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The hexamer repeat sequence (TTAGGG)n, found at
the ends of all vertebrate chromosomes, was previously
identified as the main building element of one member
of a HindIII satellite DNA family characterized in the
genome of the bivalve mollusc Donax trunculus. It was
also found in 22 perfect tandem repeats in a cloned
junction region juxtaposed to the proper satellite se-
quence, from which the DNA tract encompassing the
clustered tandem copies was excised and subcloned.
Here, the chromosomal distribution of (TTAGGG)n se-
quences in the Donax was studied by the sensitivity to
Bal31 exonuclease digestion, fluorescence in situ hy-
bridization (FISH) on metaphase chromosomes and ro-
tating-field gel electrophoresis. To verify the occurrence
of the hexamer repeat in the genomes of taxonomically
related molluscs and other marine invertebrates,
genomic DNA from the mussel Mytilus galloprovincialis
and the echinoderm Holothuria tubulosa was also ana-
lyzed. The kinetics of Bal31 hydrolysis of high molecular
mass DNA from the three marine invertebrates revealed
a marked decrease over time of the hybridization with
the cloned (TTAGGG)22 sequence, concomitantly with a
progressive shortening of the positively reacting DNA
fragments. This revealed a marked susceptibility to ex-
onuclease consistent with terminal positioning on the
respective chromosomal DNAs. In full agreement, FISH
results with the (TTAGGG)22 probe showed that the re-
peat appears located in telomeric regions in all chromo-
somes of both bivalve molluscs. The presence of
(TTAGGG)n repeat tracts in marine invertebrate te-
lomeres points to its wider distribution among eukary-
otic organisms and suggests an ancestry older than orig-
inally presumed from its vertebrate distinctiveness.

The ends of eukaryotic chromosomes are capped with func-
tional nucleoprotein structures known as telomeres, which are

required to complete the telomerase-dependent replication of the
tips of the linear DNA molecules and to preserve the stability and
integrity of chromosome arms, as well as for chromosome posi-
tioning and segregation (1). Telomeres are structurally complex
and contain several DNA components. Essentially, short double-
stranded DNA repeats organized in tandem arrays at the tip
regions and more complex satellite DNA sequences attached to
the tandem repeats, which constitute the internal telomere-as-
sociated DNA and form the subtelomeric regions (2). The former
contain G-rich strands that are enzymatically elongated by the
reverse transcriptase telomerase as single-stranded tails that
extend beyond the complementary C-rich strand toward the chro-
mosomal 3� termini (3).

The structural organization and function of telomeres are
fairly conserved among widely divergent organisms from pro-
tozoa to vertebrates and higher plants (4). In contrast, telo-
meric DNA sequences appear to be variable between species
and confined within large taxonomic groups, therefore telo-
meric repeats are considered group-specific (5). In this regard,
vertebrates display a repeat motif, namely (TTAGGG)n, which
is conserved in all species so far examined from mammals to
fish (6, 7). Studies on telomeric DNA in invertebrates are less
abundant and mainly restricted to insects (8, 9), some other
arthropods (10), and a few flat and roundworms (11–14). In-
vertebrate telomeric repeats differ from those found in verte-
brates in several respects. They exhibit a certain degree of
heterogeneity in DNA sequence and repeat lengths (1). In ad-
dition, most insects display the pentanucleotide (T2AG2)n as
the telomeric repeat element (10). Moreover, synthetic oligonu-
cleotides mimicking the pentanucleotide motif do not recognize
sequences from vertebrate genomic DNA, nor do (TTAGGG)n
oligomers hybridize with insect DNA (8). To date, studies on
telomeric DNA in marine and freshwater invertebrates are
rather scarce and fragmentary. For instance, (T2AG2)n-contain-
ing telomeres have been reported in a freshwater crustacean
(10) but found absent in a holothuroid, whose genomic DNA
yielded fuzzy hybridization signals with a (TTAGGG)n probe
(8). A similar probe has been preliminarily reported to hybrid-
ize to some extent with genomic DNA from an echinoid (15),
two marine annelids (16), a neogastropod (17), and the bay
scallop (18). Some fluorescent in situ hybridizations to chromo-
somes of the pacific oyster (19) and the freshwater snail Bi-
wamelania habei (20) have also been described.

We recently characterized a family of HindIII satellite DNAs
in the genome of the bivalve mollusc Donax trunculus (21).
Restriction endonuclease digestions of sperm DNA from the
truncated wedgeshell with HindIII allowed detection of a DNA
fragment the size of a satellite pentamer, which resisted endo-
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nuclease cleavage even under extensive digestion conditions.
Cloning of the DNA in the corresponding band yielded a set of
recombinants showing positive albeit weak reactivity toward
one of the characterized HindIII satellites. The 836-bp cloned
insert appeared to be of a heterogeneous nature, since it con-
sisted of a satellite DNA sequence tract, preceded upstream by
a segment 130 bp long made up of tandemly arrayed perfect
copies of the hexanucleotide (TTAGGG). The 5�-end of the
cloned insert consisted of a segment without any sequence
elements resembling those of the characterized satellite
structures.

Studies of telomeric repeats and their modes of association
with repetitive DNA sequences might provide insight into the
structural organization and function of telomeric and subtelo-
meric regions. In this paper we report the molecular cloning of
the clustered tandem copies of the hexanucleotide (TTAGGG)
previously detected in the sperm DNA of D. trunculus. This
cloned DNA segment was used as a probe to study the chromo-
somal localization of (TTAGGG)n sequences in the truncated
wedgeshell clam by following the time course of digestion of
DNA with the exonuclease Bal31. We also examined genomic
DNA from the Mediterranean mussel Mytilus galloprovincialis
and the sea cucumber Holothuria tubulosa. The results indi-
cate that both molluscs as well as the echinoderm species
contain clusters of the (TTAGGG) repeat and that the tandem
arrays are preferentially located at their chromosome ends. In
addition, FISH1 on metaphase chromosomes of both molluscs
together with RFGE analyses supported the localization sug-
gested by the exonuclease experiments. This work demon-
strates the presence and location of the vertebrate-type hex-
amer repeat in telomeres of marine molluscs and echinoderms.

EXPERIMENTAL PROCEDURES

Organisms and Isolation of Genomic DNA—Adult specimens of the
truncated wedgeshell (D. trunculus), the blue mussel (M. galloprovin-
cialis), and the sea cucumber (H. tubulosa) were either obtained from
commercial suppliers or collected on the Mediterranean or northwest-
ern coast (Ria de Ribadeo and Balcobo beach) of Spain during the
breeding season. Specimens of live H. tubulosa were moved to the
laboratory and kept in cold seawater until use. Sperm fluid was ob-
tained as described previously (22). Briefly, mollusc shells were care-
fully opened with a scalpel, and the gills were removed to expose
gonadal tissue. Sperm fluid was collected through a small incision with
the aid of a Pasteur pipette. Male gonads from the echinoderm species
were excised immediately before use, squeezed, and the resulting sperm
fluid filtered through flannelette as detailed elsewhere (21). High mo-
lecular mass DNA was isolated and purified from fresh sperm suspen-
sions by standard phenol extraction with some modifications (23).

Bal31 Exonuclease Digestion and DNA Restriction—To test for the
chromosomal positioning of (TTAGGG) repeat tracts, purified sperm
DNA samples were subjected to Bal31 exonucleolytic trimming with
time. High molecular mass DNA (20 �g) in 20 mM Tris-HCl (pH 8.0),
600 mM NaCl, 12.5 mM CaCl2, 12.5 mM MgCl2, 1 mM Na2EDTA was
supplemented with �-DNA HindIII fragments (0.5 �g) to monitor the
extent of the digestion and treated with Bal31 nuclease (2 units) at
30 °C in a final volume of 150 �l. Aliquots of 3.3 �g of DNA (one-sixth
of the bulk reaction) were taken at various times: time 0 (prior to
enzyme addition), 10, 20, 30, 40, and 50 min, respectively. Reactions
were halted by addition of Na2EDTA to 50 mM, inactivated at 75 °C for
10 min, and chilled on ice. Digested DNAs were then recovered by
ethanol precipitation and finally dissolved in distilled water. A sixth
part of the DNA digests (0.55 �g) was used to monitor �-HindIII
fragment trimming, whereas the remainder (2.75 �g) was further di-
gested with AluI.

Southern Transfers and Hybridization Conditions—All enzymatic
digests were electrophoresed on 0.8% agarose gels and the resolved
DNA fragments subsequently transferred to positively charged nylon
membranes by alkaline blotting in 0.4 N NaOH after partial depurina-

tion (24). DNA probes were labeled with fluorescein-12-dUTP by ran-
dom priming with the Klenow fragment of DNA polymerase I using the
Ready-To-Go labeling beads (Amersham Biosciences). Hybridizations
were carried out overnight at 42 °C in 50% formamide containing 0.25
M Na2HPO4 (pH 7.2), 7% SDS, 1 mM EDTA, and 50 �g/ml tRNA,
followed by stringent washes in 0.1 � SSC (saline-sodium citrate), 1%
SDS at 65 °C, except for the cloned histone H4 probe from H. tubulosa,
which was hybridized at 35 °C, and the membrane washed at 57 °C.
Stringency washes were followed by blocking with 0.2% casein, 0.5%
SDS in phosphate-buffered saline and the filters finally reacted with an
alkaline phosphatase-conjugated anti-fluorescein antibody (Tropix).
Hybridization signals were visualized by chemiluminescence using the
dioxetane CDP-Star (disodium 2-chloro-5-(4-methoxyspiro{1,2-dioxet-
ane-3,2�-(5�-chloro) tricyclo[3.3.1.13,7]decan}-4-yl)-1-phenyl phosphate)
(Roche Diagnostics) and recorded on x-ray film.

Dot-blot Quantitations—The relative genomic abundance of the
(TTAGGG) hexamer sequence was determined by dot-hybridization of
graded amounts of both D. trunculus sperm DNA and the recombinant
plasmid containing the 148-bp fragment encompassing the
(TTAGGG)22 tandem repeat. DNA samples were spot-blotted onto nylon
and the membrane subsequently probed with the repetitive insert re-
leased from the recombinant clone and 32P-labeled by random priming
(25). After exposure to film the intensities of the radioactive signals
were quantified using a computer-assisted laser densitometer loaded
with the ImageQuant program (Molecular Dynamics). Mean values
were derived from two independent experiments.

Rotating-field Gel Electrophoretic Analysis—The genomic organiza-
tion of (TTAGGG) tandem arrays was examined by RFGE. Aliquots of
purified sperm suspensions from D. trunculus were embedded in 0.5%
agarose plugs at a DNA concentration of 0.5 �g/�l as previously de-
scribed (22). Agarose plugs containing high molecular mass DNA larger
than 400 kb were incubated with selected restriction endonucleases and
the resulting large genomic fragments resolved on 1.2% agarose gels in
0.5 � TBE (Tris-borate-EDTA) at 11 °C. Electrophoresis was run at 100
V for 1 h, followed by successive pulses of 10 s for 15 h and 20 s for 20 h
at 200 V with 120° reorientation angles. Gels were then visualized by
ethidium bromide staining and the DNA fragments transferred to a
nylon membrane. Subsequent hybridizations to the cloned (TTAGGG)22

probe were carried out as described above.
Chromosome Preparation and Fluorescence in Situ Hybridization—

Truncated wedgeshell and mussel specimens were continuously fed
with Isochrisis galbana microalgae for 10 days in the laboratory. Before
use, following treatment with 0.005% colchicine for 6–8 h, gills were
dissected and metaphase spreads prepared as described previously (26).
FISH was carried out with the (TTAGGG)22 cloned probe labeled with
digoxigenin by a standard PCR procedure and denatured at 75 °C for 15
min. The hybridization was performed in a PTC-100 microscope slide
thermal cycler (MJ Research), with a solution of 50% formamide, 10%
dextran sulfate in 2 � SSC, containing sonicated salmon sperm DNA
(0.3 mg/ml) and the denatured digoxigenin-labeled hexamer repeat (3.3
�g/ml). Post-hybridization washes were performed in 2 � SSC at 42 °C
and then sequentially with 20% formamide in 0.2 � SSC, 0.1 � SSC,
and 2 � SSC for 10 min each.

For detection, slides were washed in 0.1 M Tris-HCl (pH 7.5), 0.15 M

NaCl, 0.05% Tween 20 buffer and blocked in the same buffer containing
0.5% casein, but lacking detergent, at 37 °C for 30 min. The slides were
then incubated with anti-digoxigenin mouse serum at a dilution of
1:200 in blocking buffer at 37 °C for 30 min, rinsed in the same buffer,
and subsequently subjected to two consecutive rounds of incubation in
the same conditions, first with rabbit anti-mouse serum conjugated to
fluorescein isothiocyanate (FITC) at a dilution of 1:1000, and finally
with FITC-conjugated goat anti-rabbit serum at the same dilution, to
amplify the fluorescence signals. The slides were then washed once in
blocking buffer, dehydrated through a graded ethanol series, and air
dried. Metaphase preparations were counterstained with an antifade
solution containing propidium iodide (50 �g/ml), examined under a
microphot AFX Nikon fluorescence microscope, and photographed on
Kodachrome color slide film (400 ASA).

RESULTS

Isolation and Cloning of a (TTAGGG)22 Tandem Repeat in D.
trunculus—During characterization of a family of four HindIII
satellite DNAs in the truncated wedgeshell, a DNA fragment of
similar length to a satellite pentamer was released upon diges-
tion of sperm DNA. This fragment resisted endonuclease frag-
mentation even under extensive digestion conditions. It hybrid-
ized positively in Southern blots of electrophoretically resolved

1 The abbreviations used are: FISH, fluorescence in situ hybridiza-
tion; RFGE, rotating-field gel electrophoresis; FITC, fluorescein
isothiocyanate.
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restriction fragments from HindIII digests probed with the
monomer clone DTHS1 (GenBankTM/EBI accession number
X94534) of the characterized type-1 HindIII Donax satellite.
The DNA in the corresponding band was recovered, cloned, and
sequenced (GenBankTM/EBI accession number X94546) (21).
The cloned insert was 836 bp long and ended in a 66-bp tract
that corresponded to the 3�-terminal half of the DTHS1 mono-
mer unit. The latter sequence was preceded upstream by a
130-bp segment comprising 22 tandemly arrayed copies of the
hexanucleotide C3TA2, which appeared to be the reversed com-
plement of the vertebrate-type (TTAGGG) telomeric repeat, as
well as that of the main subrepeat element found in the DTHS1
satellite DNA. The hexamer repeats were all perfect copies
except for the 3�-penultimate repeat in which one C was lack-
ing. A second internal deletion of a single T was observed 5�
contiguous to position 670 of the insert sequence. The clustered
repeats were flanked on both sides by endonuclease recognition
sequences for MseI and DdeI, with cleavage sites 3� to positions
622 and 770, respectively (Fig. 1). These two restriction enzyme
sites allowed to release from the original clone a DNA fragment
encompassing the entire set of highly conserved tandem re-
peats. The excised 148-bp DNA fragment was blunt-ended and
subcloned into the EcoRV site of the pBluescript �SK vector. In
turn, the cloned insert was released with polylinker enzymes
contiguous to the cloning site and used as a probe throughout
the experimental work presented here.

DNA Sensitivity to Exonuclease Bal31 and Terminal Loca-
tion of (TTAGGG) Repeat Sequences in D. trunculus—The
genomic localization of (TTAGGG)n sequences was examined
by following the time course of Bal31 degradation of sperm
DNA from the wedgeshell clam. High molecular mass genomic
DNA extracted from fresh sperm suspensions was subjected to
Bal31 digestion with time. Phage �-DNA HindIII fragments
were added to the DNA samples to monitor the extent of exo-

nucleolytic trimming. DNA aliquots were taken at intervals,
and a fraction of each aliquot was subsequently digested to
completion with AluI. DNA samples, prior and after AluI di-
gestion, were then electrophoresed in parallel on a 0.8% agar-
ose gel (Fig. 2A) and Southern blotted to a nylon membrane.
The half of the membrane containing the undigested Bal31-
trimmed DNA was cut out and hybridized with fluorescein-
labeled �-DNA HindIII fragments (Fig. 2B). It can be clearly
observed the progressive shortening of the �-HindIII fragment
lengths. All fragment sizes gradually decreased with the course
of Bal31 digestion as a consequence of the continuous exonu-
clease trimming of the �-DNA fragment termini. Obviously,
this pattern was more apparent in the smaller fragments,
which tended to fade away at late time intervals.

The second half of the nylon membrane, containing the
Bal31-AluI-digested DNA fragments, was initially hybridized
to the insert of the recombinant pUC19 clone carrying a 1.5-kb
HincII fragment containing the entire sequence of the H. tu-
bulosa histone H4 gene (GenBankTM/EBI accession number
Z46226) (27), labeled with fluorescein (Fig. 2C). As expected
from the internal location of this histone gene in the genome,
the DNA bands reacting with the histone H4 probe remained
unaltered during the time course of Bal31 digestion except for
a slight fall in signal intensity at longer times. The results of
the hybridizations with the �-HindIII DNA and histone H4
probes indicate the integrity of the extracted genomic DNA,
ruling out any nicking or inner degradation of the DNA, while
corroborating the exonucleolytic specificity of Bal31. Subse-
quently, the H4 probe was stripped off the membrane, which
was rehybridized to the fluorescein-labeled (TTAGGG)22 cloned
sequence (Fig. 2D). In contrast to the electrophoretic patterns
of the bulk DNA fragments shown in Fig. 2A, where the effects
of the digestions with Bal31 alone or in pairwise combination
with AluI were hardly detected by the ethidium bromide stain-
ing, the double digestion of sperm DNA generated an uneven
and dauby pattern of hybridization with the repeat probe. AluI
digestion of genomic DNA at time 0 of the serial digestions with
Bal31 produced a broad, intense hybridizing band of low mo-
bility. A fast-moving band, comparable with the former but
broader and less intense, was also seen near the migration
front (lane 0� in Fig. 2D). Integration of the areas under the
signal peaks in densitometer tracings of the autoradiogram
yielded a DNA distribution in both peaks amounting, respec-
tively, to approximately 45 and 35% of the total DNA hybrid-
izing to the probe in the lane. Likewise, the estimated size of
the DNA fragments under the peaks, as deduced from the
scans, ranged from 10,000 to 20,000 bp and 500 to 1000 bp,
respectively (data not shown). The signal intensity of the hy-
bridizing DNA bands generated by AluI digestion gradually
decreased during the Bal31 exonucleolytic trimming, shifting
toward lower length distributions with a concomitant reduction
of the hybridization signals at the longest times. However, the
sensitivity of the upper DNA signal to Bal31 was slightly
higher than that of the lower signal. The intensity of the former
decreased drastically within 30 min of digestion, thereafter
fading faster than the lower signal, traces of which still per-
sisted at longer digestion intervals.

The high level of hybridization of genomic DNA to the cloned
(TTAGGG)22 sequence reveals the presence of arrays of this
vertebrate-type hexameric repeat within Donax DNA. Further-
more, the preferential susceptibility of the DNA sequences
positively reacting with the repeat probe to Bal31 exonucleo-
lytic trimming favors a terminal positioning of the bulk of the
repeat arrays and therefore allows to qualify them as true
telomeric DNA located at the chromosome ends in this mollusc.

Detection of Identical Hexameric Repeat Sequences in the

FIG. 1. Isolation and subcloning of the (TTAGGG)22 tandem
sequence from D. trunculus sperm DNA. Schematic restriction map
of the 836-bp genomic clone (DTP9-6), isolated upon complete digestion
of genomic DNA with HindIII (21), is shown. The 836-bp DNA insert
was cut into two fragments of 433 and 403 bp in length through the
single KpnI cleavage site, 3� to position 433. The shortest restriction
fragment was recovered and double digested with MseI and DdeI to
yield a 148-bp-long DNA fragment (DTP9-6/T) encompassing 22 tan-
dem copies of the (GGGTTA) hexamer sequence shown hatched. The
latter fragment was purified, blunt-end-ligated to EcoRV-linearized
pBluescriptII�SK vector, and subcloned in competent Escherichia coli
Xl1-blue cells. H, EI, EV, K, M, and D denote HindIII, EcoRI, EcoRV,
KpnI, MseI, and DdeI recognition sites, respectively. The DTP9-6 cloned
sequence is available from the GenBankTM/EBI databases under acces-
sion number X94546.
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Mussel and Sea Cucumber Genomes—To verify the occurrence
of similar hexameric sequences in the genomes of taxonomi-
cally related molluscs and other marine invertebrates, sperm
DNA samples from the blue mussel M. galloprovincialis and
the echinoderm H. tubulosa were subjected to Bal31 digestion
in the above conditions (Fig. 3). As expected, the histone H4
repeat taken as internal gene marker in the Donax genomic
DNA showed comparable behavior in both the mussel and the
sea cucumber sperm DNAs when subjected to serial digestions
with Bal31 and to completion with AluI. The corresponding
DNA restriction fragments reacting positively with the histone
H4 probe remained insensitive to exonucleolytic trimming.
However, the hybridization patterns of the histone H4 gene
were not strictly identical in the three invertebrate species
examined. The minor dissimilarities observed can be attributed
to varying susceptibilities of the respective DNAs to AluI to-
gether with differing structural arrangements of histone H4
genes in these organisms (27). Both sperm DNAs reacted sim-
ilarly to Donax DNA (see Fig. 2D), yielding broad patterns upon
digestion with AluI and hybridization to the labeled
(TTAGGG)22 probe. The size distribution of both blurred pat-
terns gradually decreased with the digestion, displaying a clear
tendency to fade with time. This indicates a marked sensitivity
of the hybridizing DNA to exonuclease trimming. These data
support tracing the Bal31-sensitive DNA to chromosomal ter-
mini in both the mussel and sea cucumber DNAs and unam-
biguously confirm the presence of a substantial proportion of
(TTAGGG) repeats at the telomeres of these marine inverte-
brate DNAs.

No positively hybridizing DNA bands resistant to Bal31 were
seen in the DNAs analyzed except those of the mussel. The
hybridization pattern of Mytilus DNA digested with AluI dis-
played a few discrete bands, albeit faint, in the range 500–1000

bp that were unaffected by the Bal31 digestion. The insensi-
tivity to trimming of these DNA bands containing (TTAGGG)
sequences suggests an internal positioning within genomic
DNA, namely, at interstitial chromosome regions (2). The pres-
ence of these internal hexameric sequences implies that they
are represented within genomic DNA in the mussel, constitut-
ing discrete DNA elements that produce well defined bands
upon digestion. The intensity of the hybridizing bands suggests
the repetitiveness of these internal sequences. Concurrently,
the failure to detect similar DNA bands in the hybridization
patterns from D. trunculus and H. tubulosa does not preclude
their existence provided that they are either organized in DNA
tracts variable in length and/or so poorly represented in the
genomes that they remain undetectable.

Genomic Content of (TTAGGG) Repeats in the Wedgeshell—To
derive the content of (TTAGGG) repeated sequences at the ends
of Donax chromosomes, the relative genomic abundance of the
hexameric DNA sequence was determined from dot-blots of in-
creasing amounts of the recombinant clone carrying the
(TTAGGG)22 insert, together with graded amounts of total sperm
DNA from the mollusc. Subsequently, the nylon membrane was
hybridized to a 32P-labeled (TTAGGG)22 insert released from the
same clone and the hybridization signals quantified using a laser
densitometer (Fig. 4). The genomic abundance computed for the
hexameric tandem repeat comprised 0.05% of the total sperm
DNA. Since the size of the haploid DNA complement (C-value) of
the wedgeshell clam has been estimated as 1.4 � 109 bp (28), the
former value roughly amounts to 4700 copies of the (TTAGGG)22

sequence per haploid genome, equivalent to approximately
100,000 hexamer copies.

The genomic length of the putative telomeric arrays of
(TTAGGG) repeats can be approximated assuming their pref-
erential localization at the ends of the mollusc chromosomes

FIG. 2. Time course of exonuclease digestion of genomic DNA from D. trunculus. High molecular mass sperm DNA (20 �g) was mixed
with �-DNA HindIII restriction fragments (0.5 �g) in a final volume of 150 �l. An aliquot (25 �l) was removed prior to enzyme addition, and the
remainder was digested with Bal31 (2 units) at different time intervals. Aliquots (25 �l each) of the bulk reaction were taken at the indicated
intervals, brought to 50 mM Na2EDTA, heat-inactivated for 10 min, and the DNA was ethanol-precipitated in the cold and dissolved in distilled
water. A, electrophoretic patterns of Bal31-trimmed DNAs (one-sixth of each digest), resolved on 0.8% agarose gels containing ethidium bromide.
The remainder of the trimmed DNA was digested to completion with AluI prior to electrophoresis on the same gel. B, autoradiogram of the left half
of the gel in A after Southern transfer and hybridization to fluorescein-labeled �-DNA HindIII fragments. Note the gradual shortening of the
�-HindIII fragments with the time course of Bal31 digestion. C, autoradiograph of the right half of the gel in A (Bal31 � AluI digests) processed
as in B but probed with a recombinant plasmid carrying the H. tubulosa histone H4 gene (27). Note that the histone gene appears resistant to
exonucleolytic trimming. D, x-ray film of the membrane in C after rehybridization with the cloned (TTAGGG)22 sequence labeled with fluorescein.
Note the sensitivity to Bal31 of digested DNA reacting positively with the (TTAGGG)22 probe, indicating a terminal positioning of the repetitive
arrays. A 142-bp DNA ladder was used as size marker (lanes M).

Vertebrate-type Hexamer Repeat in Marine Invertebrates19842



and using the repeat copy number found, together with the
chromosome number of the haploid cells from Donax (n � 19)
(29). Since the frequency found for the (TTAGGG) repeat
amounts to 100,000 copies and taking into account the haploid
chromosomal complement, the computation yields a value of
5200 repeats per chromosome or 2600 per chromosomal termi-
nus, equivalent to a repeat tract length of 15.6 kb of DNA. This
value is consistent with the size range of the upper DNA band
generated by AluI at zero time of the Bal31 digestion (lane 0� in
Fig. 2D), as well as with those from the four-cutter endonucle-
ase digestions shown in Fig. 6, and falls within the range of
lengths reported for telomeric repeats in mammalian cells (3).

Cytogenetic Localization of (TTAGGG) Tandem Repeats—To
map the positioning of clusters of the hexameric repeat, fluo-
rescent in situ hybridizations were performed on both Donax
and Mytilus metaphase chromosomes. Hybridizations with the
(TTAGGG)22 cloned probe produced sharp and intense signals
on all chromosomes of Donax (Fig. 5A) and Mytilus (Fig. 5B). In
both invertebrates, the fluorescence signals were essentially

confined to the ends of all chromosomes, whereas no signals
were detected in non-telomeric regions of Donax. In contrast, a
few weak signals could be detected at internal locations of some
mussel chromosomes. These hybridization signals would imply
the presence of DNA sequences homologous to the (TTAGGG)22

probe at internal loci of some chromosomes of the mussel. The
existence of such internal repeated DNA tracts is consistent
with the insensitivity to Bal31 of the discrete bands observed in
the hybridization patterns of Mytilus DNA digested with AluI
as shown in Fig. 3.

The results of the cytogenetic analyses fully agree with those
of the DNA sensitivity to the exonuclease Bal31, therefore
lending further support to a preferential telomeric localization
of vertebrate-type (TTAGGG)n repeats in metaphase chromo-
somes of the marine invertebrate species examined.

Long Range Organization of the (TTAGGG) Repeated Se-
quences—To examine further the genomic organization of the
(TTAGGG) tandem repeats, RFGE resolution of large genomic
fragments generated upon digestion of agarose-embedded high
molecular mass DNA from D. trunculus sperm cells with var-
ious endonucleases, followed by Southern transfer and hybrid-
ization to the cloned tandem copies of the (TTAGGG) sequence,
was undertaken. All blots yielded patterns of single smeary
bands intensely hybridizing to the fluorescein-labeled probe,
with no distinguishable internal discrete DNA fragments (Fig.
6). Four-cutter endonucleases generated bands in the
9.5–15-kb size range as deduced from densitometer tracings of
the autoradiograms. Restriction enzymes with six nucleotide
recognition sites produced comparable banding patterns, but
with larger bands, ranging from 20 kb (lanes XbaI and HindIII)
to over 100 kb (lane EcoRV). BglII digestion yielded a bimodal
length distribution of DNA fragments, the lower distribution
averaging 20 kb, whereas the larger centered at about 90 kb.

The tendency of all assayed endonucleases to produce single
albeit broad sets of genomic DNA fragments strongly hybrid-
izing to the (TTAGGG)22 cloned probe under stringent condi-
tions indicates that the hexameric repeat sequence occurs in
fairly long arrays in the Donax genome and also points to a
heterogeneity of telomere restriction fragment lengths (30).
This assumption is further supported by the absence of discrete
DNA fragments in the restriction enzyme digestion patterns,
which suggests that hexameric sequence tracts uniform in
length are not present in the Donax genome or, at least, so
poorly represented that they elude detection. The distribution
in length of the DNA fragments generated upon digestion with
four-cutter enzymes is consistent with the value for the repeat

FIG. 3. Kinetics of exonuclease digestion of genomic DNA from
M. galloprovincialis and H. tubulosa. To compare sperm DNAs
from the blue mussel and the sea cucumber with genomic DNA from the
wedgeshell clam, the former were subjected to the same serial diges-
tions with Bal31 and AluI enzymes as in Fig. 2. Both blots in panels to
the left were probed with the plasmid containing the sea cucumber
histone H4 gene (27) labeled with fluorescein. The rightmost panels
show the same filters rehybridized with the fluorescein-labeled
(TTAGGG)22 sequence after removal of the histone probe. Note that the
size of the DNA band reacting with the H4 probe is unaltered, whereas
the Bal31-AluI-digested DNA hybridizing with the cloned hexamer
repeat becomes trimmed with time, indicating a terminal location.

FIG. 4. Relative abundance of the (TTAGGG) hexamer repeat
in the D. trunculus genome. Graded amounts of sperm DNA (top)
and the recombinant clone DTP9-6/T (21) carrying the (TTAGGG)22
repeated motif (bottom) were dot-blotted onto a nylon membrane and
hybridized to the 32P-labeled (TTAGGG)22 insert excised from the latter
clone. After exposure to film, the radioactive signals were quantified
using a computer-assisted laser densitometer with the ImageQuant
software. Mean values were derived from two independent
experiments.
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length derived from the genomic content of the (TTAGGG)
repeats. The higher sizes resulting from six-cutter endonucle-
ases can be ascribed to the lower frequency of restriction en-
zyme sites for these enzymes in genomic DNA. Moreover, the
wider size range observed may represent heterogeneous tracts
of DNA consisting of hexameric repeats of comparable repeti-
tion length linked to flanking DNA sequences of variable
lengths. The latter would extend to respective cleavage sites
dissimilarly positioned in the telomere-associated DNA se-
quences at the different chromosome ends, as previously pro-
posed for the dipteran insect Chironomus pallidivittatus (31).

DISCUSSION

Here, we identified (TTAGGG)n sequence tracts in the ge-
nome of the truncated wedgeshell D. trunculus by Southern
hybridization with a (TTAGGG)22 probe, subcloned from an
836-bp DNA fragment isolated during the previous character-
ization of a HindIII satellite DNA family in the sperm DNA of
the mollusc (21). The clustered tandem copies of the hexamer
repeat were traced to terminal telomeric regions in all Donax
chromosomes by exonuclease Bal31 sensitivity assays, and the
location was corroborated by FISH analysis. Occurrence of
identical (TTAGGG) sequence arrays was also confirmed in the
genomes of the blue mussel M. galloprovincialis and the sea
cucumber H. tubulosa.

The high levels of hybridization to the cloned (TTAGGG)22

probe can be considered a clear indication of the existence of
arrays of the vertebrate-type hexamer repeat within the ge-
nomes of the marine invertebrates surveyed. In addition, the

observed sensitivity to Bal31 exonuclease trimming of the DNA
sequences positively reacting with the repeat probe hint at a
terminal localization of the bulk of the repeat arrays and,
consequently, support their consideration as canonical telo-
meric DNA located at or close to the chromosome ends in the
aforementioned invertebrate species. The latter suggestion is
further sustained by the results of the FISH analyses per-
formed, which fully agree with those of the susceptibility to the
exonuclease Bal31. This notwithstanding, the discrete bands
containing (TTAGGG) repeat tracts seen in the hybridization
patterns of Mytilus DNA digested with AluI, unaffected by
Bal31, imply that they constitute repetitive DNA stretches of
comparable lengths, interstitially located in the chromosomes
of the blue mussel. In this concern, it is worth mentioning that
telomeric repeats have been found at internal sites on the
chromosomes of many organisms (2, 6).

Although telomeric DNA in most organisms consists of ar-
rays of short repeats, there is no universal telomere motif in
eukaryotes, but rather repeat sequences vary between groups
of species (1). Thus, the (TTAGGG) motif has been considered
to be typical of vertebrates even though it has been also ob-
served in certain molds, fungi, and a protozoan. Despite this
sequence multiplicity and interspecies differences, telomere
function is rather conserved throughout the eukaryotes (5). The
evidence provided here as regards the telomeric localization of

FIG. 5. Chromosome localization of (TTAGGG) repeat arrays
in D. trunculus and M. galloprovincialis. Metaphase chromosome
squashes prepared from dissected gills of the truncated wedgeshell (A)
and the common mussel (B) were hybridized to the digoxigenin-labeled
(TTAGGG)22 cloned sequence. Detection was performed by immunoflu-
orescence with mouse anti-digoxigenin antibody and a combination of
FITC-conjugated to rabbit anti-mouse and to goat anti-rabbit sera.
Metaphase preparations were counterstained with antifade-containing
propidium iodide. The yellow fluorescent signals at the ends of all
chromosomes on both mollusc species, outlined against the orange
chromosomal background, correspond to clustered (TTAGGG) repeats.

FIG. 6. Genomic distribution of (TTAGGG) repeat tracts in D.
trunculus. High molecular mass DNA from purified sperm suspen-
sions of the truncated wedgeshell embedded in agarose plugs was
digested with a selection of four-cutter (AfaI, HaeIII, HinfI, and
Sau3AI) and six-cutter (BglII, EcoRV, HindIII, and XbaI) endonucle-
ases and the resulting DNA digests subjected to RFGE analysis. Size-
fractionated DNA fragments were blotted over a nylon membrane,
probed with a fluorescein-labeled (TTAGGG)22 cloned sequence, and the
hybridization monitored by chemiluminescence. �-DNA HindIII restric-
tion fragments and a ladder of �-phage concatemers were used as size
markers. A plug containing undigested sperm DNA was loaded on the
rightmost lane (Dt). Note that the undigested DNA is longer than 400
kb and that the bulk of it is retained in the application slot.
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tandemly arrayed (TTAGGG) repeats in D. trunculus and
M. galloprovincialis as well as in the echinoderm H. tubulosa
suggests a number of evolutionary considerations. Thus, the
detection of the genuine vertebrate telomere motif in inverte-
brates argues for its wider representation among very diver-
gent species and, consequently, an ancestry older than initially
presumed from its vertebrate distinctiveness may be surmised,
aside from an equivalent function in nonvertebrate telomeres.

Moreover, the maintenance of telomeric repeats requires a
functional telomerase (3). If the very early eukaryotic origin
postulated for this reverse transcriptase (32) is taken into
account, it may be inferred that emergence of novel telomere
repeat sequences ought to occur rarely in evolution as argued
in the case of the (TTAGG)n telomere sequences in insects (10).
Consequentially, new and non-related appearances over evolu-
tionary time of the vertebrate-type (TTAGGG) element in very
distant organisms should be posited as improbable. Despite the
heterogeneity of telomeric DNA sequences encountered
throughout the eukaryotes, all bear a relative similarity and
retain equivalent functional and structural features. Although
the (TTAGGG) hexamer cannot be unambiguously identified as
a true consensus element, it is the only telomeric repeat widely
represented among very divergent organisms from protozoa to
mammals and invertebrates as those reported here (1). In
addition, the reverse transcriptase function of telomerase fa-
vors the likelihood of the existence of an ancestral telomeric
motif. The enzymatic activity of telomerase is analogous to that
of the major non-long terminal repeat retrotransposon L1 of
mammals, and both share substantial sequence similarities,
which underscore their evolutionary relatedness and lend sup-
port to the assumption that eukaryotic cells could have re-
cruited the retrotransposon to acquire telomerase activity at
the dawn of eukaryotes (33). This potential situation could
explain the similarities mentioned among eukaryotic telomere
DNAs, whereas more complex and distinct telomeric ends, such
as those found in most fungi (1), or the transposons at the
Drosophila chromosome termini that elongate by transposition
of telomere-specific retrotransposable elements (34), could
have appeared more recently in evolution.

Telomere repeat sequences in vertebrate organisms appear
to be of variable length, from short telomeres averaging 10 kb
in humans (35) to 20–150 kb (TTAGGG)n sequences in mice
(36). The 15.6-kb average length reported here for the tan-
demly repeat arrays in D. trunculus, estimated from South-
ern analysis of its genomic DNA digested with four-cutter
endonucleases and confirmed by dot-blot quantitation of its
relative genomic abundance and the RFGE analysis of di-
gested high molecular mass DNA, is consistent with the
range of the mentioned lengths. However, these measure-
ments should be considered average approximations, since
they do not take into account the heterogeneity of telomere
restriction fragments (37) and fail to discern the internal
subtelomeric repetitive DNA sequences adjacent to the ter-
minal telomere repeats, which often appear interspersed
with the latter giving rise to satellite DNAs containing de-
generate variant telomeric repeats (5, 6, 38). In this regard,
one member of the HindIII satellite DNA family character-
ized in the D. trunculus genome (monomer clone DTHS1)
displays the (TTAGGG) hexamer as a prominent subrepeat
structure, whereas the remainder contain short sequence
motifs directly related to the hexameric subrepeat (21). In
addition, the 836-bp fragment from which the (TTAGGG)22

probe used here was subcloned ended with a DNA stretch
encompassing the 3�-terminal half of the DTHS1 monomer
unit. The failure to detect Bal31-resistant DNA bands in the
hybridization patterns from D. trunculus (Fig. 2) and

H. tubulosa (Fig. 3) suggests that the tandemly arrayed
(TTAGGG) repeats in these invertebrates are preferentially
located at the ends of their chromosomes. Any internal
(TTAGGG) tracts might be either variable in length, poorly
represented in the genomes, or interspersed with satellite
sequences in a degenerate manner, such as the subrepeat
structures in the Donax HindIII satellite DNA family, so that
they elude detection. In contrast, the resistance to Bal31
trimming of the few bands seen in the hybridization pattern
of Mytilus DNA digested with AluI, reacting positively with
the (TTAGGG)22 probe (Fig. 3), suggests an internal position-
ing of the corresponding DNA fragments in the blue mussel
genome, constituting short arrayed telomeric sequences of
comparable length incorporated in a dispersed manner into
internal genomic locations likely containing repetitive DNA
sequences.

The long range organization of the (TTAGGG) repeated se-
quences revealed by the RFGE analysis of digested genomic
DNA from the wedgeshell clam points to the lack of internal
hexamer repeat tracts uniform in size, thereby supporting fur-
ther the inference that the vertebrate-type (TTAGGG)n repeat
arrays characterized in the D. trunculus genome are primarily
located at the termini of all chromosomes. Likewise, the failure
to detect these hexameric repeats in interstitial chromosomal
loci suggests that the repeated sequence does not appear dis-
persed within the genome in this marine invertebrate to a
significant extent, contrasting with many other eukaryotic ge-
nomes (39). To ascertain the arrangement of telomere-associ-
ated repetitive DNA and the interspersion pattern with telo-
meric sequences in the Donax genome and its potential
involvement in telomere maintenance, more experimental data
are required. To address these questions we are extending
restriction analyses and cloning of DNA fragments encompass-
ing the boundaries between flanking subtelomeric repetitive
DNA and the terminal (TTAGGG)n telomere sequences de-
scribed here in the truncated wedgeshell genome.
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