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Recombinational telomere elongation (RTE) known as alternate lengthening of telomeres is the mechanism
of telomere maintenance in up to 5 to 10% of human cancers. The telomeres of yeast mutants lacking
telomerase can also be maintained by recombination. Previously, we proposed the roll-and-spread model to
explain this elongation in the yeast Kluveromyces lactis. This model suggests that a very small (�100-bp)
circular molecule of telomeric DNA is copied by a rolling circle event to generate a single long telomere. The
sequence of this primary elongated telomere is then spread by recombination to all remaining telomeres. Here
we show by two-dimensional gel analysis and electron microscopy that small circles of single- and double-
stranded telomeric DNA are commonly made by recombination in a K. lactis mutant with long telomeres. These
circles were found to be especially abundant between 100 and 400 bp (or nucleotides). Interestingly, the
single-stranded circles consist of only the G-rich telomeric strand sequence. To our knowledge this is the first
report of single-stranded telomeric circles as a product of telomere dysfunction. We propose that the small
telomeric circles form through the resolution of an intratelomeric strand invasion which resembles a t-loop.
Our data reported here demonstrate that K. lactis can, in at least some circumstances, make telomeric circles
of the very small sizes predicted by the roll-and-spread model. The very small circles seen here are both
predicted products of telomere rapid deletion, a process observed in both human and yeast cells, and predicted
templates for roll-and-spread RTE.

Telomeres are the nucleoprotein structures found at the
ends of linear chromosomes (2, 6, 9). Telomeric DNA consists
of tandem arrays of short repeats that have G-rich and C-rich
strands. The telomeric DNA is divided into a proximal double-
stranded region and a more distal single-stranded 3� overhang
(36). This overhang is comprised solely of the G-rich strand
and is elongated through the activity of the reverse transcrip-
tase telomerase (53). Telomerase minimally consists of a tem-
plate RNA that is reverse transcribed onto telomeric ends by
the catalytic protein subunit.

Telomeric DNA also associates with a large assemblage of
proteins (43, 51). The telomere protein-DNA complex acts as
a cap that is dynamic in composition and arrangement. It is the
dynamic protein-DNA telomere complex that both controls
telomere metabolism and protects telomeres from being rec-
ognized as double-stranded breaks. One proposed mechanism
for telomere protection is the creation of telomeric secondary
structures, such as t-loops, which are stabilized through the
action of telomeric DNA binding proteins (19, 49). The main-
tenance of telomere length is important to the normal func-
tioning of cells.

In most human somatic cells, telomerase activity is very low
or absent, so that telomeres gradually shorten, eventually

reaching a state which triggers a growth arrest called replica-
tive senescence (15, 40). Mutations or other conditions that
bypass senescence produce further telomere shortening and
take cells into crisis, a state of high genetic instability and cell
death caused by widespread telomere dysfunction (41). In or-
der to survive crisis and become immortal, a means of telomere
elongation must arise (14, 39). Most cancer cells are immortal
due to the presence of telomerase (40). A subset of cells that
emerge from crisis maintain their telomeres through alternate
lengthening of telomeres (ALT), a process that involves inter-
telomeric recombination (3, 16, 38). Studies have shown that
telomeres of ALT cells are both highly heterogeneous in size
and frequently much longer than telomeres in normal human
cells and telomerase-positive cancer cells (3, 4). ALT cells also
commonly contain intranuclear structures known as ALT-as-
sociated PML bodies, or APBs. APBs contain recombination
proteins, telomeric DNA, and replication factor A and have
therefore been suggested to play a role in the mechanism of
ALT telomere elongation (33, 55). While the structure of te-
lomeric DNA associated with APBs is unknown, extrachromo-
somal telomeric repeats (ECTR) have recently been extracted
from ALT cell lines and have been shown to at least partially
exist in circular conformations (7, 52).

Yeast cells have constitutively active telomerase and nor-
mally maintain their telomeres within a fixed size range (17).
However, deletion of telomerase in yeast cells leads to telo-
mere shortening and coincident growth senescence (27, 29,
42). Although most cells eventually die from this senescence,
some postsenescence survivors emerge. These survivors, which
are dependent upon the recombination gene RAD52 (26, 28),

* Corresponding author. Mailing address: University of Georgia at
Athens, Department of Genetics, Room C318, Life Sciences Building,
Athens, GA 30602. Phone: (706) 542-1427. Fax: (706) 542-3910. E-
mail: mjm@uga.edu.

† Present address: University of Texas Southwestern Medical Cen-
ter, Dallas, TX 75390.

4406



elongate their telomeres through recombinational telomere
elongation (RTE), a process that appears to be analogous to
human ALT. In Saccharomyces cerevisiae, there are two path-
ways of RTE, each of which produces a distinctly different
elongation pattern. Type I survivors have amplification of the
long Y� subtelomeric elements and short extensions of the
telomeric TG(1-3) repeats (10, 26, 46). Type II survivors lack
subtelomeric amplification and are characterized by long telo-
meric TG(1-3) extensions which are heterogeneous in length
(10, 46). Both type I and type II survivors of Saccharomyces
require RAD52 as well as type-specific sets of recombination
genes. Type I survivors require RAD51, RAD54, and RAD57,
while type II survivors require components of the MRX com-
plex, RAD59, and the helicase SGS1 (10, 12, 21, 24, 45).

Only type II survivors arise when the telomerase RNA gene
(TER1) is deleted from Kluveromyces lactis cells (28). Inspec-
tion of telomeric sequence from K. lactis ter1-� survivors de-
rived from cells with telomeres composed of basal wild-type
and terminal phenotypically silent mutant repeats revealed
repeating patterns containing both types of repeats (35). Most
or all telomeres within a clone shared a single pattern, but
patterns varied between survivor clones. These data led us to
propose the roll-and-spread model, which proposes that the
first elongated telomere is made within a cell by rolling circle
replication around a circle as small as 100 bp and that the
sequence of this long telomere is then spread by gene conver-
sion to most or all other telomeres (35). Consistent with this
model, K. lactis cells can utilize transformed telomeric circles
of 1.6 kb and 100 nucleotides (nt) to elongate their telomeres
(34, 35). Other recent work has confirmed that the sequence of
one elongated telomere spreads at very high efficiency to all
other telomeric ends during survivor formation (49a). In this
work we show that the unusually small telomeric circles pro-
posed by the roll-and-spread model can be made by recombi-
nation in a long telomere mutant of K. lactis.

MATERIALS AND METHODS

Yeast strains. The strain 7B520 (ura3-1 his2-2 trp1) originally described by
Wray et al. (54) was used as wild type in this study. The telomerase RNA gene
mutant ter1-16T is a mutant of 7B520 originally described by Underwood et al.
(50). The double mutant ter1-16T rad52� was created by mating of the single
mutant ter1-16T with TAQ-STU-19 (ura3 his2-2 rad52�) also containing one
chromosome with a subtelomeric insert of the S. cerevisiae URA3 gene (30; M. J.
McEachern and S. Iyer, unpublished data). Diploids were selected for on plates
lacking both histidine and uracil and sporulated. Tetrad dissection was per-
formed, and each spore was screened for RAD52 and telomere length phenotype
by Southern blot analysis (50). The TAQ-STU-19 parental strain is not fully
isogenic with 7B520.

Southern blotting. Yeast genomic DNA (cut or uncut) was run on 1% Sea
Kem LE agarose gel (Cambrex Bio Science Rockland Inc., Rockland, ME) or
4% Gene Pure 3:1 agarose gel (ISC Bioexpress, Kaysville, UT) and then trans-
ferred onto Hybond N� membrane (Amersham Biosciences, Piscataway, NJ).
Southern blots were hybridized and washed at 47°C or 50°C with �-32P-labeled
probes. Probes were either Klac1-25 G-strand telomeric probe (5�-ACGGATT
TGATTAGGTATGTGGTGT-3�) or the KC25-1 C-stranded telomeric probe
(3�-ACACCACATACCTAATCAAATCCGT-5�). All hybridizations were car-
ried out in the presence of 500 mM Na2HPO4 and 7% sodium dodecyl sulfate
(SDS) (11). All washes were done in 100 mM Na2HPO4 and 2% SDS.

Two-dimensional (2D) gel analysis. Genomic DNA from ter1-16T (uncut or
exonuclease I treated) was run at 75 V for 6 h on a 4% nondenaturing Gene Pure
3:1 agarose gel containing 0.6 �g/ml chloroquine. These gels were then soaked in
0.5� Tris-borate-EDTA (TBE) containing 3 �g/ml chloroquine. The gels were
then rotated 90° and run in the second dimension for 6 h at 75 V. Both dimen-

sions were run in 0.5� TBE running buffer with chloroquine concentrations
equal to that of the gel.

Isolation of extrachromosomal telomeric DNA. Uncut genomic DNA from
ter1-16T was run on 0.8% agarose gels at 30 V for 90 min. DNA migrating below
a 500-bp linear marker was cut from the gel. This DNA was electro-eluted from
the gel fragments at 90 V for 1 h while enclosed by 12,000 to 14,000 MWCO
Spectra/Por dialysis tubing (Spectrum Laboratories Incorporated, Rancho
Dominguez, CA). Solutions containing eluted DNA were concentrated by using
the Microcon model YM-10 as directed by the manufacturer (Amicon Biosepa-
rations, Raleigh, NC).

Electron microscopy. Gel-isolated low-molecular-weight K. lactis DNA was
incubated with 20 �g/ml T4 gene product 32 (gift of Nancy Nossal, National
Institutes of Health, Bethesda, MD) for 5 min in a buffer containing 10 mM
HEPES (pH 7.5) and 1 mM EDTA. The samples were treated with 0.6%
glutaraldehyde on ice for 10 min and chromatographed over a 2.5-ml BioGel
A-1.5 M column (Bio-Rad, Hercules, CA). Fractions containing DNA and DNA-
protein complexes were prepared for electron microscopy (18) and examined on
an FEI Tecnai 12 instrument (Eindhoven, The Netherlands). Images were cap-
tured using a Gatan Ultrascan US4000SP digital camera (Gatan, Pleasanton,
CA), and molecule dimensions were determined using Gatan Digital Micrograph
3.0 software. Images for publication were captured on sheet film and digitized
using ACT-1 software (Nikon, Tokyo, Japan) and a Nikon SMZ1000 stereo-
scope. Brightness and contrast were adjusted using Adobe Photoshop (Adobe
Systems, San Jose, CA).

RESULTS

2D gel analysis of extrachromosomal telomeric DNA from
ter-16T cells. The long telomere mutant ter1-16T has extremely
elongated telomeres relative to the wild type (Fig. 1A, compare
lanes 2 and 3 with 5 and 6) (50). Also apparent in the ter1-16T
sample is the ECTR, which can be seen running under 1 kb in
lane 1 of Fig. 1A. This ECTR is especially abundant between
the 100- and 500-bp linear markers (Fig. 1A, lane 4). Based on

FIG. 1. Gel analysis of ECTR from ter1-16T. (A) Southern blot of
1% 1D agarose gels hybridized to C-strand telomere probe. Cut and
uncut genomic DNA from TER1 (lanes 1 to 3) and the ter1-16T mutant
(lanes 4 to 6) show abundance of small telomeric material running
under 500 bp. (B to E) Southern blots of 2D 4% agarose gels hybrid-
ized to either the G-strand or C-strand telomeric probes. (B) Uncut
DNA from rad52 ter1-16T hybridized to the C-strand probe shows that
the double mutant produces no ECTR. The spot seen represents
chromosomal telomeric signal. Similar results were obtained with the
G-strand probe (data not shown). (C) Uncut ter1-16T DNA run with
66-nt control oligo (arrow), hybridized with the C-strand telomeric
probe. Two ladders of partially separated spots are visible. (D) Exo
I-treated ter1-16T genomic DNA hybridized to the G-strand telomeric
probe. (E) Same membrane shown in panel D hybridized to the C-
strand telomeric probe. Molecular masses of double-stranded linear
control fragments are shown in base pairs.
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the unit size of repeating patterns in the telomeres of postse-
nescence survivors (35), we predicted that circles at least as
little as 100 bp can sometimes be formed in vivo by a senescent
ter1-� cell. However, ter1-� cells at various stages of senes-
cence do not produce amounts of ECTR that are detectable by
Southern blotting (data not shown) (28). This is not surprising,
as they are presumably produced only rarely in this mutant.

Previous work done on telomerase RNA template gene
(TER1) mutants has shown that mutants within and near the
Rap1p binding domain produce extremely long telomeres and
abundant ECTR (22, 23, 29, 50); however, the nature of the
ECTR in these mutants was not previously investigated. We
therefore selected a representative long telomere mutant that
produces abundant ECTR, ter1-16T (Fig. 1A), for detailed
analysis. This mutant contains a 1-bp change in the Rap1p
binding region of the telomerase RNA template (50). Consis-
tent with the hypothesis that decreased Rap1p binding at ter1-
16T telomeres causes its telomeric phenotype, both the long
telomere phenotype and presence of abundant ECTR are par-
tially suppressed when Rap1p is overexpressed in ter1-16T
(50).

2D gel analysis was employed to investigate the structure of
ECTR made by ter1-16T. Two ladders of telomeric DNA mi-
grating faster than 500 bp were seen on 2D Southern blots
hybridized to a C-strand telomeric probe (Fig. 1C and E). One
of these ladders migrated faster than the other in high concen-
trations of the intercalating agent chloroquine. This faster-
moving ladder hybridized only to the C-stranded telomeric
probe (Fig. 1C and E). In contrast, the slower-moving ladder
hybridized to both telomeric strand probes (compare Fig. 1D
and E). We therefore conclude that one ladder is double-
stranded ECTR and the other ladder is single-stranded ECTR
specifically composed of the G-rich strand of K. lactis telomeric
DNA. The single-stranded ladder is resistant to the single-
strand-specific exonuclease I under conditions where a single-
stranded control oligonucleotide is completely digested away
(Fig. 1E and data not shown). This indicated that the mole-
cules in the single-stranded ladder of ECTR do not contain
nuclease-accessible ends (Fig. 1E).

Neither ladder of spots was visible in a ter1-16T rad52�
double mutant (Fig. 1B) in spite of the fact that long telomeres
persisted (50). This finding indicates that the creation of both
the single-stranded and double-stranded small ECTR species
is a recombination-driven process. Because homologous re-
combination is a precise process, we further conclude that the
discreet spots in each ladder represent forms differing by in-
tegral numbers of the 25-bp (nt) telomeric repeat.

Electron microscopy of ECTR from ter1-16T. We next ex-
amined the small ECTR from ter1-16T by electron microscopy.
Uncut genomic DNA from ter1-16T was run a short distance
on a 0.8% agarose gel. Material running ahead of a 500-bp
linear marker was extracted and purified. The extracted ECTR
was treated with the single-strand binding protein T4 gene
product 32 and visualized by electron microscopy (Fig. 2).
Greater than 75% of the ter1-16T ECTR molecules visualized
were circular. Of the circular DNA molecules, approximately
60% were double stranded and 40% were single stranded.
Fifty-one single-stranded circles ranging in size from 125 to 400
nt and 106 double-stranded circles ranging in size from 100 to
1,600 bp were measured, and their distribution is shown in Fig.

3. Previously, telomeric circles have been referred to as t-
circles (7, 47). The number of small t-circles counted may have
been underestimated due to the difficulty involved in visualiz-
ing DNA circles near or below 100 bp (nt) in size. Ninety
percent of all circles measured were under 400 bp (nt) in size,
consistent with the migration patterns of this DNA as seen on
both 1D and 2D gels. Among the circles examined, we found a
few surprisingly large circles. It is not clear why these larger
circles migrated faster than the 500-bp linear marker. Limita-
tions of digital molecular measurement did not allow precise
sizing of circles. Both the double- and single-stranded circles
are expected to be multiples of the 25-bp increment of the K.
lactis telomeric repeat, as indicated by the incremental nature
of the telomeric ladders visualized on 2D Southern blots and
by their dependence on homologous recombination. Our re-
sults demonstrate that tiny telomeric circles can be readily
generated by telomeric recombination in at least one class of
mutant with long dysfunctional telomeres.

FIG. 2. Visualization of DNA circles isolated from K. lactis ter1-
16T. (A to F) Electron micrographs of double-strand DNA circles.
Circle sizes are 1,580, 1,285, 155, 230, 265, and 190 bp, respectively, for
panels A to F. (G to J) Electron micrographs of single-strand DNA
circles bound by T4 gene 32 single-strand DNA binding protein. Circle
sizes are 360, 365, 400, and 330 nt for panels G to J, respectively.
Samples were directly mounted onto thin carbon-coated foils and
rotary shadowcast with tungsten (see Materials and Methods). Images
are shown in negative contrast. Solid bar is equivalent to 200 bp (A to
F) or 235 nt (G to J).
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In the course of examining the telomeric DNA sample con-
taining circles, we also visualized several double-stranded cir-
cles with double-stranded tails (Fig. 4). These structures were
not abundant in the sample, representing less than 1% of the
total number of molecules visualized. Because this sample was
not subjected to any cross-linking, noncovalent structures were
likely not preserved (20). The small ECTR from ter1-16T may
therefore have contained many more circle-with-tail type struc-
tures that were lost in sample preparation. There are several
possible explanations for these structures. They could repre-
sent protective t-loops (19). Alternatively, they could be in-
tramolecular strand invasions that occurred as a result of telo-
mere uncapping. If this happened on extrachromosomal linear
pieces, either end of the fragment might be involved in the
strand invasion. Finally, the structures could be rolling circle
replication (RCR) intermediates. Larger structures of this sort
have been shown to be intermediates of RCR in a variety of
systems (1, 10).

DISCUSSION

A major prediction of the roll-and-spread model is that
senescing K. lactis cells lacking telomerase will occasionally be

able to generate small circles of telomeric DNA that can trig-
ger RTE (35). The t-circles at least as small as 100 bp (nt)
would need to be produced by such cells to account for the
repeating patterns in the elongated telomeres of postsenes-
cence survivors (35). Our results here demonstrate that at least
some K. lactis cells with dysfunctional telomeres can readily use
homologous recombination to produce remarkably small sin-
gle- and double-stranded t-circles.

The production of t-circles by recombination can likely be
caused by a variety of telomere capping defects. All K. lactis
mutants with extremely long telomeres produce abundant
ECTR (50). These include mutations, such as ter1-16T, that
produce immediate telomere elongation as a result of Rap1p
binding defects, other TER1 template mutations that cause
delayed elongation and do not disrupt Rap1p binding, and a
mutation in the gene encoding the telomeric cap protein Stn1
(22, 50; S. Iyer, A. Chadha, and M. J. McEachern, submitted
for publication). Evidence that these different mutants have
telomere capping defects includes highly elevated subtelomeric
gene conversion rates and the presence of extensive single-
stranded DNA specifically of the G-rich strand (50; Iyer et al.,
submitted). Preliminary evidence from 2D gel analysis shows
that ECTR from representatives of each of these classes of
mutants contains telomeric ladders similar to those from the
ter1-16T mutant (S. Iyer and M. J. McEachern, unpublished
data) (data not shown). Taken together, the presence of ECTR
ladders in all classes of long telomere mutants suggests that
t-circle formation is a general consequence of telomere uncap-
ping.

As senescing ter1-� mutants also experience very high rates
of telomeric and subtelomeric recombination (30; Topcu et al.,
submitted), they are also likely to form t-circles, at least occa-
sionally. However, several factors may act to drastically limit

FIG. 3. Size distribution of t-circles. (A) Double-stranded t-circle
sizes. (B) Single-stranded t-circle sizes. For both panels bars represent
t-circles ranging from 12.5 bp (nt) below and above the size indicated.
Ninety percent of the circles measured fell below 400 bp (nt).

FIG. 4. Visualization of circle-with-tail structures present in K. lac-
tis ter1-16T ECTR. (A to D) Electron micrographs of molecules re-
sembling rolling circle replication intermediates. Estimated sizes of
circular and tail portions of molecules shown in panels A to D were 230
and 570, 430 and 730, 140 and 240, and 300 and 210 bp, respectively.
Molecules were prepared as for Fig. 2. Bar, 200 bp.
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t-circle formation in senescing ter1-� cells relative to the levels
seen in ter1-16T. The most obvious is telomere length, which is
very short in senescing ter1-� cells and very long in ter1-16T
and other mutants known to have abundant ECTR. Addition-
ally, the relative amounts of single-stranded 3� overhangs
might also be very different. Another difference is the apparent
nature of the respective capping defects. The telomeres of
ter1-� cells are prone to initiating recombination only when
they drop below �100 bp in length (49a). It may therefore be
the case that most telomeres in senescing ter1-� cells become
recombination prone at sizes too short to form t-circles via
intratelomeric recombination. If ter1-� cells only rarely make
circles, their formation may be the rate-limiting step of RTE.
In marked contrast, the mutants that produce abundant ECTR
presumably have perpetual capping defects and are therefore
likely to continuously be prone to circle formation and other
recombinational processes.

We suggest that all the ECTR structures seen and described
above may form from a common recombination product. The
model in Fig. 5 proposes that a 3� telomeric overhang strand
invades a more internal region of the telomeric repeat array.
Subsequent nucleolytic processing of this structure could give
rise to a partially single-stranded t-circle. Degradation of the
partial C strand or helicase activity could lead to the creation
of a totally single-stranded circle comprised of the G-rich te-
lomeric strand. Extension of the partial duplex strand by a
DNA polymerase could lead to a double-stranded circle or,
with continued DNA synthesis, to a rolling circle replication
intermediate. This model for ECTR production is similar to a
model proposed by Lustig and colleagues for telomere rapid
deletion (TRD), a process which can lead to the sudden loss of
up to thousands of base pairs from a telomere in yeast or
human cells (5). TRD is largely RAD52 dependent in S. cer-
evisiae, where it was suggested to arise from resolution of an
equivalent intramolecular strand invasion structure into a
shortened telomere and a t-circle (25). TRD and t-circle pro-
duction may therefore be one and the same.

Intramolecular strand invasion to form a t-loop structure has
been proposed to be a protective mechanism that helps pro-
vide the capping function of telomeres (19). t-loops have been
observed at telomeres of mammals (19), protozoans (31, 32),
plants (8), and chickens (37). While t-loops have not been
identified in vivo on yeast chromosomes, they have been visu-
alized on in vitro models of telomeres from the yeast Schizo-

saccharomyces pombe (48). Their formation appears to be pro-
moted by certain telomere binding proteins (44, 49). There are
two general possibilities for the relationship between a protec-
tive t-loop that contributes to telomere capping and an in-
tramolecular strand invasion of the telomeric end that results
from defective telomere capping and which may be the pre-
cursor to t-circles. The first is that the two structures are fun-
damentally the same at the DNA level. In this scenario, a
t-loop is kept from being processed by the nucleases and poly-
merases that would normally accompany a recombination
event by the complex of telomere proteins. Presumably, this
would include the double-stranded telomeric binding protein
Rap1p in K. lactis. Disruption of this protective complex could
therefore directly lead to a t-loop behaving as a recombination
intermediate. The alternative possibility is that t-loops are not
identical to a recombination intermediate at the DNA level.
Conceivably, for example, t-loops could form through non-
Watson-Crick base interactions. In this case, the t-loop DNA
structure could be intrinsically incompatible with recombina-
tion and might need to be disrupted before a telomeric end
could initiate a recombination event.

Whether the telomeres of K. lactis form t-loops is not cur-
rently known. The somewhat surprising characteristic of the
ter1-16T mutant with its very long telomeres to preferentially
accumulate t-circles of very small sizes might indicate that
normal K. lactis telomeres preferentially form tightly folded
loop-back or t-loop structures within their normal length of
350 to 600 bp. Failure to form a properly folded structure has
been suggested to be responsible for the relatively abrupt loss
of protection against recombination that occurs when K. lactis
telomeres drop to below �100 bp in length (49a).

What role, if any, the t-circles play in telomere function in
ter1-16T cells is unknown. The presence of long telomeres and
the absence of ECTR in rad52 ter1-16T cells clearly indicate
that small t-circles are not required for the telomere elonga-
tion in this mutant (50) (Fig. 1). However, it remains possible
that recombination, possibly including the copying of t-circles,
does contribute to the formation of long telomeres in ter1-16T
cells. The presence of telomeres composed of another type of
mutant telomeric repeat (the delayed elongation “Kpn” re-
peats [22, 23, 29, 50]) leads to pronounced telomere elongation
even in the absence of telomerase (49a).

Recent evidence indicates that t-circles contribute to RTE in
other organisms in addition to K. lactis. Telomeric “nano-

FIG. 5. Model of t-circle creation. Intramolecular strand invasion of the G-rich strand 3� telomeric tip and internal telomeric C-rich strand.
Cutting of both telomeric strands and ligation of the G-rich strand creates a partially double-stranded circular intermediate. This initial product
could be degraded to leave a single G-rich stranded circle, filled in to create a double-stranded circle, or used as a template for RCR.
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circles” as small as 36 nt can be utilized in vitro for rolling
circle replication by a variety of DNA polymerases (20). The
sudden emergence of elongated telomeric repeat tracts in type
II survivors of S. cerevisiae has been suggested to be triggered
by rolling circle copying of t-circles (45). Double-stranded t-
circles are abundantly produced from the mitochondrial telo-
meres of several yeast species, including Candida parapsilosis,
and have been proposed to be required for normal mitochon-
drial telomere maintenance (48). Recently, t-circles have been
isolated from human ALT cells (7, 52). Xenopus laevis has also
been found to produce t-circles during part of its normal em-
bryonic development (13). The presence of t-circles in this
broad group of organisms opens up the possibility that RTE
based on rolling circle replication is a phylogenetically diverse
phenomenon.
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