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Telomere length is maintained in species-specific equilibrium primarily through a competition between
telomerase-mediated elongation and the loss of terminal DNA through the end-replication problem. Recom-
binational activities are also capable of both lengthening and shortening telomeres. Here we demonstrate that
elongated telomeres in Arabidopsis Ku70 mutants reach a new length set point after three generations.
Restoration of wild-type Ku70 in these mutants leads to discrete telomere-shortening events consistent with
telomere rapid deletion (TRD). These findings imply that the longer telomere length set point is achieved
through competition between overactive telomerase and TRD. Surprisingly, in the absence of telomerase, a
subset of elongated telomeres was further lengthened, suggesting that in this background a mechanism of
telomerase-independent lengthening of telomeres operates. Unexpectedly, we also found that plants possessing
wild-type-length telomeres exhibit TRD when telomerase is inactivated. TRD is stochastic, and all chromosome
ends appear to be equally susceptible. The frequency of TRD decreases as telomeres shorten; telomeres less
than 2 kb in length are rarely subject to TRD. We conclude that TRD functions as a potent force to regulate

telomere length in Arabidopsis.

Telomeres are dynamic nucleoprotein complexes at the end
of eukaryotic chromosomes that consist of long stretches of a
simple G-rich repeat and sequence-specific DNA binding pro-
teins. The primary function of telomeres is to protect chromo-
some termini from being recognized as a double-strand break.
The extreme 3’ terminus of the chromosome is single stranded
and can undergo a protein-assisted conformational change,
folding back upon and invading the duplex region to form a
structure termed the t-loop (18). The t-loop is thought to
physically sequester the chromosome end, masking the telo-
mere from DNA repair machinery (13).

Telomeric DNA is maintained through a variety of mecha-
nisms that compensate for loss of terminal DNA sequences
that occurs as a consequence of nucleolytic processing or the
end-replication problem (19, 38). Slow loss of telomeric se-
quences during DNA replication can be offset by the action of
telomerase, a ribonucleoprotein reverse transcriptase that ex-
tends the 3’ overhang through reiterative copying of its inter-
nal RNA template (reviewed in reference 11). Telomerase is
subjected to both positive and negative regulation in cis on the
chromosome terminus, mitigating its ability to extend any
given telomere (1, 31, 37, 42, 49, 50, 52).

The protein counting model posits that the primary means of
telomere length regulation is through an ability to “count” the
number of telomeric binding proteins (37). If too many pro-
teins are bound, the telomere will be recalcitrant to extension
by telomerase, while if too few proteins are bound, the telo-
mere will be in a more open conformation and will be acces-
sible to telomerase activity. Accordingly, telomerase extension
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results in an increase in the number of binding sites for telo-
mere proteins and hence an increase in protein occupancy. On
the other hand, telomere loss due to the end-replication prob-
lem or nuclease attack results in a decrease in the number of
sites and fewer proteins bound. This model is strongly sup-
ported by studies in yeast (50), mammals (1, 21), and
Arabidopsis (48), where telomerase has been shown to act
preferentially on the shortest telomeres in the population.
Competition between the end-replication problem and
telomerase results in a range of telomere lengths that fluc-
tuate between species-specific boundaries. For example,
telomeres in Saccharomyces cerevisiae are approximately 300
bp (34), those in Arabidopsis are from 2 to 8 kb (48), and
those in mice are from 10 to 60 kb (55).

Positive and negative regulators of telomere length include
the double-strand telomere binding proteins TRF1 (49), Rapl
(36), and Tazl (12) and the single-strand telomere binding
protein Potl (31). Additionally, telomere length is influenced
by KU, a heterodimer of 70- and 80-kDa subunits that is
an integral component of the nonhomologous end-joining
(NHEJ) DNA double-strand break repair pathway (44). KU is
a strong negative regulator of telomerase in Arabidopsis (7, 16,
47); its deletion results in rapid telomerase-dependent exten-
sion of telomere tracts (16, 46). Interestingly, in S. cerevisiae
and humans, deletion of KU leads to telomere shortening (5,
40), indicating that KU’s influence on telomere length regula-
tion is evolving.

In the absence of telomerase, telomeres progressively
shorten until they reach a critical length that elicits a DNA
damage checkpoint response (14). If cells are forced to con-
tinue dividing, telomeres will become uncapped and fuse to-
gether. The resulting dicentric chromosomes may then break
during the next mitosis only to fuse in the next cell cycle. The
resulting breakage-fusion-bridge cycle leads to genomic insta-
bility (39). Strong selective pressure against genome instability
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results in the formation of different types of survivors in yeast
(33), whose chromosome ends are maintained through alter-
nate means (28, 51). Several different types of survival have
been identified, including recombinational elongation and roll-
ing circle amplification (22, 32). In humans, this form of telo-
mere maintenance is termed alternative lengthening of telo-
meres (ALT), and is characterized by extremely heterogenous
telomeres and the presence of ALT-associated promyelocytic
leukemia (PML) bodies.

Cells with elongated telomeres do not face the same selec-
tive pressure as cells with extremely short telomeres. Indeed,
Arabidopsis ku70 mutants maintain telomeres much longer
than wild type, with no apparent affect on growth, develop-
ment, or genome stability (47). However, studies in yeast in-
dicate that elongated telomeres are quickly returned to wild-
type length in a single-step event termed telomere rapid
deletion (TRD) (29). These deletion events are intrachromo-
somal and result in loss of the most terminal sequences (6). A
similar phenomenon has been described in humans and
Kluyveromyces lactis. Human cells expressing a mutant form of
the telomere double-strand binding protein TRF2 undergo
catastrophic telomere deletions, concomitant with the forma-
tion of extrachromosomal telomere circles (ECTCs) the size of
t-loops (53). Similarly, in K. lactis mutants with elongated telo-
meres due to a mutation in Stnlp, reintroduction of Stnlp
results in rapid loss of the elongated telomeres and a return to
wild-type length (23).

It has been proposed that branch migration of the displace-
ment loop formed by the invading G-overhang within the t-
loop structure results in a Holliday junction (HJ). This struc-
ture is then resolved, leading to the formation of a shortened
telomere and an extrachromosomal telomeric DNA fragment
(35), which in mammals is a circle (ECTC). In S. cerevisiae,
TRD and the two major types of survivors are dependent upon
Rad52, indicating both processes are recombinational in na-
ture (29, 33). Telomere lengthening in stnl K. lactis mutants is
similarly dependent upon Rad52 (23). Sequestration of the
MRX complex in human ALT cells results in slow loss of
telomeric DNA and repression of the ALT mechanism of
elongation (24). Additionally, the Rad51 paralog Xrcc3, which
may be a mammalian Holliday junction resolvase (30), is re-
quired for the TRD events observed in TRF2 mutants (53).

Arabidopsis is a genetically tractable model that has been
exploited for studies of telomere dynamics (39). One impor-
tant feature of this organism is that 8 of the 10 chromosome
arms are abutted by unique subtelomeric sequences, making it
possible to study the fate of individual telomeres in different
genetic backgrounds. Here we examine the fate of ultralong
telomeres in Arabidopsis ku70 mutants. We demonstrate that
elongated telomeres in this background can be rapidly short-
ened by TRD, either upon reintroduction of KU70 or through
loss of telomerase. In addition, we provide evidence for an
ALT-like mechanism in plants with elongated telomeres,
which we term telomerase-independent lengthening of telo-
meres (TILT). Finally, we show that wild-type-length telo-
meres are subject to both TRD and TILT, arguing that recom-
binational mechanisms play a role in regulating telomere
length in wild-type plants.
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MATERIALS AND METHODS

Plant growth conditions and mutants. Plants were grown in EGC growth
chambers (Chagrin Falls, OH) with a 16-h photoperiod at 22°C. Generation of
ku70 and tert mutants was previously described (45, 47). The ku70/rad51 paralog
double mutants were generous gifts from Karel Riha. Characterization of the
rad51 mutants was performed as described before (3). The primers and geno-
typing conditions used for tert, ku70, mrell, and rad51 paralogs were described
previously (3, 20, 45, 47).

TRF and FIGE analysis. For terminal restriction fragment (TRF) analysis,
genomic DNA was extracted using a cetyltrimethylammonium bromide (CTAB)-
based method (4). For bulk telomere analysis, approximately 1 pg of genomic
DNA was digested with 20 U of Trull overnight in 200 pl at 65°C. For sub-
telomere analysis, approximately 1.5 ug of genomic DNA was digested overnight
with 10 units of Spel and Pvull in 200 wl at 37°C. Digested DNA was precipitated
and subjected to electrophoresis through 0.7% agarose. Field inversion gel elec-
trophoresis (FIGE) was performed with a contour-clamped homogeneous elec-
tric field (CHEF) Mapper XA (Bio-Rad Hercules, CA). DNA was separated
through 1% agarose in 0.5X Tris-borate-EDTA (TBE) at 14°C. Conditions were
determined using the auto-algorithm function to separate 4- to 50-kb molecules.
Conditions were 9 V/cm forward and 6 V/cm reverse, with a linear ramp from
0.08 s to 0.92 s with a total run time of 19 h 2 min. Transfer to nylon membranes
and hybridization were performed as previously described (48). Average telo-
mere length was measured using Telometric (17).

Constructs and transformation. Transfer DNA (T-DNA) constructs were
previously described (47). Briefly, the overexpression construct pCBK21 consists
of the CaM V35S promoter driving the cDNA of KU70. The genomic construct,
pCBK22, consists of 6.7 kb of the KU70 gene along with 1.6 kb of putative
promoter sequence. Primary transformants were designated T1, with successive
generations being numbered sequentially.

PETRA analysis. Primer-extension telomere repeat amplification (PETRA)
analysis was performed as discussed in reference 20, with slight modifications.
CTAB-extracted DNA (4) from a single flower or leaf was resuspended in 30 .l
of water. Primer extension was carried out in a 20-pl reaction mixture containing
8 pl DNA, 1X Ex-Taq buffer (TAKARA), 125 pM deoxynucleoside triphos-
phates (ANTPs), 1 puM PETRA-T, 2 U Ex-Taq polymerase. This reaction was
incubated at 65°C for 5 min, 55°C for 1 min, and 72°C for 10 min. One microliter
of the reaction mixture was used in a 20-pl reaction mixture containing 1X
Ex-Tagq buffer, 200 uM dNTPs, 0.25 pM PETRA-A, 0.25 uM telomere-specific
primer, and 0.5 U Ex-Taq. These samples were incubated at 96°C for 2 min
followed by 16 to 18 cycles of 96°C for 30 s, 60°C for 30 s, and 72°C for 2 min 30s,
with a final incubation at 72°C for 5 min. PCR products were subjected to
Southern blotting and hybridization with a 3P 5'-end-labeled (T3AGs3)4 probe.
Signals were visualized using a STORM phosphorimager (GE Healthcare) and
were quantified using Imagequant (Molecular Dynamics). To measure telomere
length, a 6th order polynomial equation was fit using Excel to the distance
migrated of a 1-kb™ DNA ladder (Invitrogen) and the length of a given PETRA
signal was then converted to DNA size using this equation. Finally, the distance
of the PETRA primer to the telomere was subtracted from the total length
measured by PETRA to give the actual length of the telomere tract.

RESULTS

Telomeres establish a new set point length in the absence of
KU70. We previously showed that telomeres in ku70 mutants
become rapidly elongated and within two generations run near
the limit of mobility in regular agarose gels (47). To more
accurately determine the size of telomeres in these mutants, we
performed TRF analysis on successive generations of ku70
plants. Genomic DNA was digested with Trull, which cuts
DNA in the subtelomere region and releases the terminal
telomere tract. The products were separated using FIGE and
hybridized with a telomere-specific probe. As expected, telo-
meric DNA from wild-type plants migrated near the bottom of
the gel consistent with its known size of 2 to 5 kb (Fig. 1A, lane
1). In contrast, first generation (G1) ku70 mutants displayed
elongated telomeres reaching 9 kb (Fig. 1A, lane 2), while in
G2 bulk telomeres ranged from approximately 10 to 25 kb (Fig.
1A, lane 3). No further dramatic lengthening was observed in
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FIG. 1. Telomere length homeostasis and TRD in ku70 mutants and rescued plants. (A) FIGE of the wild type (Wt) and successive generations
of ku70 mutants. TRF analysis was carried out on DNA extracted from ~50 seedlings. An asterisk denotes a specific hybridizing signal in the G7
line. (B) Scheme for creating KU70 rescued plants. G4 ku70 mutant plants were transformed with either pCBK21 or pCBK22. Plants selected in
the next generation correspond to T1. (C) TRF analysis of nontransformed (NT) and selected plants. (D) Parent-progeny TRF analysis of two

independent T1 transformants.

subsequent generations, and the average length of telomeres in
G2 to G7 mutants was 15.9 = 2.1 kb (Fig. 1A, lanes 4 to 8).
While bulk telomeres in ku70 plants ran as a heterogeneous
smear, a smaller discrete telomeric fragment was visible at
approximately 7 kb in the G7 ku70 DNA sample (Fig. 1A, lane
8). Of 48 plants analyzed individually by TRF, 21 had similar
hybridizing products (data not shown). We were unable to
determine the exact nature of these products, although they
appeared to be inherited in a Mendelian fashion (data not
shown). One possibility is that they reflect point mutations in
the elongated telomere tracts that produce novel Trull restric-
tion sites. A mutation of the wild-type repeat, TTTAGGG, to
either TTTAAGG or TTAAGGG would allow cleavage by
Trull.

Restoration of KU70 leads to TRD. We have previously
shown that telomere elongation in the absence of KU70 is

telomerase dependent (46). Thus, our data indicate that
telomerase is capable of extending telomeres by as much as 15
kb within a single generation (Fig. 1A, compare lanes 2 and 3).
Telomeres reach a maximum size of approximately 25 kb and
do not continue to elongate. This new set point could be
established through telomerase inhibition at the elongated
telomeres. Alternatively, ultralong telomeres may reach ho-
meostasis through competition between the action of telo-
merase and TRD. We reasoned that reintroduction of KU70
would ultimately restore telomeres to their wild-type length,
allowing us to examine the dynamics of reestablishing the wild-
type telomere-length set point. If length equilibrium is
achieved through telomerase inhibition, telomeres should
slowly drift back down to the wild-type length, losing 200 to 500
bp per generation (15) as a consequence of the end-replication
problem. Alternatively, if TRD was operational, telomeres
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should shorten much more rapidly. As fert mutants lose 200 to
500 bp/generation, we define TRD as any telomere-shortening
event that leads to a loss of more than 500 bp in a single plant
generation.

To examine the fate of elongated telomeres, we transformed
G4 ku70 plants with either a construct overexpressing KU70
cDNA (35S::KU70 pCBK21) or a genomic copy of the KU70
gene (pCBK22) and then selected for T1 transformants (Fig.
1B). As expected, telomeres from nonselected siblings mi-
grated near the limit of mobility as a heterogeneous smear
(Fig. 1C, lanes 1 to 3). In contrast, plants transformed with
pCBK21 (Fig. 1C, lanes 4 to 8) produced a TRF pattern with
shortened telomeres. Bulk telomeres in these plants shortened
by an average of 0.5 = 0.3 kb. Strikingly, all of the T1 plants
transformed with pCBK22 displayed shortened telomeres. In
contrast to the pCBK21 transformants, telomeres in these
plants showed a discrete banding profile reminiscent of telo-
merase mutants (15). The shortest telomeres in the pCBK22
transformants approached the wild-type length of 4 kb in a
single generation, with an average loss of 2.3 = 0.8 kb of
telomeric DNA (Fig. 1C, lanes 9 to 18). The appearance of
discrete hybridizing bands in the pCBK22 transformants im-
plies that they were resistant to telomerase-mediated elonga-
tion. Furthermore, this sharp banding pattern is not consistent
with the action of exonucleases, which would likely produce a
much more heterogeneous profile. Notably, several telomeric
fragments were not shortened in the pCBK22 transformants
and instead migrated near the length of the telomeres in their
mutant siblings. This observation indicates that individual telo-
meres are differentially processed.

We conclude that a subpopulation of elongated telomeres
shorten much more rapidly than can be accounted for by the
end-replication problem, implying that they have been sub-
jected to TRD. Since most of the pCBK22 transformants dis-
played evidence for TRD, all subsequent work was carried out
on these lines.

To further examine the dynamics of telomere shortening,
TREF analysis was carried out on T1 plants and their T2 prog-
eny. From T1 to T2, the longest telomeres continued to
shorten in a stochastic manner (Fig. 1D). Some T2 plants
exhibited dramatic telomere shortening relative to their parent
(Fig. 1D, compare lane 5 with lane 1 and lane 9 with lane 6),
while other telomeres remained relatively unchanged (Fig. 1D,
compare lane 2 with lane 1). On average, telomeres in T2
shortened by 1.9 = 1.2 kb. This stochastic shortening contin-
ued for the two subsequent generations that were analyzed.
Strikingly, the frequency of obvious TRD events decreased as
telomeres returned to the wild-type length. The average rate of
shortening also declined, with a loss of 0.45 = 0.36 kb from the
T2 to T3 generation (data not shown). Telomeres in T3 gen-
eration plants averaged 7 = 0.6 kb (data not shown), within the
wild-type range of this ecotype of Arabidopsis. Thus, over three
generations, telomeres in plants where KU70 had been re-
stored lost almost 9 kb of telomeric DNA (15.9 kb in G2 to G7
ku70 to 7 kb in T3 transformants).

TRD is not dependent upon KU. We asked whether TRD
was dependent upon reintroduction of KU70. If TRD functions
to limit telomere size in ku70 mutants, any telomere shortened
by TRD would likely be reextended by telomerase, thus mask-
ing TRD. We therefore examined the fate of elongated telo-
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FIG. 2. KU70 is not required for TRD. (A) Schematic diagram for
generating ku70 tert double mutants. A plant heterozygous for ku70
was crossed to a plant heterozygous for tert. Double heterozygotes for
both genes were genotyped in F,. Self-fertilized progeny of the F, plant
were genotyped to identify ku70~/~ tert™/~ (designated G1). These
plants were self-fertilized, and progeny were maintained as ku70~'~
tert™'~ until G4. G4 plants were transformed with pCBK22 prior to
segregation for fert. (B) TRF analysis of T1 and nonselected (NS)
progeny of a G4 plant transformed with pCBK22. (C) Subtelomere
analysis of T1 parents and their T2 progeny. The subtelomere probe
used for the experiments is indicated below each blot. The panels
represent sequential hybridization of a single membrane.

meres in the absence of both TERT and KU70. To accomplish
this, plants heterozygous for TERT, the gene encoding the
catalytic subunit of telomerase, and homozygous for ku70
were propagated for three generations to elongate telo-
meres. Plants were transformed with pCBK22 and then seg-
regated for tert in G4, generating a population of TERT™/*
ku70~'~ and tert '~ ku70~'~ progeny, with or without the
KU70 transgene (Fig. 2A).

Telomeres in both telomerase-positive and telomerase-neg-
ative T1 plants shortened to similar lengths, though telomeres
in fert mutants appeared as somewhat sharper bands than in
telomerase-positive plants (Fig. 2B, lanes 5 and 6). The aver-
age telomere length in pCBK22-transformed TERT /" plants
was 12.3 = 0.2 kb, and in fert”’~ plants it was 12 = 0.3 kb.
Telomerase-positive nonselected plants (genotype ku70 '~
tert™’™) displayed the elongated telomeres of ku70 mutants,
and telomeres averaged 13.4 * 0.3 kb, several kilobases less
than the average measured by FIGE. This discrepancy is likely
due to the poor resolution at high molecular weight under
these gel conditions (Fig. 2B, lanes 7 and 8). Nonselected
plants that were homozygous null for fert also showed TRD
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(Fig. 2B, lanes 9 and 10), although one plant of this genotype
retained most of its telomeres at an elongated length (Fig. 2B,
lane 11). The average size of telomeres in these plants was
11.9 = 1.4 kb. Taken together, the data indicate that TRD does
not require Ku70 and can occur in the absence of telomerase.

TRD is a stochastic process. To more accurately gauge the
rate of telomere shortening, we monitored the fate of individ-
ual telomeres in the T2 progeny of these transformants (Fig.
2A [both tert”’~ and tert™" plants monitored]). Genomic
DNA was digested with restriction enzymes that cut several
kilobases internal to the telomere and then hybridized with
probes directed to specific chromosome arms. As seen in Fig.
2C, dramatic, stochastic changes in telomere length were
detected between the parent plants and their progeny in
both genetic backgrounds. Again, telomerase-positive plants
showed more heterogeneous signals at shorter lengths, consis-
tent with telomerase acting on these shorter telomeres.

The clearest example of telomere shortening was seen with
the 1L telomere in fert mutant plants. The parental plant had
two prominent hybridizing signals at approximately 10.5 and 11
kb (Fig. 2C, lane 1). Additionally, a much less intense signal of
approximately 7 kb was observed. Four of the six progeny of
this plant displayed a telomere of approximately 8 kb (Fig. 2C,
lanes 2 through 5), and two plants had completely lost the 10.5-
and 11-kb signals (Fig. 2C, lanes 4 and 5). We can envision two
ways in which the 1L telomere shown in lanes 4 and 5 arose.
First, TRD could shorten one of the prominent hybridizing
signals in the parent, leading to a decrease of 2.5 kb. Alterna-
tively, telomeres in the progeny could arise through a telo-
merase-independent lengthening of the weakly hybridizing
7-kb signal in the parent. We consider the latter possibility less
likely; the very weak hybridization of the 7-kb telomere in the
parent is more consistent with a somatic TRD event that oc-
curred during plant development. If this is true, the 7-kb frag-
ment arose from a TRD event that shortened the 10.5-kb
telomere by 3.5 kb, implying that TRD is capable of shortening
an individual telomere by several kilobases in a single gener-
ation.

The subtelomeric analysis also revealed a surprisingly com-
plex array of products. A plant can inherit a maximum of two
telomeres of different lengths (on the homologous chromo-
somes) from its parents. Thus, the presence of more than two
hybridizing bands for an individual subtelomere arm argues
that shortened telomeres in the progeny are not simply due to
the inheritance of an undetectable subset of shorter telomeres
from the parent. Rather, these telomeres must be derived from
discrete telomere-processing events in the progeny.

Plants displaying multiple signals for one chromosome arm
do not necessarily have multiple signals at other chromosome
ends. The fert mutant plant analyzed in Fig. 2C, lanes 5 and 19,
has a single hybridizing signal for the 1L telomere and four
hybridizing signals for the 2R telomeres. Similarly, the telo-
merase-positive plant analyzed in Fig. 2C, lanes 14 and 28,
gives rise to six hybridizing signals for chromosome 1L and
only three signals for chromosome 2R. Thus, the number of
TRD events that occur upon restoration of Ku70 is relatively
small. The presence of six hybridizing signals indicates that
only four or five TRD events occurred at that telomere
throughout the life span of this plant. We conclude that TRD
functions stochastically on different telomeres and can shorten
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FIG. 3. TRD in Arabidopsis is not dependent upon known recom-
binases. (A) Genetic scheme for obtaining rad5! mutants with elon-
gated telomeres. Plants null for ku70 and heterozygous for the indi-
cated genotypes were transformed with pCBK22, and the transformed
progeny were genotyped to identify transformants homozygous null for
the indicated genotype. (B) TRF analysis of T1 progeny of the indi-
cated genotypes. Transformants (+) and nontransformants (—) are
indicated. (C) Parent progeny subtelomere analysis of a single T1
mrell™'~ plant. Self-fertilized progeny of this plant were genotyped
for MREII and for the presence of the pCBK22-derived T-DNA.
Arrowheads denote additional products in one of the mrel/l mutants.
The probe is 2R.

telomeres by at least 2.5 kb in a single generation. In budding
yeast, the size of the deleted products is largely governed by
the size of the majority of the telomeres in the cell. This does
not appear to be the case in this background, as all telomeres
are grossly elongated. However, a direct test of this aspect of
TRD would require the generation of a plant with only a subset
of elongated telomeres.

TRD proceeds in Arabidopsis in the absence of genes re-
quired for TRD in other organisms. We tested whether
MREI1]I and the available RAD51 paralogs are required for
TRD in Arabidopsis. Plants homozygous null for ku70 and
heterozygous for an additional mutation in MREI1, RADS5I1B,
RADS51C, XRCC2, or XRCC3 were propagated for several gen-
erations before transformation with pCBK22. The selected T1
plants were then genotyped for the presence of the additional
mutant allele. Figure 3B shows the TRF profile of T1 plants
mutant for XRCC2, XRCC3, RAD51B, and RAD51C. Deletion
of any of these four genes did not inhibit TRD upon reintro-
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duction of KU70. This finding was verified through subtelo-
mere analysis, with all four mutants showing multiple signals
for at least one of two tested subtelomeric probes (data not
shown).

In three independent experiments, and in contrast to the
other mutants tested, we were unable to select plants that were
null for MRE!1 in the T1 population (we recovered a total of
14 mrell™™" and 22 mrell™’~ plants in the three separate
transformations). This could indicate that MREI] is required
for T-DNA integration in this background. Therefore, we
genotyped T2 progeny of a T1 plant heterozygous for MRE11
and isolated individuals mutant for MRE11 (Fig. 3C). Of the
two plants mutant for MREII, one showed four hybridizing
signals for chromosome 2R (Fig. 3C, lane 5), demonstrating
that MRE11 is also not required for TRD. From these data, we
conclude that genes previously shown to be required for TRD
in other organisms are not necessary for TRD in Arabidopsis.

Telomerase-independent lengthening occurs at elongated
Arabidopsis telomeres. To date, no direct evidence for telomere
elongation in the absence of telomerase has been observed in
Arabidopsis (54). However, recent data from K. lactis indicate
that telomere lengthening can be driven by ECTCs generated
as a byproduct of TRD, and circular molecules are present in
human cells undergoing TRD (8, 23, 53). Although we found
no evidence for ECTCs by two-dimensional gel analysis of
pCBK22 transformants (data not shown), this could simply
reflect the low frequency of TRD events. Therefore, we looked
for telomere elongation in plants lacking telomerase and un-
dergoing TRD using the genetic approach described in Fig.
2A. Specifically, we performed parent-progeny subtelomere
analysis on T1 and T2 pCBK22 transformants that were mu-
tant for ku70 and tert.

In one of three lines examined, the 1L telomere of several
progeny plants was 5 to 10 kb longer than the longest telomere
in its parent (Fig. 4A, lanes 3, 4, 9, and 11). A trivial explana-
tion for this finding is that subtelomeric DNA was rearranged,
changing the restriction profile of this telomere to make it
appear elongated. Several observations are inconsistent with
this conclusion. First, the elongated products hybridized with a
telomeric probe (data not shown), suggesting they are in fact
terminal. Second, digestion of the DNA with other restriction
enzymes that cleave in the subtelomeric region generated
products of expected sizes (data not shown). Third, other sub-
telomere arms were elongated (see below). Taken together,
these data argue that the subtelomeric sequence of 1L has not
been grossly rearranged.

Further analysis of individual telomeres in these plants
conducted with three different subtelomere-specific probes
showed that telomeres behaved independently (Fig. 4B). For
example, telomeres from the plants analyzed in Fig. 4B, lanes
5 and 6, showed no lengthening relative to their parent for any
of the arms examined. In contrast, telomeres from the plant
analyzed in lane 3 were all extended relative to their parent,
while some telomeres from the plants in lanes 2, 4, and 7 were
elongated, and others were shortened. Rare elongation events
in other lines were also observed (Fig. 2C, lane 16). These data
indicate that Arabidopsis is capable of elongating telomeres in
the absence of telomerase. We term this process TILT, since
we currently have no evidence of cytological markers consis-
tent with ALT, nor have we been able to directly demonstrate
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FIG. 4. TILT in fert mutants with elongated telomeres. (A) Parent
progeny subtelomere analysis of a T1 pCBK22 transformant homozy-
gous for fert. Mutants were generated as described in the legend to Fig.
2A. Asterisks denote telomeres that were elongated relative to the
parent (P). The hybridizing probe is 1L. (B) Sequential hybridization
of three probes to a blot containing a subset of samples from panel A.
Lane numbers correspond to numbers from the gel in panel A.
Arrowheads denote interstitial hybridizing signals.

that TILT occurs through a recombinational mechanism as
described for recombinational telomere elongation in K. lactis
(41).

TRD functions at telomeres with lengths in the wild-type
range. We next asked whether telomeres in the wild-type range
are subjected to TRD. For this analysis, we employed PETRA,
a sensitive method for accurately measuring telomere length at
individual chromosome arms (20). Although the ultralong telo-
meres in ku70 mutants are not good substrates for PETRA,
this is the preferred method for individual-telomere analysis in
plants with wild-type-length telomeres as minimal quantities of
DNA are required (a single Arabidopsis leaf is sufficient), and
seven chromosome arms can be measured at the same time. If
TRD occurs in telomerase-positive tissues, the newly short-
ened telomere is likely to be efficiently elongated by telome-
rase. To avoid this confounding factor, we examined the rate of
telomere shortening in G1, G2, and G6 fert mutants.

A representative gel with PETRA products is shown in Fig.
5A. The parent is a G1 tert mutant (Fig. SA, left panel). No-
tably, in the heterozygous parent of this G1 progeny, only the
2R telomere had undergone TRD (data not shown). However,
in the three G2 progeny shown (Fig. 5A, right panel), several
examples of TRD were detected, as noted by asterisks.

Table 1 shows the mean rate of telomere length change for
all generations analyzed. Individual data points are displayed
graphically in Fig. 5B. In wild-type plants, there is a broad
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FIG. 5. TRD occurs in telomeres within the wild-type range.
(A) Representative PETRA data. Changes defined as TRD are indi-
cated by asterisks. The telomere that was monitored is indicated below
each lane. (B) Graph depicting the change in telomere length versus
generation for different genotypes and their progeny. (B) Graph de-
picting the change in telomere length from parent to progeny relative
to the length of the telomere in the parent.

distribution of the change in telomere length, with most telo-
meres showing a net increase relative to their parent. Strik-
ingly, of 88 telomere changes measured in telomerase-positive
plants, only a single telomere was shortened by more than 500
bp. Similar degrees of stochastic telomere length changes are
observed in G1 and G2 tert mutants. However, as expected for
telomerase mutants, the net change in telomere length is neg-
ative. In contrast, there was very little change in telomere
length for G6 tert mutants; the maximal shortening observed in
the G6 population was 254 bp. The 500-bp cutoff for TRD is
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twice the maximal shortening observed in the G6 population.
Telomeres in both G1 and G2 fert mutants shortened by well
over 1 kb in a single generation. In a total of 355 telomere
length changes measured in G1 and G2 tert mutants, 19 telo-
meres shortened by over 1 kb and 66 shortened by more than
500 bp, twice the maximal shortening (254 bp) observed in the
Go6 fert mutants. These data imply that telomeres in the G6
mutants shorten only via the end-replication problem, while
telomeres in G, and G, fert mutants are also substrates for
TRD. We note that many of the telomeres in the GO6 tert
mutants are capable of losing more than 500 bp and would still
remain above the absolute minimal telomere length of ~350
bp (20). This observation suggests that our inability to detect
TRD in G6 tert mutants is not due to attrition of these plants
because of critically shortened telomeres. The dramatic in-
crease in TRD frequency in G1 and G2 fert mutants relative
to the wild type could indicate that TERT protects against
TRD. Alternatively TRD products may simply be rapidly
reextended by telomerase. Taken together, these data sup-
port the conclusion that telomeres in early generation fert
mutants, despite being within the wild-type-length range
overall, are subjected to TRD.

Interestingly, there are several examples of TILT events in
tert mutants (Fig. 5B). In G6 fert mutants, only a very small
degree of elongation was observed (<73 bp), which may be due
to errors in the accuracy of measurement. Telomere elonga-
tion in G1 mutants is difficult to assess as telomeres could have
been extended by telomerase in the previous generation. In
contrast, 5 of 265 telomeres in G2 tert mutants were lengthened
from 90 to 288 bp; the greatest differential likely represents
true elongation events. Notably, the G2 fert mutants had a
much higher frequency of these elongation events relative to
the G6 tert mutant, supporting the notion of a mechanistic link
between TRD and TILT.

Finally, to specifically address whether TRD is length de-
pendent, we plotted the change in telomere length versus the
parental telomere length (Fig. 5C). In telomerase-positive
plants, and consistent with previous reports (48), the shorter
telomeres were more likely to be elongated than the longer
telomeres (compare the shortest wild-type telomere to the
longest). Moreover, the shortest telomeres were elongated to a
greater extent than the longest telomeres. In G6 fert mutants,
all telomeres shortened by the same amount, regardless of the
initial telomere length. Strikingly, telomeres in G2 tert mutants
shortened by a much larger amount if the parental telomere
was longer than approximately 2 kb. Telomeres below 2 kb
displayed a rate of shortening similar to that of G6 tert mutants.
The frequency of TRD by initial telomere length is shown in

TABLE 1. Mean changes in telomere length from parents
to their progeny

Mean * SD change

Genotype (n) in length (bp)

WL yPE (88) crvveeereeeeerssseeeeesseeesesseeeeesseees oo 301 + 382
G1 tert (88) —246 + 476
L () FO —285 + 212
G2-10 tert (96) —450 = 322
G213 01 (86) cvoeeerreoeresseeeesseeeesseeeeesseeeses oo —391 + 222

G6 tert (82) —154 =77
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TABLE 2. Frequency of telomere length changes in
G1 and G2 fert progeny

Frequency of telomeres with:

Initial Frequency of
length (kb) Loss (bp) >500-bp
(no. with length) ~ Gain” loss”
0-500  500-1,000  >1,000

>3 (2) 0 1 1 0 0.5

2.5-3 (116) 14 67 27 8 0.30

2-2.5(167) 13 107 36 11 0.27

<2 (70) 3 65 2 0 0.03

Total (355) 30 240 66 19

“ Represents any telomere that was elongated relative to the parent.
® The sum of all length changes losing >500 bp divided by the total number
examined.

Table 2. When queried by chromosome arm, all telomeres
underwent TRD with approximately equal frequencies (be-
tween 16% and 34%; data not shown). While there is no clear
relationship between telomere lengths above 2 kb and the
incidence of TRD, the frequency of TRD drops dramatically
for telomeres that are less than 2 kb, which is the minimal size
of telomeres in wild-type plants.

DISCUSSION

Telomere dynamics in ku70 mutants. Cells must maintain a
minimal telomere length to provide full protection for chro-
mosome ends and to distinguish them from double-strand
breaks. Regulation of a maximal telomere length is also likely
to be important to inhibit recombination and to reduce the
total amount of DNA synthesis. In the absence of KU70, telo-
meres in Arabidopsis are dramatically elongated (7, 16, 47).
This feature, along with the unique subtelomeric sequences on
most Arabidopsis chromosome arms, allowed us to examine the
dynamics of ultralong telomeres. We find that a new, longer
telomere length set point is established, and this set point is
likely maintained by a competition between a highly active
telomerase and a TRD-like mechanism that shortens grossly
elongated telomeres. While the elongated G-overhang in ku70
mutants (46) may lead to an increase in the loss of telomeric
DNA due to the end-replication problem, reintroduction of
KU70 would be expected to restore the appropriate overhang
length, effectively negating this increase in telomere loss. Re-
introduction of KU70 results in dramatic telomere shortening,
at a rate much greater than can be accounted for by the
end-replication problem. A loss of at least 2.5 kb is readily
apparent in Fig. 4C, and several telomeres in the T2 generation
appear to have shortened by up to 6 kb over two generations.
This rate of telomere attrition is not sufficient to offset 15 kb of
telomerase-dependent elongation observed in G1 to G2 ku
mutants, suggesting either that telomerase is inhibited at ex-
tremely long telomeres, or that TRD can shorten telomeres by
even larger amounts than those we observed. We further dem-
onstrated that TRD is not dependent upon reintroduction of
KU?70 itself, as segregation of fert from ku70 mutants with long
telomeres is sufficient to dramatically shorten telomeres.

Our data are consistent with the dynamics of elongated
telomeres in other organisms (11, 26, 27, 29) and argue that
TRD is a highly conserved mechanism for telomere size con-
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trol. The role of the KU heterodimer in Arabidopsis TRD is
unknown. In yeast (43), and perhaps humans (35), KU inhibits
TRD. In contrast, TRD events in ku70 mutants rescued with
pCBK22 were indistinguishable from plants doubly deficient
for ku70 and tert. Current models of the mechanism of TRD
posit that the 3’ G-overhang invades the duplex telomeric
DNA, forming a displaced loop at the site of invasion (8, 35,
53). Branch migration would then convert this structure into a
recombination intermediate resembling an HJ, which could be
resolved into a shortened telomere and an extrachromosomal
telomeric circle. The genetic requirements for TRD in Arabi-
dopsis are not clear. Surprisingly, deletion of either MRE11 or
XRCC3, which are shown to be required for TRD in mammals
and yeast, shows that they are not required for TRD in Ara-
bidopsis. Several explanations for these findings can be consid-
ered. First, there is extensive redundancy in the Arabidopsis
genome (as much as 60% of the genome is present in dupli-
cations), and thus there may be another enzyme capable of
resolving HJs in Arabidopsis (2). Alternatively, the terminal
structure formed at Arabidopsis telomeres may be slightly dif-
ferent from that formed in yeast or mammals. Interestingly,
MUSS81, an enzyme that resolves HJ-like structures, has two
homologues in Arabidopsis. A third consideration is that our
assays can not fully distinguish between TRD events that occur
in meiosis or mitosis. In budding yeast, TRD occurs with a
much higher frequency in meiosis than in mitosis (25), making
the distinction between meiotic and mitotic requirements im-
portant. It may be necessary to disrupt both processes to ob-
serve inhibition of TRD.

ECTCs and telomerase-independent telomere elongation.
ECTCs have been shown to drive recombinational telomere
elongation in K. lactis (41) and have been associated with ALT
in mammals (8, 53). In previous experiments designed to select
for telomerase-negative Arabidopsis cells that can maintain
telomeres, no telomere lengthening was observed (54). How-
ever, the cells used in these experiments were derived from
plants that had extremely short telomeres and thus would be
unlikely substrates for TRD. As a consequence, we speculate
there would not be an accumulation of ECTCs to serve as
substrates for telomere elongation and TILT through a roll-
and-spread mechanism. Although we failed to detect ECTCs
in plants with elongated telomeres where we had restored
KU70, we did find evidence for TILT events in telomerase-
deficient plants with elongated telomeres. TRD was also acting
on telomeres in these plants, suggesting a model in which TRD
and TILT are mechanistically linked through the formation of
ECTCs by TRD and their use as substrates for telomere elon-
gation. Further work will be required to demonstrate that
ECTCs can drive telomere lengthening in Arabidopsis.

TRD as a means to regulate telomere length. One important
observation from our study is that the frequency of TRD is
proportional to the length of telomeres, arguing that TRD can
function as a form of length regulation. Although a role for
TRD has been established in budding yeast (29), here we show
that TRD not only shortens grossly elongated Arabidopsis telo-
meres, but also acts on telomeres within the wild-type size
range. Notably, the extent of telomere shortening in G1 and
G2 fert mutants is much greater than that in G6 fert mutants.
Furthermore, the amount of DNA lost varies dramatically be-
tween different telomeres within the same cellular population.
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These two findings indicate that TRD can function stochasti-
cally at wild-type-length telomeres in early generation fert mu-
tants. We found that the frequency of TRD decreases as telo-
mere length declines, with a very sharp decrease when
telomeres drop below 2 kb in length. Intriguingly, the lower
range of telomeres in wild-type Arabidopsis is 2 kb. Thus, TRD
might play a role in determining the minimal telomere length.

Work in budding yeast has demonstrated that TRD can
occur at telomeres within the wild-type range of some strains
(6). In Candida albicans, loss of RADS52, which is required for
TRD in other organisms (29), resulted in telomere lengthening
(10). This observation implies that TRD plays a role in regu-
lating telomere length within wild-type Candida. Our findings
argue that TRD can act in concert with telomerase and the
end-replication problem as a potent force for controlling telo-
mere length in Arabdidopsis. How could TRD regulate telo-
mere length? A protein-counting model similar to one that
regulates telomerase activity is attractive, but what protein is
counted? KU is an interesting possibility. KU is associated with
telomeres in all organisms studied, where it contributes to
telomere length regulation as well as chromosome end protec-
tion. It is possible that KU serves as a roadblock to branch
migration and that as more KU binds to the telomere tract,
roadblocks are more frequent. One prediction of this model is
that an increase in the amount of KU can prevent TRD. While
this model will require more extensive study, we note that
overexpression of KU70 in ku70 mutant plants results in a
telomere profile distinct from restoration of the wild-type con-
struct (Fig. 1C).

TRD events at telomeres in wild-type plants place tremen-
dous pressure on telomerase to extend the truncated telo-
meres. An unlucky TRD event could result in a telomere that
falls below the critical length threshold, leading to telomere
dysfunction. It is possible that telomerase actively inhibits
TRD. Such a model is supported by work in Caenorhabditis
elegans, where loss of mrt-2 results in an ever-shorter-telomere
phenotype, while loss of telomerase results in sudden telo-
mere-shortening events (9). Thus, telomerase appears to be
critical either for extending telomeres subjected to TRD or for
protecting them from TRD in the first place.
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