
Disruption of the telomerase catalytic subunit gene
from Arabidopsis inactivates telomerase and leads
to a slow loss of telomeric DNA
Matthew S. Fitzgerald*, Karel Riha*, Feng Gao*, Shuxin Ren†, Thomas D. McKnight†, and Dorothy E. Shippen*‡

*Department of Biochemistry and Biophysics, Texas A&M University, College Station, TX 77843-2128, and †Department of Biology, Texas A&M University,
College Station, TX 77843-3258

Edited by Joseph G. Gall, Carnegie Institution of Washington, Baltimore, MD, and approved October 25, 1999 (received for review August 18, 1999)

Telomerase is an essential enzyme that maintains telomeres on
eukaryotic chromosomes. In mammals, telomerase is required for
the lifelong proliferative capacity of normal regenerative and
reproductive tissues and for sustained growth in a dedifferentiated
state. Although the importance of telomeres was first elucidated in
plants 60 years ago, little is known about the role of telomeres and
telomerase in plant growth and development. Here we report the
cloning and characterization of the Arabidopsis telomerase reverse
transcriptase (TERT) gene, AtTERT. AtTERT is predicted to encode a
highly basic protein of 131 kDa that harbors the reverse transcrip-
tase and telomerase-specific motifs common to all known TERT
proteins. AtTERT mRNA is 10–20 times more abundant in callus,
which has high levels of telomerase activity, versus leaves, which
contain no detectable telomerase. Plants homozygous for a trans-
fer DNA insertion into the AtTERT gene lack telomerase activity,
confirming the identity and function of this gene. Because telo-
meres in wild-type Arabidopsis are short, the discovery that te-
lomerase-null plants are viable for at least two generations was
unexpected. In the absence of telomerase, telomeres decline by
approximately 500 bp per generation, a rate 10 times slower than
seen in telomerase-deficient mice. This gradual loss of telomeric
DNA may reflect a reduced rate of nucleotide depletion per round
of DNA replication, or the requirement for fewer cell divisions per
organismal generation. Nevertheless, progressive telomere short-
ening in the mutants, however slow, ultimately should be lethal.
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The groundbreaking studies of Barbara McClintock (1, 2) and
Hermann Muller (3) demonstrated that genome stability

depends on the integrity of the telomere complex at the ends of
eukaryotic chromosomes. Although alternative strategies have
been reported (4), telomere synthesis by telomerase is the
primary mechanism for sustaining chromosome ends in eu-
karyotes. Telomeres and their maintenance by telomerase com-
prise a biological clock that influences cellular lifespan in
mammals (5). Telomerase expression is confined primarily to the
germ line and permanently regenerating tissues of the adult
soma. In other cells, telomerase is turned off and telomeres
progressively shorten with each division. Once telomeres shorten
below a critical length, a DNA damage checkpoint is activated,
leading to cellular senescence and death. Telomerase is reacti-
vated in about 85% of all human tumors and telomere function
is maintained indefinitely (6).

Telomerase is a ribonucleoprotein reverse transcriptase (7).
The RNA subunit contains a templating sequence complemen-
tary to the G-rich strand of the telomere, whereas the telomerase
reverse transcriptase (TERT) harbors the catalytic activity for
telomere repeat synthesis. Characterization of TERT subunits
from a variety of protozoa, yeasts, and mammals has revealed
several distinct reverse transcriptase motifs that comprise the
polymerase active site as well as a telomerase-specific motif
(8–12).

TERT mRNA levels parallel telomerase activity in both
mice and humans (9, 13–15). Further regulation is achieved
posttranscriptionally by alternative splicing (16, 17) and per-
haps by differential protein stability (18). Ectopic expression
of TERT in telomerase-negative tissue culture cells activates
telomerase and leads to telomere lengthening and increased
lifespan (19–22). Thus, TERT is a key regulator of the telomere
clock in mammals (23).

Characterization of telomerase-null mice established a critical
role for this enzyme in mammalian growth and development.
Phenotypically normal for the first five generations, telomerase-
null mice exhibit inexorable telomere shortening at a rate of
approximately 5 kbp per generation (24). In the sixth generation,
the proliferative capacity of self-renewing tissues decreases,
abnormal karyotypes are observed, and the male reproductive
system collapses (25). The delay in detecting a detrimental
phenotype in Mus musculus is attributed to the extremely long
telomeres in this species (40–150 kbp) (26, 27), which must be
eroded before chromosome ends become uncapped.

Plants have a more plastic pattern of development than
animals. Although this plasticity might suggest a more flexible
profile of telomerase regulation, telomerase expression actually
is tightly controlled in plants and closely associated with cell
proliferation and dedifferentiation (28). Telomerase is not de-
tectable in vegetative tissues, but is highly expressed in repro-
ductive (refs. 29–33; M.S.F. and D.E.S., unpublished work) and
dedifferentiated tissues, including crown gall tumors of tobacco
(E. Grace, T.D.M., and D.E.S., unpublished results) and callus
cultures of barley (34), Arabidopsis (35), carrot, and soybean
(29).

We are using Arabidopsis thaliana as a model to define the role
of telomerase in plant growth and development and to address
fundamental questions concerning telomere function in higher
eukaryotes. One advantage of Arabidopsis over mouse is that it
contains significantly shorter telomeres (2–4 kb) (36) and hence
perturbations in the telomere maintenance machinery should be
readily detected as proportionally large changes in a short
sequence. Here we report the cloning of the Arabidopsis TERT
gene (AtTERT) and demonstrate that its expression is an accu-
rate marker for telomerase activity. We also show that a ho-
mozygous transfer DNA (T-DNA) insertion in the AtTERT gene
abolishes telomerase activity. Despite the short telomeres in
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Arabidopsis, the telomerase deficiency is not immediately lethal
and mutant plants survive for at least two generations.

Materials and Methods
Plant Growth and Callus Induction. A. thaliana (Columbia ecotype)
was grown at 21°C in an environmental growth chamber under
a 24-hr photoperiod. Callus was initiated by placing excised
hypocotyls of 4-day-old plants on solid MS medium (37) sup-
plemented with 2 mg 2,4-dichlorophenoxyacetic acid and 0.05
mg kinetin per liter. Callus was maintained in the dark at 25°C
on the same medium.

Preparation of Telomerase Extracts and Telomere Repeat Amplifica-
tion Protocol (TRAP) Assays. Extracts were prepared from rosette
and cauline leaves, inflorescence bolts, f lowers, and siliques as
described (29). Telomerase was detected by a modified version
of the TRAP (29). Products were resolved on 6% sequencing
gels that were dried and subjected to autoradiography.

Cloning and Sequence Analysis of the AtTERT Genomic Clone and
cDNA. The peptide sequence of human TERT was used to query
all Arabidopsis DNA sequences in GenBank by the TBLASTN
algorithm (38). A 624-bp region at the end of one bacterial
artificial chromosome clone (T17O4) was identified as encoding
a protein with a high degree of similarity to human TERT.
Primers 1235 (CTTCATTGCAGCCAACAGAAA) and 1233
(GACTACACAAGGTCTGCCTCA) were used to generate a
PCR probe to identify a genomic clone from an A. thaliana
(Landsberg erecta) lambda library, kindly provided by Terry
Thomas (Texas A & M University). Six- and nine-kilobase SalI
fragments were subcloned into pGEM-3Zf, and both strands of
the gene were sequenced. Exonyintron junctions were predicted
by the SPLICEPREDICTOR program (39). The position of introns
was verified by sequence analysis of AtTERT cDNA. Three
segments of AtTERT mRNA from callus were amplified by
reverse transcription–PCR (RT-PCR) using the Access RT-PCR
kit (Promega). The products were cloned into the pBAD vector
(Invitrogen) and sequenced. Multiple sequence alignments were
performed by the program CLUSTAL W (version 1.74) using a
BLOSUM 62 matrix under default parameters (40).

RNA Extraction and RT-PCR Analysis of AtTERT mRNA. Arabidopsis
leaf and callus mRNA was isolated by using the FastTrack
mRNA isolation kit (Invitrogen). RT-PCRs were carried out
with 100 ng of mRNA by using the Assess RT-PCR system
(Promega) following the manufacturer’s instructions. Reactions
were performed with three sets of primers: 6 (GGACATATC-
CATCAAGGGC) and 7 (GGAAGCTGTATTGCACG); 5
(GCCCTTGATGGATATGTCC) and 48 (CCAACTGCAG-
CATGTTGTTC); 10 (GTCGTTCCGGACTTCAATGC) and
11 (CTGCTCTGATTCAAAGCTCC). RT was conducted in a
RoboCycler (Stratagene) for 45 min at 48°C and then the
enzyme was inactivated by incubation at 96°C for 2 min. PCR was
carried out for 20 cycles under the following conditions: 94°C for
45 sec, 63°C for 45 sec, 72°C for 1 min followed by a final
elongation period of 7 min at 72°C. A 10-ml aliquot of the PCR
was resolved on a 1.5% agarose gel and subjected to Southern
blot analysis using probes generated from each PCR product. As
a quantitation control, RT-PCR was performed on leaf and
callus mRNA with primers specific for the cystosolic glyceral-
dehyde-3-phosphate dehydrogenase gene (forward: GACCT-
TACTGTCAGACTCGAG and reverse: CGGTGTATC-
CAAGGATTCCCT). Signals were quantitated on a STORM
PhosphorImager (Molecular Dynamics).

Identification of an AtTERT Null Plant. The PCR-based method of
McKinney et al. (41) was used to screen T-DNA insertion lines
for a disruption of the AtTERT gene. Pooled DNA samples from

12,000 T-DNA insertion lines (CD5–7 and CD6–7) were ob-
tained from the Arabidopsis Biological Resource Center
(ABRC). DNA was provided in 12 pools of 1,000 individual
lines. PCR was performed in a Stratagene RoboCycler using
50-ml reactions containing 25 ng of pooled DNA, 1 unit of Taq
polymerase (Promega), 0.1 mM dNTPs, and 250 mM of primers
for the left or right border of the T-DNA (provided by ABRC)
along with primer 1 (GTTTATGTGCTAAGCGACCT-
GCGTTTGCG) or primer 4 (GAATACATCCGCAACCA-
CAAAGTACAAAG) derived from the AtTERT sequence.
PCR conditions were 3 min at 94°C, followed by 40 cycles (94°C,
45 sec; 65°C, 1 min; 72°C, 2 min) and a final extension at 72°C
for 7 min. Southern blot analysis was used to assess the validity
of PCR products.

A plant heterozygous for the T-DNA disruption was self-
pollinated and its progeny were screened for a mutation in both
alleles by PCR. DNA was extracted from young leaves of
individual progeny (42) and 1 ml was added to a PCR mixture
containing 1.5 mM MgCl2, 200 mM dNTPs, 800 mM primer 6,
500 mM primer 7 primer, 400 mM T-DNA LB (CD6) primer, and
1 unit of Taq polymerase (Promega). PCR conditions were 2 min
at 94°C, then 35 cycles (45 sec at 94°C, 45 sec at 60°C, and 1 min
at 72°C) and a final extension of 5 min at 72°C. A 457-bp product
was generated from the wild-type allele, and a 729-bp product
was generated with the disrupted allele. Plants with a homozy-
gous disruption were self-pollinated to obtain subsequent gen-
erations.

DNA Extraction and Terminal Restriction Fragment (TRF) Analysis.
DNA was extracted according to Li and Chory (43) from rosette
leaves 3 weeks after germination or from stems with inflores-
cences and siliques 5 weeks after germination. A 1-mg aliquot of
DNA from each sample was cleaved with Tru9I (Promega),
resolved on a 1% agarose gel, and subjected to Southern blot
analysis as described (32). [32P] 59 end-labeled (T3AG3)4 was
used as a probe. Radioactive signals were scanned by a STORM
PhosphorImager (Molecular Dynamics), and the data were
analyzed by IMAGEQUANT software (Molecular Dynamics).

Results
Identification of the AtTERT Gene. The gene encoding the TERT
from Arabidopsis was identified by using the human TERT
protein (9) as the query sequence in a BLAST search of the
Arabidopsis database. We found a short region at the end of a
bacterial artificial chromosome (BAC T17O4) encoding a pro-
tein with strong similarity to conserved RT domains in human
and yeast TERTs. A probe generated from the BAC was used to
retrieve the corresponding region from a lambda genomic
library.

A 5,618-bp region of genomic DNA spanning the putative
TERT gene was sequenced (GenBank accession no. AF172097).
Intron organization was predicted by the SPLICEPREDICTOR
program (39) and confirmed by sequence analysis of three cDNA
clones (Fig. 1A). The gene harbors 11 introns and encodes a
single basic protein (pI 5 9.62) of 131 kDa. The predicted
peptide sequence is 24% identical and 62% similar to the human
TERT and carries all of the motifs conserved in other TERTs
(Fig. 1B). Amino acid residues in the T motif and RT motifs 1,
2, A, and C shown to be essential for telomerase activity in yeast
(8), and human TERTs (44, 45) also are conserved in the
Arabidopsis protein. Based on its similarity to other TERT genes,
we designated the Arabidopsis gene, AtTERT. Southern analysis
indicated that AtTERT is single-copy in the Arabidopsis genome
(data not shown).

Expression of AtTERT mRNA Correlates with Telomerase Activity. We
tested whether the AtTERT gene expression correlates with
telomerase activity. TRAP assays were performed on various
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vegetative and reproductive organs from Arabidopsis. As shown
for other plants (29, 30, 32, 33), telomerase was undetectable in
leaves (Fig. 2A, lanes 2 and 3), but strongly expressed in cells with
high proliferation capacity (reproductive organs, seeds, and
callus) (Fig. 2 A, lanes 1, 4 and 7). To determine whether AtTERT
mRNA levels correlate with enzyme activity, RT-PCR experi-
ments were conducted with callus (telomerase positive) and
rosette leaf (telomerase negative) RNA samples. Primer pair 6
and 7 does not span an intron and is expected to generate a
457-bp product, whereas primer set 10 and 11 flanks an intron
and should generate a 237-bp product in the spliced mRNA (Fig.
1A). Although the PCRs yield products of the predicted size in
both callus and leaf mRNA samples, the level was 10- to 20-fold
higher in callus (Fig. 2B). In telomerase-negative human cells,
human TERT mRNA is alternatively spliced to eliminate an
essential RT motif in the protein (16, 17, 46). The ninth intron
in the AtTERT gene lies between motifs A and B near but not
precisely in the same position as the alternatively spliced intron
in human TERT. To test whether this intron is alternatively
spliced in AtTERT mRNA, RT-PCR experiments were per-
formed with primers 5 and 48 (Fig. 1 A). Although the intensity
of the products was reduced in leaves relative to callus, the
expected 606-bp product was generated in both reactions, indi-
cating that this intron spliced in the same manner in both tissues
(Fig. 2B).

Disruption of the AtTERT Gene by T-DNA Insertion Eliminates Telom-
erase Activity. The identity and function of the AtTERT gene were
confirmed by examining a plant with this gene disrupted by a

T-DNA insertion. To obtain an AtTERT-deficient plant, we
screened 12,000 independently transformed Arabidopsis lines by
using a PCR-based procedure (reviewed in ref. 47). A plant was
identified harboring a T-DNA inserted in the ninth exon of
AtTERT, 228 nt upstream of the region encoding the T-motif
(Fig. 1 A).

PCR with primers designed to detect the insertion or a
wild-type exon showed that the original plant was heterozygous
for the T-DNA insertion. This plant was allowed to self-pollinate,
and its progeny were screened by PCR to find plants with a
homozygous disruption of AtTERT. The T-DNA insert was
inherited in a Mendelian manner, and one-fourth of the progeny
(6y23) were homozygous for the AtTERT disruption. TRAP
assays conducted on floral buds from the knockout lines con-
firmed that AtTERT is a single-copy gene and is essential for
telomerase activity in Arabidopsis (Fig. 3, lane 6).

Telomere Shortening in Telomerase-Deficient Plants. Plants with an
AtTERT disruption do not exhibit obvious phenotypic changes in
the first (G1) or second (G2) generation. Because a temporal lag
between telomere loss and diminished cell viability is charac-
teristic of telomerase-null yeast (48, 49) and mice (25), we
investigated the status of telomeres in mutant plants using TRF
analysis of DNA from leaves, f loral buds, and siliques (seed
pods). Tru9I digestion of DNA from wild-type plants and plants
heterozygous for the AtTERT disruption generated a classic
telomere smear between 2 and 4 kbp (Fig. 4A, lanes 1, 2, and 5).

Fig. 1. Identification of the AtTERT gene. (A) Schematic representation of the AtTERT gene. Open boxes represent exons, black lines, introns, and gray boxes,
conserved TERT motifs. The position of PCR primers (arrows) and a T-DNA insertion are indicated. (B) Alignment of AtTERT with TERT proteins from human
(hTERT) (9), mouse (mTERT) (18), Schizosaccharomyces pombe (SpTERT) (9), Saccharomyces cerevisiae (ScTERT) (8), Euplotes aediculatus (EaTERT) (8), Oxytricha
trifallax (OtTERT) (12), and Tetrahymena thermophila (TtTERT) (11, 12).
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Interestingly, the size of the telomeric DNA tracts in rosette
leaves (Fig. 4A, lane 1) was the same as in floral buds and sliques
(Fig. 4A, lane 2), demonstrating that Arabidopsis telomeres do
not undergo the dramatic shortening characteristic of telomeres
in barley development (34) and aging mammalian cells (50).

DNA samples from homozygous mutant plants exhibited a
strikingly different profile. Starting in G1, the telomeric smear in
AtTERT-deficient plants was replaced by several sharp bands
(Fig. 4A, lane 3). By G2 at least 11 discrete telomeric fragments
were visible (Fig. 4A, lane 4; Fig. 4B). The Tru9I restriction
enzyme (recognition sequence: TTAA) cleaves degenerate telo-
mere repeat sequences adjacent to the terminal T3AG3 tract
(36). We tested whether the discrete banding profile would be
evident in DNA samples treated with enzymes that cut at more
internal sites on the chromosome. A similar banding profile was
obtained with HaeIII (Fig. 4C) or AluI digestion (data not
shown). Several of the higher molecular weight telomeric bands
in G1 and G2 homozygous mutants comigrated with the smear of
wild-type DNA and one band actually appeared to increase in
size in G2. Overall, however, the profile showed a dramatic
downward shift from G1 to G2 (Fig. 4A, lanes 3 and 4).
PhosphorImager analysis of the smallest telomere fragments
indicated that the telomeres were shortening at a rate of
approximately 500 bp per generation (Fig. 4 B and C). This rate
of depletion is 10-fold slower than in telomerase-null mice (24).

Telomerase Expression Is Not a Prerequisite for Dedifferentiation.
Human cells stop dividing in culture within approximately 50 cell
divisions, and immortalized lines are generated only if senes-

cence is bypassed by oncogenic viral infection or multiple genetic
mutations (51). In contrast, most cells in cultured plant explants
achieve immortality. To investigate whether telomerase activa-
tion is a prerequisite for dedifferentiation and immortalization
in plants, we asked whether callus could be generated from
telomerase-null plants. In wild-type plants, callus is easily in-
duced from Arabidopsis hypocotyls (see Materials and Methods).
Callus was readily generated from G1 telomerase-null plants and
is morphologically indistinguishable from wild-type callus (data
not shown). TRAP assays confirmed that telomerase was not
reactivated (data not shown). The callus has been successfully
cultivated for 4 months, and future studies will reveal whether it
is dedifferentiated but mortal, a novel combination of traits for
plant cells.

Discussion
Plant and animal lineages evolved independently before multi-
cellularization and this divergence is reflected in their distinctive
patterns of development. Expression of telomerase and, in
particular, the TERT subunit of telomerase, is intimately tied to
cell proliferation programs, dedifferentiation, and immortaliza-
tion in mammals. To elucidate the role of telomerase in plant
growth and development, we cloned the gene encoding the
catalytic subunit of the Arabidopsis telomerase and confirmed its
identity by demonstrating that plants with a T-DNA insertion in
this gene lack telomerase activity. The structure of AtTERT is
remarkably similar to other TERTs and like the mammalian
counterparts, AtTERT expression is an accurate marker for
enzyme activity. While this work was under review, Oguchi et al.
(52) reported the cloning of AtTERT cDNA and provided
further evidence that AtTERT expression correlates with telom-
erase activity.

It is not surprising that telomerase is active in reproduction in
both plant and animal lineages where it helps ensure that

Fig. 2. AtTERT mRNA levels correlate with telomerase activity. (A) Telom-
erase regulation in Arabidopsis. TRAP results from different organs. Elonga-
tion ladders correspond to the addition of TTTAGGG repeats. Silque (seed
pod); inflor. (inflorescence) bolt. (B) RT-PCR products from callus (C) and leaf
(L) mRNA. Primer pairs used to generate AtTERT products (*) are indicated.
Bottom band represents the glyceraldehyde-3-phosphate dehydrogenase
quantitation control.

Fig. 3. Plants with a homozygous disruption in the AtTERT gene lack
telomerase. TRAP assays were performed on the floral buds from plants that
are wild type (1y1), heterozygous (1y2), or homozygous (2y2) for the
T-DNA disruption in AtTERT.
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progeny inherit a full complement of chromosomes. However,
that both plants and animals independently evolved mechanisms
to repress telomerase in most nonreproductive organs is note-
worthy. It may be that constitutive expression of telomerase has
an adverse impact on fitness. A nonadaptive model for the loss
of expression in nonreproductive organs is also feasible. Sto-

chastic inactivation of telomerase in nonreproductive organs
probably has no deleterious consequences, and over time most
evolutionary lineages may have lost the ability to express telom-
erase except in tissues where it is essential.

One interesting outcome of our study was the observation that
telomerase expression is not a prerequisite for dedifferentiation
in Arabidopsis. Likewise, fibroblasts derived from telomerase-
deficient mice grow in culture beyond 500 population doublings
and form tumors as efficiently as wild-type cells (24). Cytoge-
netic studies revealed telomere shortening occurs at different
rates on individual mouse chromosomes, and some telomeres
actually increase in length, implying that an alternative telomere
maintenance mechanism (ALT) has been activated (53). In yeast
(54) and probably in mammals (4), ALTs are mediated by
recombination. Because plants induce recombination pathways
at a higher frequency than animals (55, 56), ALTs may be readily
activated in telomerase-null plants and callus. One piece of data
supporting this idea is the observation that at least one of the
telomeric bands from the mutants appears to increase in size in
second-generation null plants (see below).

Given the short telomeres of Arabidopsis (57), it was unclear
whether plants carrying a homozygous disruption of AtTERT
would be viable. That these plants were recovered at expected
frequencies in the progeny of the initial heterozygous plant
indicates a lack of detrimental effect on gametogenesis and
embryogenesis. These plants currently are growing in their third
generation. Although the homozygous mutants display no ob-
vious growth defects, TRF analysis demonstrated that their
telomeres are significantly shorter than wild-type plants. Pro-
gressive telomere shortening in subsequent generations ulti-
mately should lead to profound defects in growth and develop-
ment, if telomerase action is essential for genome stability.

TRF experiments uncovered a remarkable qualitative change
in the structure of telomeres in telomerase-null plants, which
provides insight into the mechanism of telomere maintenance.
Telomeres typically appear as a smear of DNA representing
variations in telomere length at individual chromosome ends and
between cells. Instead of a telomere smear, DNA samples from
plants homozygous for the AtTERT disruption exhibited a series
of discrete bands.

These bands could represent amplification of subtelomeric
sequences, analogous to the accumulation of telomere-
associated Y9 elements, an ALT that allows a small subset of
yeast cells to survive without telomerase (54). Y9 elements
contain stretches of telomeric DNA repeats, and accumulation
of these internal telomeric repeats is thought to restore telomere
function. Three lines of evidence argue against this mechanism
in telomerase-null plants. First, the telomeric bands appear in
the first generation of telomerase-deficient plants and com-
pletely replace the normal profile of telomeric DNA. The
Mendelian inheritance of the T-DNA disruption indicates that
telomerase-deficient gametes or embryos are not selected
against, and hence the TRF pattern is not derived from rare cells
that activated an ALT. Second, the Tru9I restriction enzyme
cleaves within a tract of variant telomeric sequence adjacent to
the perfect array of terminal T3AG3 repeats. Accordingly,
telomeric smears should still be detectable in DNA samples from
telomerase-null plants. Finally, the majority of telomeric frag-
ments decrease in size in successive generations of the mutants,
a finding consistent with erosion of terminal DNA tracts.

We postulate that the discrete telomeric bands represent
individual chromosome ends. Arabidopsis embryos begin life as
a single cell with 20 telomeres, each with a defined size. During
embryogenesis and subsequent development of wild-type plants,
telomerase extends the telomeric DNA tract whereas other
activities such as incomplete DNA replication and possibly
telomere-specific nucleases (58) shorten the tract. Together,
these activities broaden the size distribution of all 20 telomeres,

Fig. 4. Progressive telomere shortening in telomerase-deficient plants. (A)
TRF analysis. Shown are results with Tru9I digestion of DNA from rosette leaves
(lane 1) or floral buds and siliques (lane 2) of wild-type plants and rosette
leaves of heterozygous plants (lane 5). Results with rosette leaf DNA from
first-generation (G1) and second-generation (G2) plants homozygous AtTERT
disruption are shown in lanes 3 and 4. (B) Quantitative analysis of TRF data
from wild-type (wt) and G2 homozygous mutant plants digested with Tru9I or
HaeIII (C) are shown. * indicate interstitial DNA with homology to the telo-
meric repeat. The rate of telomere shortening was calculated by comparing
the size of the smallest telomere fragments in each generation of the mutants
with telomeres from wild-type plants.
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generating the typical smear on Southern blots. If telomere
lengthening by telomerase is primarily responsible for generating
size heterogeneity, then telomeres in telomerase-deficient plants
should remain at a discrete, but shortened, size in all descendant
cells. The striking homogeneity of the fragments implies that the
rate of telomere shortening is the same for a given chromosome
in every cell, a conclusion supported by fluorescence in situ
hybridization analysis of cells derived from telomerase-deficient
mouse embryos (54). When the Arabidopsis genome project is
completed next year (59), specific probes for all the telomeres
can be generated to test this model and to address whether ALTs
are acting on particular chromosome ends.

At only 500 bp per generation, the rate of telomere loss in
telomerase-null plants is 10 times less than the rate reported for
telomerase-deficient mice (24). We envision two possible expla-
nations for this discrepancy. First, fewer nucleotides may be lost
from Arabidopsis telomeres per round of DNA replication.
Arabidopsis may be similar to yeast wherein telomeres in telom-
erase-negative cells decline by only 2–4 bp per cell division (48)

instead of the 50- to 100-bp loss in mammalian cells (50, 60).
Second, there may be fewer cell generations per organismal
generation in Arabidopsis than in mice. Approximately 50 cell
generations are required per mouse generation (61, 62). Estab-
lishing the corresponding number for Arabidopsis is problematic
because mitotic activity primarily is concentrated in a few
meristematic zones, and cell division rates vary widely within a
single meristem (63). Whatever the cause, the slow rate of
telomeric DNA loss in conjunction with the global qualitative
changes that occur in telomeres of telomerase-null mutants
indicate that Arabidopsis will be a useful model for investigating
telomere maintenance mechanisms in higher eukaryotes.

We thank Alan Pepper for supplying the T17O4 bacterial artificial
chromosome clone, the Gene Technology Laboratory at Texas A&M for
running DNA sequencing gels, the Arabidopsis Stock Center for sup-
plying DNA and seeds from T-DNA lines, and Jeff Kapler and Craig
Nessler for critically reading the manuscript. This work was funded by a
grant from the Advanced Texas Research Program to D.E.S. (999902–
141) and T.D.M. (010366–141).
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