrence of mechanisms that do not involve telom-
erase to enhance telomere length in such a wide variety
of species be explained? Double-strand breaks occurring
naturally during meiosis or induced by mutagens stimu-
late recombination, and thus the ends of DNA molecules
in general may be recombinogenic. One might then
speculate that, with the loss of telomerase activity and
the resulting elimination of telomeric sequences and the
proteins that bind to them, recombination might be stim-
ulated by these naturally occurring double-stranded
ends. Thus, eukaryotes may possess the dual capacity of
telomere elongation by telomerase and recombination,
but because of the possibly higher efficiency of the tel-
omerase pathway, and/or restrictions conferred by chro-
matin structure, elongation by recombination occurs on-
ly in unusual situations. In order to survive in the ab-
sence of telomerase and grow, cells must somehow add
new telomeric sequences to their chromosome ends, and
recombination may be a ready alternative. Such backup
elongation mechanisms have to be taken into consider-
ation when telomerase is being targeted as a means of
proliferation control in tumors.

The dipteran insects, and perhaps some Allium
species, may have permanently lost their telomerase.
Therefore, alternative and fairly efficient pathways for
telomere elongation must have evolved in these genera.
One of them is terminal transposition of specialized re-
troposons as in D. melanogaster; the other is unequal re-
combination, as suggested for the lower dipterans Chiro-
nomusand Anopheles, and for plants of Allium spp. The
efficiency of such recombination mechanisms would be
greatly enhanced by increasing the size of the homolo-
gous target sequences at the telomeres by long stretches
of complex terminal satellites, as has indeed been found
in these organisms.
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