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ATM and ATR make distinct
contributions to chromosome
end protection and the
maintenance of telomeric
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Here we examine the function of ATM and ATR at telo-
meres in Arabidopsis. Although plants lacking ATM or
ATR display wild-type telomere length homeostasis,
chromosome end protection is compromised in atm atr
mutants. Moreover, atm tert Arabidopsis experience an
abrupt, early onset of genome instability, arguing that
ATM is required for protection of short telomeres. ATR,
by contrast, is required for maintenance of telomeric
DNA as telomere shortening is dramatically accelerated
in atr tert mutants relative to tert plants. Thus, ATM
and ATR make essential and distinct contributions to
chromosome end protection and telomere maintenance
in higher eukaryotes.
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Several factors involved in the repair of double-strand
breaks in DNA are physically associated with telomeres
and have essential roles in chromosome stability (d’Adda
di Fagagna et al. 2004). Among them are the phosphati-
dyl-inositol-3-kinase-like protein kinases (PIKKs) ATM/
Tel1p and ATR/Mec1p/Rad3p, which coordinate the re-
pair, cell-cycle checkpoint, and apoptotic responses to
DNA damage (Kastan and Lim 2000; Shiloh 2003). ATM
also protects against telomere fusions and participates in
telomere length homeostasis as atm/tel1 mutants dis-
play shorter telomeres in both mammals and yeast
(Lustig and Petes 1986; Smilenov et al. 1997). A telo-
meric role for ATR has not been explored in mammals
because mutants are inviable (Brown and Baltimore
2000; de Klein et al. 2000). However, in yeast mec1-21
mutants, telomeres are shortened (Ritchie et al. 1999). In
addition, recent data show that Mec1p facilitates loading
of the single-strand telomere-binding protein Cdc13p
(Takata et al. 2005). Yeast lacking both Tel1p and Mec1p
fail to recruit telomerase and experience progressive
telomere erosion (Naito et al. 1998; Ritchie et al. 1999;
Chan et al. 2001).

Here we explore the role of ATM and ATR at telo-
meres in Arabidopsis thaliana, a higher eukaryote
that tolerates disruption of both of these genes. We
find that while neither ATM nor ATR is individually
required for telomere length homeostasis, chromo-
some end protection is impaired in atm atr mutants. Our
data further indicate that ATM is involved in protect-
ing chromosome ends in cells with short telomeres,
while ATR is required for maintenance of telomeric
DNA.

Results and Discussion

To examine the role of ATM and ATR in telomere length
regulation, we performed telomere restriction fragment
(TRF) analysis on genomic DNA extracted from atm and
atr mutants that carry a homozygous T-DNA disruption
in the corresponding genes (see Materials and Methods).
In yeast and mammals, the absence of ATM/Tel1p leads
to shortening of telomeres until they reach a new stable
set point (Lustig and Petes 1986; Smilenov et al. 1997). In
contrast, atm or atr Arabidopsis displayed wild-type
telomere length, even after multiple generations (Fig.
1A). The same result was obtained with mutants doubly
deficient in ATM and ATR (Fig. 1A). As previously noted
(Culligan et al. 2004), atm atr mutants exhibited no
growth defects but were completely sterile. Hence, nei-
ther ATM nor ATR is required for telomere length ho-
meostasis in Arabidopsis.

We gauged the status of chromosome end protection in
atm and atr mutants by examining mitotic figures from
dissected pistils. Bridged anaphase chromosomes are a
hallmark of dysfunctional telomeres, reflecting the for-
mation of dicentric chromosomes that arise from fusion
of deprotected chromosome ends (Hande et al. 1999;
Artandi et al. 2000). Among >400 anaphases examined
from consecutive generations of atm and atr single mu-
tants, no bridged chromosomes were detected (Table 1).
In contrast, 42/826 (5.1%) of the anaphases from atm atr
double mutants showed bridged chromosomes (Table 1;
Fig. 1B). To determine whether the bridges involved telo-
meres, we assayed for fusion of chromosome ends using
a PCR approach that exploits the unique sequences abut-
ting Arabidopsis telomeres (Heacock et al. 2004). PCR
products are amplified when telomeres form covalent
associations with each other (Fig. 1C). As expected, no
products were detected with DNA samples from wild
type or atm or atr mutants (Table 1; Fig. 1D). However,
some rare, but persistent, PCR products were obtained in
DNA samples from atm atr double mutants (Table 1;
Fig. 1D). The few PCR products we could clone and se-
quence displayed telomere-to-telomere fusions involv-
ing very short telomere tracts of ∼500 bp (data not
shown). This architecture is reminiscent of chromosome
fusion junctions amplified from late-generation telomer-
ase mutants, where unprotected telomeres are subjected
to exonucleolytic attack prior to fusion (Heacock et al.
2004). We conclude that while bulk telomere length is
wild type, a fraction of chromosome ends in atm atr
mutants become deprotected and recruited into end-join-
ing reactions.

ATM plays a dual role at telomeres, activating the
DNA damage response program at dysfunctional telo-
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meres and yet preventing this activation at functional
telomeres (Karlseder et al. 1999; Takai et al. 2003). To
examine the role of ATM at short telomeres in Arabi-
dopsis, mutants deficient in both ATM and TERT, the
catalytic subunit of telomerase, were monitored during
five generations of growth. The rate of telomere short-
ening was indistinguishable between atm tert and tert
mutants, with telomeres declining by ∼500 bp per plant
generation in both settings (Fig. 2A; data not shown).

In Arabidopsis, telomerase inactivation ultimately
leads to cell proliferation defects that manifest as growth
and development impairment in the sixth (G6) or sev-
enth (G7) generation (type I defects) and then worsen in
subsequent generations (type II defects) until mutants
reach, in G9–G10, a terminal phenotype as miniature,
grossly deformed, and sterile plants (Riha et al. 2001). As
expected, tert mutants displayed no outward phenotype
for the first six generations of growth (data not shown).
In contrast, most atm tert mutants exhibited a type II or
terminal phenotype in G5 and were characterized by
misshapen leaves, a lack of apical dominance, late flow-
ering, and significantly reduced fertility (Fig. 3).

To investigate the molecular basis for the accelerated
onset of cell proliferation defects, we performed cytoge-
netic analysis. As expected, there was no evidence for
genome instability in the first five generations of tert, or
in the first four generations of atm tert mutants (Table 1;
data not shown). However, ∼20% of the anaphase nuclei

from the most severely affected G5 atm tert plants har-
bored bridged chromosomes compared with <1% in G5
tert (Table 1; Fig. 4A). This high frequency of anaphase
bridges in G5 atm tert is comparable to G7–G8 tert Ara-
bidopsis (Riha et al. 2001). Thus, unlike the gradual on-
set of genome instability that occurs over multiple gen-
erations (G4–G8) in tert (Riha et al. 2001), atm tert mu-
tants abruptly destabilized their genomes in a single
generation.

While telomere fusion PCR products were generated
from DNA samples derived from G4 and G5 atm tert
mutants, their abundance was remarkably low and simi-
lar to the signals obtained with G5 tert mutants, which
display no genome instability (Table 1; Fig. 4B; data not
shown). In contrast, DNA from G8 tert plants with a
comparable number of anaphase bridges to G5 atm tert
mutants gave rise to a large number of telomere fusion
PCR products (Fig. 4B). The low abundance of fusion
PCR products from atm tert mutants could reflect fusion
events distinct from those observed in tert. For example,
chromosome fusions involving long telomeres or sister
chromatids would form extensive palindromes that
would not be amplified in our PCR assay. Likewise, we
would miss telomeres subjected to catastrophic shorten-
ing prior to fusion if the binding site for the subtelomeric
primer were eliminated. Our initial attempts to detect
fusion products using primers located further upstream
in the subtelomeric regions were unsuccessful. There-
fore, extensive nucleolytic processing of the ends re-
mains a possibility. Finally, we would also fail to detect
fusions involving internal double-strand breaks. Such fu-
sions could result from a checkpoint defect that would
allow additional rounds of breakage–fusion–breakage
cycles, and as a consequence, increase the probability of
secondary fusion events involving internal double-strand
breaks.

Mice lacking the RNA component of telomerase and

Table 1. Genome instability measured by the incidence of
anaphase bridges and telomere fusion PCR products in
different genetic backgrounds

Line
Genera-

tion

Anaphases

Ratio%

Fusion
PCR

productsTotal Bridges

WT G1–G4 >400 0 0 −
atm G1–G6 >400 0 0 −
atr G1–G4 >400 0 0 −
atm atr G1 826 42 5.1 +/−
tert G4 >400 0 0 −

G5 385 1 0.3 +/−
atm tert G3 533 0 0 −

G4 430 0 0 +/−
G5a 446 (314) 97 (0) 21.8 (0) +/−

atr tert G2 403 0 0 ++
G3a 181 (518) 137 (75) 43.1 (12.6) ++

aGrowth defects were relatively heterogeneous among siblings,
as previously observed for tert plants (Riha et al. 2001), and
hence cytogenetic analysis was performed in sick plants and
their wild-type-looking siblings from the same parent (in paren-
theses). Values are for pools of three plants. For telomere fusion
PCR data, six primer pair combinations were used.
(+/−) Rare but persistent PCR products; (++) abundant hetero-
geneous products.

Figure 1. Telomere length homeostasis and chromosome end pro-
tection in plants lacking ATM and ATR. (A) TRF analysis of ge-
nomic DNA from wild type (WT) and from atm, atr, and atm atr
mutants. A representative sample for each line is shown. Molecular
weight markers (in kilobases) are indicated. (B) Cytogenetic analysis
of anaphase figures from wild type (WT) and atm atr mutants. DNA
is stained with DAPI. (C) Schematic of fusion PCR strategy. Primers
specific for subtelomeres directed toward chromosome ends are
used to amplify chromosome fusion junctions. PCR products are
detected by Southern blot using either a telomeric or a subtelomeric
probe. (D) Detection of chromosome end fusions by telomere fusion
PCR. The subtelomeric primers used for PCR are indicated (L and R
designate left and right arm of the chromosome, respectively). For
3L, the primer used was 3L-F1, except for the 3L/5R reaction where
3L-1 was used. Telomeric DNA was visualized by hybridization
using a (TTTAGGG)4 probe. Reactions were conducted on pooled
DNA samples from three plants.
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ATM display a phenotype similar to atm tert Arabidop-
sis, with an early onset of telomere dysfunction with-
out accelerated telomere shortening (Qi et al. 2003).
Similarly, the telomeres of tel1 tlc1 yeast mutants
shorten at the same rate as tlc1 mutants, but double
mutants show dramatic increases in the frequency of
telomere fusions to artificial double-strand breaks in-
duced by HO endonuclease (Chan and Blackburn 2003)
and in the frequency of chromosomal rearrangements
(Myung et al. 2001). Thus, a role for ATM in stabilizing
the genomes of cells with shortened telomeres is con-
served.

The telomere defects associated
with ATM deficiency may simply
reflect an impaired DNA damage
checkpoint; however, evidence that
ATM plays a more direct role at telo-
meres is growing (Fig. 5). Tel1p local-
izes to telomeres in yeast (Takata
et al. 2004), and since ATM is re-
cruited to double-strand breaks by
Mre11, a member of the Mre11/
Rad50/Nbs1 complex, this could also
occur at telomeres (Lee and Paull
2005). In mammals, ATM associates
with the double-strand telomere pro-
teins TRF1 and TRF2 (Kishi et al.
2001; Karlseder et al. 2004), and it is
hypothesized that ATM association
with telomeric chromatin blocks in-
duction of a DNA damage response
(d’Adda di Fagagna et al. 2004). In
the absence of telomerase, progres-
sive shortening of telomeres would
ultimately reduce the occupancy of

TRF1/TRF2 proteins, promoting activation of ATM and
the ensuing cell cycle arrest. Thus, it is possible that the
response to short telomeres is inadequate in plants lack-
ing ATM, culminating in an early onset of genome in-
stability.

Due to the lethality of ATR deletion in mammals, the
contribution of this gene to telomere biology has not
been explored in higher eukaryotes. Therefore, we asked
whether ATM and ATR play a similar role at short telo-
meres in Arabidopsis. Unexpectedly, we discovered that
ATR contributes to telomere integrity in a fundamen-
tally different manner than ATM. Telomeres in atr tert
Arabidopsis suffer a dramatically accelerated rate of loss
relative to tert and atm tert mutants (Fig. 2A,B). Telo-
mere tracts in G1 atr tert were approximately the same
length as those in G3 tert mutants (Fig. 2B, lanes 3,4); in
the most severely affected G3 atr tert individuals, the
shortest telomeres were <600 bp (Fig. 2B, lane 5). Con-
sistent with the increased rate of telomere shortening,
atr tert mutants reached the terminal phenotype much
earlier than their tert or atm tert counterparts. Although
no outward defects were apparent in G1 and G2, by G3
atr tert plants were almost completely sterile and ex-
tremely small with misshapen dark-green leaves (Fig. 3).
Also consistent with rapid telomere attrition, atr tert
mutants displayed profound genome instability in G3.
Up to 43% of the anaphases harbored bridged chromo-
somes, with several involving multiple chromosomes
(Table 1; Fig. 4A). In addition, abundant extremely het-
erogeneous telomere fusion PCR products were gener-
ated in DNA samples from G2 and G3 atr tert mutants
(Table 1; Fig. 4B; data not shown). Cloning of 10 of these
products revealed a profile of chromosome junctions
similar to late generation tert mutants. The proportion
of telomere-to-telomere fusions (80%) and the extent of
microhomology at the fusion junction are more similar
to fusion events in tert mutants than in ku tert or ku tert
mre11 (Supplementary Tables 1, 2; Supplementary Fig. 1;
Heacock et al. 2004). Taken together, our data argue that
the genome instability associated with atr tert mutants
reflects an increased deficiency in telomeric DNA main-
tenance, instead of chromosome end protection. Thus,

Figure 2. Telomere maintenance in tert, atm tert, and atr tert mu-
tants. TRF analysis of atm tert (A) and atr tert (B) at different gen-
erations. Double and single mutants in G1 were derived from the
same double-heterozygous parent and were self-pollinated to follow
progeny through successive generations.

Figure 3. Early onset of growth and developmental defects in atm tert and atr tert mutants.
Representative G5 atm tert and G3 atr tert mutants are shown. Arrows indicate plants with
gross developmental defects. Double arrowheads denote abnormal or undeveloped siliques
(seed pods). The diagram at the bottom summarizes the phenotypes of tert, atm tert, and atr
tert mutants. See text for description of type I, II, and terminal (T) phenotypes. The mutants
shown are representative of each line and each generation.
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ATR plays a different role at Arabidopsis telomeres than
ATM and acts in concert with telomerase to maintain
telomeric DNA tracts.

ATR has been shown to function in resolving stalled
replication forks (Cha and Kleckner 2002). Conse-
quently, it is conceivable that the replication of highly
repetitive telomeric DNA is most efficient in the pres-
ence of ATR. However, in atr Arabidopsis, telomere
length is unperturbed, implying that replication of the
duplex region of the telomere tract is not compromised
by ATR deficiency. An alternative, more speculative
model is that ATR is physically associated with the
chromosome terminus and acts in telomere mainte-
nance by prohibiting illegitimate exonuclease attack or
by controlling processing of the telomeric C-strand (Fig.
5). As for ATM, telomere association of ATR could pro-
ceed through interactions with Mre11 (Takata et al.
2005). Alternatively, since RPA recruits ATR to stalled
replication forks (Zou and Elledge 2003), RPA may facili-
tate ATR localization to telomeres. In support of this
idea, RPA mutation leads to progressive telomere short-
ening (Smith et al. 2000; Schramke et al. 2004). In yeast,
Mec1p is known to promote loading of the single-strand
telomere-binding protein Cdc13p (Takata et al. 2005),
whose functions include protection of the G-rich telo-
meric DNA strand. By analogy, at higher eukaryotic telo-
meres, ATR may be involved in the recruitment of Pot1,
the presumed ortholog of Cdc13p (Smogorzewska and de
Lange 2004). We speculate that the telomere mainte-
nance defect we observe in plants lacking both TERT
and ATR reflects a combined failure of telomerase to
maintain the telomeric G-rich strand and ATR to protect
against inappropriate nuclease digestion.

In summary, these data provide the first insight into
the role of ATR at higher eukaryotic telomeres. Further
analysis of ATR and ATM interactions in the genetically
tractable Arabidopsis model should help to clarify the
contribution of these proteins to chromosome end pro-
tection and telomere maintenance.

Materials and methods

Mutant lines
The SALK T-DNA lines (Alonso et al. 2003) SALK_006953 and
SALK_032841, that respectively carry an insertion in intron 64 of ATM
(At3g48190) and in exon 10 of ATR (At5g40820), have been described
previously as atm-2 (Garcia et al. 2003) and atr-2 (Culligan et al. 2004).
The tert mutant and its phenotypes have also been described previously
(Riha et al. 2001). All crosses were made between plants heterozygous for
the desired mutations. Double-heterozygous F1 plants were identified by
genotyping and then self-propagated to F2 to obtain double- and single-
homozygous mutants and wild-type siblings. These plants (G1) were self-
propagated for several generations. Two independent lines, coming from
two individual F2 plants, were obtained for each genotype. For genotyp-
ing, genomic DNA was extracted from flower buds using a high-through-
put method (Xin et al. 2003). Plants were grown at 23°C in an environ-
mental chamber under a 16 h light/8 h dark photoperiod.

TRF analysis
Four to seven fully grown rosette leaves from 6-wk-old individual plants
were ground in liquid nitrogen, resuspended in 3 mL of DNA extraction
buffer (2% hexadecyltrimethyl-ammonium bromide, 1.4 mM NaCl, 20
mM EDTA, 100 mM Tris-Cl at pH 8.0, 10 mg/L RNAse A), and incubated
for 1 h at 65°C. After phenol/chloroform extraction, genomic DNA was
precipitated in isopropanol and resuspended in TE buffer. DNA (3 µg) was
digested overnight at 65°C with Tru1I (Fermentas). Products were re-
solved on a 1% agarose gel. Telomeric signals were detected by Southern-
blot using a 5�-32P-labeled (TTTAGGG)4 single-strand probe.

Cytogenetics experiments and telomere fusion PCR
DAPI (4�,6�-diamidino-2-phenylindole)-stained chromosome spreads
were prepared from pistils as described (Martínez-Zapater and Salinas
1998). Telomere fusion PCR experiments including PCR conditions,
cloning, sequencing, and program analysis were performed as described
(Heacock et al. 2004). Primers were 3L-F1 (AGACGAGGAGACTAG
GAACG), 3L-1 (CATAATTCTCACAGCAGCACCGTAGA), 3R-R1 (GT
ATGGATGCCGGGAAAGTTGCAGACAA), 4R-F1 (CTTATCAACAT
CAGCTGGTC), 5L-1 (AGGTAGAGTGAACCTAACACTTGGA), and
5R-1 (CAGGACGTGTGAAACAGAAACTACA).
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