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We cloned and sequenced DNA containing telomeric sequences from Atlantic salmon (Salmo salar
L.). At both low and high stringency conditions, a cloned probe containing (TTAGGG)n sequences
binds only at the extreme termini of the chromosomes, not at interstitial sites. Blocks of interstitial
telomere-like sequences were expected from the chromosome polymorphism because of Robertsonian
translocations that exist in Atlantic salmon. Our results support the hypothesis that telomeric
sequences were almost entirely lost during chromosome fusion events.
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Introduction

Telomeres are the physical ends of eukaryotic chromo-
somes that protect them from DNA degradation, end-
to-end fusions, rearrangements and chromosome loss
(Zakian, 1989; Blackburn, 1991; Smith & De Lange,
1997). All known telomeric sequences consist of simple
repeated sequences of G- and C-rich complementary
strands (Weiner, 1988). The G-rich DNA strand, orien-
tated 5¢±3¢ towards the chromosome end, is synthesized
by the telomerase enzyme, which is a specialized reverse
transcriptase (Blackburn, 1991; Smith & De Lange,
1997). The human telomeric sequence (TTAGGG)n
identi®ed by Moyzis et al. (1988) shows a strong degree
of evolutionary conservation with other vertebrates, as
demonstrated in 91 di�erent species in a systematic
survey of hybridization sites of telomeric sequences in
vertebrates (Meyne et al., 1989) showing that this
sequence is the functional vertebrate telomere. The
same telomeric repeat is present at the telomeres of
trypanosomes (Van der Ploeg et al., 1984), slime moulds
(Forney et al., 1987) and crustaceans (Pelliccia et al.,
1994), probably constituting a universal telomeric con-
sensus sequence.
The telomeric repeat sequence constitutes an excellent

probe to study basic questions related to chromosomal
evolution. According to their functions, telomeric
sequences should be localized at the end of the
chromosomes; nevertheless, nontelomeric blocks of the
telomeric DNA sequences have been detected in many
species of vertebrates from di�erent taxonomic groups

(Meyne et al., 1990) including avian species, Reptilia,
Amphibia and Mammalia (marsupials, Insectivora,
Chiroptera, Carnivora, Lagomorpha, rodents, Cetacea,
Proboscidea, Artiodactyla and primates). The presence
of telomeric DNA sequences at interstitial locations,
very frequent in vertebrates, was explained by Meyne
et al. (1990) as a consequence of short stretches of
tandem telomeric sequences present in ancestral karyo-
types as latent telomeres, or by fusion of chromosomes
of ancestral species at the telomeres with subsequent
ampli®cation of retained stretches of telomeric sequence;
in any case, rearrangement and ampli®cation of this
sequence within vertebrate genomes allows greater
¯exibility for karyotype changes by providing alternate
sites for telomere formation.
Interstitial telomeric sequences are conserved in many

vertebrates in which centric and/or tandem fusions
appear to have occurred such as Indian muntjac
(Muntiacus muntjak vaginalis) (Lee et al., 1993), chicken
(Gallus domesticus) (Nanda & Schmid, 1994) and okapi
(Okapia johnstoni). For this last species (with chromo-
some polymorphism 2n � 44±46 because of a recent
Robertsonian fusion), Vermeesch et al. (1996) found a
long interstitial telomeric element present at the fusion
site of a fusion chromosome, interpreted as a remnant of
the telomeres of ancestral chromosomes.
However, the conservation of telomeric sequences in

centric fusion sites seems not to be a general phenom-
enon. Mouse chromosomes possessing multiple Robert-
sonian rearrangements were examined using ¯uorescent
in situ hybridization (FISH) with the telomeric consen-
sus sequence (Nanda et al., 1995); no hybridization
signals were detected at the primary constriction of*Correspondence. E-mail: egv@sauron.quimica.uniovi.es
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Robertsonian chromosomes; therefore the authors con-
cluded that the formation of Robertsonian chromo-
somes in the mouse is associated with the loss of
telomeric regions.

The salmonid karyotype most probably evolved from
an ancestral tetraploidization event that occurred 50±100
million years ago (Ohno, 1970). Under this hypothesis,
the chromosome number of the tetraploid ancestor was
96±100 acrocentric chromosomes. The di�erent salmon-
id species then diverged as a consequence of diverse
chromosome rearrangements and genome rediploidizat-
ion, mainly involving centric fusions of nonhomologous
chromosomes (Wright et al., 1983; Hartley, 1987; Pend-
as et al., 1994). Atlantic salmon (Salmo salar L.) has the
lowest number of chromosome arms or fundamental
number (NF � 74, 2n � 58). Wild populations present
a conspicuous chromosome number polymorphism, that
could be attributed to Robertsonian rearrangements
(Hartley & Horne, 1984; Garcia-Vazquez et al., 1992).
Studies on possible conservation of interstitial telomeric
DNA sequences in this species will probably elucidate
the basic mechanism of centric fusion, at least with
respect to the extent of losses of telomeric DNA.

In this work we tested the presence of the hexanucle-
otide telomeric DNA sequences (TTAGGG)n in the
genome of Atlantic salmon by means of cloning and
sequencing, as well as its chromosomal location by
means of FISH. In addition, information on the
physical location of the cloned sequence was obtained
by in situ hybridization using the whole cosmid vector
that contains the telomeric sequence.

Materials and methods

Cosmid library

High molecular weight DNA was extracted from muscle
tissue according to standard procedures (Taggart et al.,
1992). This DNA was used for the construction of a
total genomic library in a cosmid vector (sCos-1,
Stratagene). Cosmids were isolated by plating out the
library at low density and selecting after hybridization
with the (TTAGGG) probe. The probe was labelled by a
random priming technique using (a32P)dATP (Amer-
sham). Filters were hybridized at 65°C in 3 ´ SSPE,
0.5% dried milk, 1% SDS and 6% polyethylene glycol
overnight, and washed in 1 ´ SSC, 0.1% SDS at 65°C.

Cloning and nucleotide sequence

Positive cosmids were selected and digested with HaeIII
and PstI; resulting fragments were electrophoresed in
2% agarose gels, transferred to nylon membranes and
hybridized with the probe (TTAGGG)4. Positive bands

were excised from the gel and DNA was eluted from the
agarose using a silica matrix (Bio 101) and ligated in the
SmaI site of the pUC18 cloning vector, then sequenced
in both strands by using the Sequenase Kit (USB) with
universal primers. The reaction products were fraction-
ated by electrophoresis on a 6% polyacrylamide gel.
Searches of the GenBank databases were carried out
using the computer search and local similarity alignment
program `FASTAFASTA' (Pearson & Lipman, 1988).

Chromosome preparation and FISH

Blood was collected from the dorsal artery of 10 large
®sh, anaesthetized with MS-222, using a heparinized
syringe. Metaphases were obtained from blood cultures
as described by Sanchez et al. (1990).

Probes were labelled with biotin-11-dUTP using a
nick translation kit (Boehringer). Slides were pretreated
with RNAase and pepsin as described by Wiegant et al.
(1991). Chromosomal DNA was denatured by immers-
ing the slides at 80°C in 70% formamide 2 ´ SSC,
pH 7.0 for 3 min. Slides were then dehydrated in an
alcohol series (70%, 90%, 99% ethanol). The hybrid-
ization solution for high stringency conditions consisted
of 50% formamide in 2 ´ SSC, 10% dextran sulphate
and 500 lg/mL biotinylated DNA probe. For low
stringency conditions formamide was reduced to 30%.
After denaturation, 30 lL of hybridization mixture was
applied to each slide under a sealed coverslip. Hybrid-
ization was performed in a moist chamber at 37°C
overnight. Then slides were washed in 50% formamide
at 45°C and 0.1 ´ SSC at 60°C (high stringency condi-
tions) or 30% formamide at 45°C and 0.1 ´ SSC at 60°C
(low stringency conditions). Hybridization was detected
with ¯uorescein-conjugated avidin (Vector Laborato-
ries). The signal was enhanced by incubation with
biotinylated goat-antiavidin (Vector) followed by ¯uo-
rescein-conjugated avidin. Chromosomes were counter-
stained with propidium iodide (1 lg/mL) and visualized
and photographed in a Nikon Fluophot microscope on
a 400 ASA Kodak colour slide ®lm (high stringency
hybridizations), and in a Zeiss axiophot ¯uorescent
microscope equipped with a CCD camera (Photomet-
rics) in the case of low stringency hybridizations.

In situ hybridization of the whole cosmid was carried
out only under high stringency conditions to avoid
background resulting from dispersed repeated sequences.

Results

Cloning of telomeric sequences

Positive clones were identi®ed after screening the cosmid
library with the (TTAGGG)4 probe. Five positive
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cosmids were selected, digested with HaeIII and PstI
and hybridized again with the telomeric probe. Positive
bands observed were longer than 5 kb in all cases. One
of the positive bands (around 7 kb long) from the
cosmid Tel-4 was cloned, digested with RsaI, AluI and
DdeI, and probed with the telomeric probe. One positive
band of 554 bp resulted from DdeI digestion. This band
was subcloned in pUC18 and completely sequenced. The
complete sequence (clone Tel-554) is shown in Fig. 1.
Twelve quasi-perfect repeats of the (TTAGGG) motif
were observed. Searches in the GenBank data ®les did
not reveal any homology to the sequence adjacent to the
telomeric repeat.

Chromosomal location of telomeric sequences

All Atlantic salmon individuals analysed showed
2n � 58 and NF � 74, the standard and fundamental
chromosome number of Salmo salar (Phillips & Hartley,
1988).
At least 20 cells per individual were evaluated for the

presence of hybridization signal. In situ hybridization
with the clone Tel-554 labelled all the Atlantic salmon
chromosomes at their termini, both in high (Fig. 2a) and
low (Fig. 2b) stringency conditions. Not all telomeres
were clearly labelled in each metaphase; some telomeres
showed only faint hybridization signal. Hybridization
signals at interstitial chromosome locations were not
observed in any case.
The whole cosmid Tel-4 was used for in situ hybrid-

ization to Atlantic salmon metaphase chromosomes
(Fig. 3) under high stringency conditions to avoid
background caused by dispersed repeated sequences.
Hybridization signals appeared on almost all telomeric

sites; some of them were bright and some were faint. In
addition, large bright signals appeared on a whole arm
of a medium-sized metacentric chromosome pair corre-
sponding to the rDNA-bearing chromosome arm
(Pendas et al., 1993).

Discussion

In this work we have demonstrated the presence of the
telomeric DNA sequence (TTAGGG)n within the ge-
nome of Atlantic salmon by means of direct cloning and

Fig. 1 Sequence of the Atlantic salmon clone Tel-554. The
consensus telomeric repeat sequence is indicated in bold face.

Fig. 2 In situ hybridization of the cloned of Atlantic salmon
telomeric sequence to metaphase chromosomes, at high (a)
and low (b) stringency.
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sequencing. Theoretically, cloning telomeres is compli-
cated because fragments derived from the chromosome
end have only one restriction enzyme-generated termi-
nus, therefore they are rarely represented in a conven-
tional DNA library (Zakian, 1989). Cloning telomeres is
possible only in those species in which telomeric DNA
sequences are also present at nontelomeric sites. In our
case, the presence in the total genomic library of clones
containing the (TTAGGG) telomeric repeat reveals the
presence of this sequence at nontelomeric locations; the
small number of repeats could correspond to subtelom-
eric ampli®cations of the telomeric repeats, as found by
Vermeesch et al. (1996) for the gira�e, with short
stretches or degenerate telomeric sequences present at
intrachromosomal sites.

Alternatively, they could correspond to a small
number of repeats conserved after centric fusions, as
has occurred in some avian and mammalian species (Lee
et al., 1993; Nanda & Schmid, 1994; Vermeesch et al.,
1996), most probably in centromeric or interstitial
positions.

Although di�erent stringency conditions were used for
FISH using the clone Tel-554, hybridization signals were
visualized only at the chromosome ends. These results
agree with Meyne et al. (1990), who found telomere-only
patterns for several ®shes (Salmoniformes and Cyprini-
formes). Gornung et al. (1998) also found hybridization
signals of telomeric sequences restricted to telomeres in
zebra ®sh (Danio rerio). From the existence of Robert-
sonian polymorphism in Atlantic salmon (Hartley &
Horne, 1984; Garcia-Vazquez et al., 1992), the appear-
ance of hybridization signals at centromeric or interstitial
locations could be expected if telomeric sequences were

conserved in fusion sites, as has occurred in the okapi
(Okapia johnstoni), where interstitial telomeric DNA
sequences are probably related to the recent origin of a
chromosomal polymorphism (Vermeesch et al., 1996).
Nevertheless, the case of Atlantic salmon seems to be
di�erent. It is possible that, as suggested by Nanda et al.
(1995), substantial amounts of chromosomal DNA were
eliminated during the formation of Robertsonian chro-
mosomes, including telomeric sequences that could be
almost entirely lost from the original chromosomes (Silva
& Yonenage-Yassuda, 1997). It is possible that the
number of repeats of telomeric DNA sequence located
in nontelomeric regions in Atlantic salmon was so small
that they produced extremely faint hybridization signals
which would escape detection with the current resolution
of FISH technology. Nevertheless, the methodology here
employed to visualize hybridization signals at low strin-
gency conditions (with a CCD camera) is powerful
enough to detect small amounts of ¯uorescence; therefore
problems derived from poor resolution are not expected.

Our results are contradictory to those found by Abuin
et al. (1996), who detected hybridization signals of the
telomeric sequence (TTAGGG)n at the telomeres of all
chromosomes and at interstitial heterochromatic blocks
in particular large chromosomes of Salmo salar under
low stringency conditions (30% formamide). When they
employed high stringency conditions they could not
detect either telomeric or interstitial hybridization sig-
nals in any chromosome. The explanation for this
contradiction could simply lie in the type of probe
employed in FISH. In our case, we employed a true
Atlantic salmon telomeric sequence obtained by direct
cloning in a total genomic library, whereas Abuin et al.

Fig. 3 In situ hybridization of the Tel-4
cosmid to metaphase chromosomes.
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employed (TTAGGG)n oligonucleotides. They could
have obtained heterologous hybridization with telo-
mere-like sequences associated with heterochromatin or
satellite DNA (in fact, our probe labelled chromosome
ends also under high stringency conditions whereas their
probe did not). Another possibility to explain the
existence of large blocks of interstitial telomeric DNA
sequences in some cases but not in others could be the
existence of intraspeci®c di�erences in interstitial hy-
bridization sites for Atlantic salmon, as demonstrated
by Wiley et al. (1992) for hylid frogs. Absence of
interstitial sites in some individuals and their presence in
others in those amphibians was attributed to unequal
crossing-over, submicroscopic deletion or di�erential
ampli®cation. A similar phenomenon could be also
imagined in the present case.
The physical location of the cloned sequence, deter-

mined by in situ hybridizing the whole cosmid Tel-4, is
the arm of the metacentric chromosome pair bearing
rDNA genes (Pendas et al., 1993). In this arm, and as a
part of the rDNA cistron, we have also found a large
high-copy repeated DNA sequence (Moran et al., 1997).
In other species, such as Atlantic eels (Anguilla anguilla
and A. rostrata) (Salvadori et al., 1995), an association
of telomere-like sequences and rDNA has been found. It
is possible that the same situation applies to Atlantic
salmon: some copies of telomeric sequences could have
remained associated with rDNA. Alternatively, we can
not exclude the possibility that Tel-4 contained, together
with telomeric sequences, high-copy repeated sequences
similar to those that map in the rDNA such as the BglI
element (Moran et al., 1997).
In summary, we can conclude that the presence of the

telomeric DNA sequence (TTAGGG) at telomeric
regions has been demonstrated for Atlantic salmon.
Such sequences are not present at nontelomeric regions
at the resolution of in situ hybridization. Our results
support the hypothesis of loss of telomeric sequences
during centric fusions, the most probable type of
rearrangement mechanism involved in Atlantic salmon
chromosome evolution.
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