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Abstract. We present here the sequence and charac-
terization of various minisatellite-like tandem repeat loci
isolated from the genome of Atlantic salmon (Salmo
salar). Their diversity of sequence and lack of core mo-
tifs common to minisatellites of other species suggest the
presence of numerous and previously unidentified simple
sequence repeat families in this salmonid. Evidence for
their ubiquity was provided by screening of a salmon
genomic library. Southern blot analysis of the phyloge-
netic distribution of a subset of the minisatellites found
one sequence to be pervasive among vertebrates, others
present only in Salmoninae or Salmonidae species, and
one amplified only in Atlantic salmon. There is evidence
for the positioning of microsatellite and minisatellite ar-
rays in close proximity at many loci. Furthermore, one
tandem repeat appears to have been inserted into the
transposase coding region of a copy of the Tc1 transpo-
son-like element recently identified in salmonids.

Key words: Repetitive DNA — Minisatellites — Mi-
crosatellites — Atlantic salmon — Tc1 transposon

Introduction

The high degree of mutability of minisatellite loci
(Monckton et al. 1994), their dynamic expansion and

contraction (Jeffreys et al. 1994), their possible role in
recombination (Fletcher 1994), and the discovery of pro-
teins able to selectively bind such simple sequence re-
peats (Collick and Jeffreys 1990; Wahls et al. 1991; Yee
et al. 1991) have stimulated interest in the potential in-
volvement of minisatellites in genomic turnover and
change. Their study, however, has been hampered by a
dearth of sequence data limited to only a small number of
organisms. Greatest attention has been directed toward
human minisatellite loci (Inglehearn and Cooke 1990;
Armour and Jeffreys 1992). Additional data have been
obtained from primates (Royle et al. 1994) and a small
number of mammal (Kominami et al. 1988; Kelly et al.
1989; Kashi et al. 1990; Coppietiers et al. 1990; Brenig
and Brem 1991; Kitazawa et al. 1994; Joseph and Samp-
son 1994), bird (Gyllensten et al. 1989), insect (Blan-
chetot 1990; Jacobsen et al. 1992; Paulsson et al. 1992),
plant (Broun and Tanksley 1993; Winberg et al. 1993),
and fish species.

In the case of fish, several minisatellite loci have been
described for tilapia (Oreochromis niloticus;Harris and
Wright 1995) and two loci from Atlantic salmon (Salmo
salar) have been characterized (Bentzen and Wright
1993; Kvingedal 1994). In addition, Taggart and Fergu-
son (1990) reported the isolation of four minisatellite loci
from S. salarand Prodo¨hl et al. (1994) reported five from
brown trout (S. trutta), but provided no sequence data.
With the exception of Kvingedal’s (1994), these mini-
satellite loci were isolated by screening genomic libraries
with the human-derived DNA fingerprinting probes
33.15 and 33.6 (Jeffreys et al. 1985). Brenner et al.
(1993), using a random sequencing strategy, identified
16 minisatellite types from the pufferfish (Fugu ru-
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bripes), but the sequence of only one of these is avail-
able.

Here we expand considerably upon these previous
investigations by presenting sequence data from 12 dif-
ferent minisatellite-like repeat loci from Atlantic salmon.
These repeats were isolated by means not dependent
upon the use of mammalian minisatellite DNA probes.
The minisatellite sequences show variable phylogenetic
distribution, one being widely distributed among verte-
brate species, while others are family-specific or species-
specific. We have isolated some short tandem arrays in
their entirety and have been able to examine the single-
copy and repeat type DNA which flank them. Minisat-
ellites appear to be associated with microsatellites at
many loci and we discuss the relationship between these
two classes of repetitive sequences in salmon.

Materials and Methods

Isolation and Sequencing of the Mini- and Microsatellites Loci.Geno-
mic DNA from a single Atlantic salmon individual from Newfoundland
was digested with restriction endonucleases and separated on agarose
gels. Following staining with ethidium bromide, UV-fluorescent bands
were excised, cloned into pUC18, and sequenced (Sequenase, USB).
Most of the clones represented either monomer units of tandemly re-
peated DNA or internal portions of interspersed repetitive elements,
and these have been described elsewhere (Goodier and Davidson 1993,
1994a,b). However, 20–40% of the clones represented unrelated back-
ground DNA, and among these were clones from DNA digested with
BglII (designated SsBglIIU.20, SsBglIIL.6, SsBglIIL.27, SsBglIIU.48),
PstI (SsPstIL.26, SsPstIL.48), andSacI (SsSacIU.44, SsSacIU.24)
which contained micro- or minisatellite arrays.

An Atlantic salmonlEMBL3 genomic DNA library (a gift of J.
Wright, Dalhousie University) was screened in duplicate by plaque lift
hybridization using as radiolabeled probes both the DNA insert of
plasmid clone SsPstIL.26 and poly(dA-dC) poly (dG-dT) DNA (Phar-
macia). Membranes were prehybridized for 4 h and hybridized for 20
h in 6 × SSC (150 mM NaCl/15 mM sodium citrate, pH 7.6)/50%
formamide/5× Denhardt’s solution (0.02% bovine serum albumin/
0.02% Ficoll/0.02% polyvinylpyrrolidone)/50mM phosphate buffer, pH
6.5/0.5% SDS at 42°C, and washed at high stringency (twice at room
temperature in 2 × SSC for 20 min; 4 times in 0.1 × SSC, 0.1% SDS
for 25 min at 55°C). Following autoradiography for 6 days, DNA from
recombinant phage identified by both probes, SsPstIL.26 and poly (dA-
dC)poly (dG-dT) DNA, was isolated by the method of Davis et al.
(1980). DNA from each of the phage clones was digested withAluI or
HaeIII, subcloned into theSmaI site of pUC18, and used to transform
competentE. coli DH5a cells. Colonies of recombinant bacteria con-
taining salmon minisatellite DNA sequence were identified by colony
hybridization with the SsPstIL.26 probe. Plasmid DNA was isolated
and sequenced.

Southern Blot Analyses.For zoo blot analyses, 5–10mg of genomic
DNA from selected species was digested withAluI or PalI, separated
in a 1.0% agarose gel, and transferred to nylon membranes. Hybrid-
ization was at 37°C and otherwise as described above, followed by
washing at low stringency (twice in 2 × SSC for 20 min at room
temperature; twice in 2 × SSC/0.1% SDS, twice in 1 × SSC/0.1% SDS
for 20 min each time at 50°C). Plasmid inserts from clones shown in
Fig. 1 were used as probes, with the exception of SsSacIU.44, for
which an oligonucleotide probe was synthesized (58-GAGCTGACAA-

CAGTCAGTCAGTGTTTTCCCTACATTA-38) and end-labeled with
[g-32P]ATP and polynucleotide kinase.

Results and Discussion

Isolation of Minisatellite Loci From Atlantic Salmon

We embarked on a project designed to characterize re-
petitive elements from the genome of Atlantic salmon.
Our approach involved digesting salmon DNA with vari-
ous restriction endonucleases, separating the fragments
on agarose gels, and identifying bands visible upon stain-
ing with ethidium bromide. These bands were then iso-
lated, cloned in a plasmid vector, and sequenced. The
majority of clones obtained from the bands contained
either monomer units of tandemly repeated DNA or se-
quence fragments internal to interspersed repetitive ele-
ments as described in Goodier and Davidson (1993,
1994a,b). Some recombinant clones, however, contained
unrelated background DNA. Some of this DNA included
minisatellite and microsatellite repeats (Figs. 1, 2, and
and 8).

To detect additional interspersed tandem repeat loci,
1,620 plaques of an Atlantic salmonlEMBL3 genomic
DNA library were screened with the minisatellite clone
SsPstIL.26 (Fig. 1E). Following autoradiography, hy-
bridization to almost 700 (43%) of the plaques was de-
tectable. Assuming the length of a phage insert is 15 kb
and that there is only one locus per insert, this would
translate into approximately 85,000 loci per haploid ge-
nome. However, it is possible that the probe detects com-
mon core sequence in otherwise divergent repeats.

Duplicate membranes were then screened with radio-
labelled poly (dA-dC) poly (dG-dT) DNA, but signal
from positive plaques was much fainter and difficult to
discern following a similar exposure time. Nevertheless,
46 positive recombinant plaques were detected and 24 of
these had previously been detected by SsPstIL.26. DNA
from 14 of these latter phage clones was isolated and
confirmed to be positive for both SsPstIL.26 and poly
(dA-dC) poly (dG-dT) probes by Southern hybridization.
The DNA was then subcloned into pUC18. Further
screening with the SsPstIL.26 probe permitted four re-
peat loci to be identified and sequenced: SsAluI16.70
(Fig. 1C), SsAluI17.5 (Fig. 2A), SsHaeIII14.20 (Fig.
2C), and SsAluI16.62 (Fig. 2E).

Unique Minisatellite Repeat Loci

Those sequences shown in Fig. 1 are portions of longer
tandem arrays; their cloning was made possible by for-
tuitous mutations which generated restriction enzyme
recognition sites in some monomer units. On the other
hand, sequences presented in Figs. 2 and 8 include short
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tandem arrays with flanking sequence. It is possible that
these may eventually be expanded into longer arrays
through mechanisms of replication slippage or unequal
crossing-over. Certain features of the different sequences
presented here suggest modes of evolution for these re-
peats.

Repeat units of the minisatellites range in size from 28
nt (SsPstIL.26, Fig. 1E) to 59 nt (SsBglIIU.48, Fig. 2F).
All contain internal short direct repeats 2–6 nt in length.
These simple motifs may have been the precursors from
which their full-length monomer units were elaborated
by replication slippage and mutation (see below). Dele-
tions within the monomers of arrays shown in Fig. 1 tend
to be localized at these short repeats.

The repeats were examined for the presence of core
sequences characteristic of many other eukaryote mini-

satellites. The presence of a core region (GGGCAG-
GAXG) within minisatellite monomer units having simi-
larity to the E. coli ‘‘Chi’’ recombination signal
prompted Jeffreys et al. (1985) to propose that these
repeats are ‘‘hotspots’’ for recombination. Nakamura et
al. (1987) have proposed a similar but more generalized
motif, GXXGTGGGG. As summarized by Wright
(1993), the motif C/GAGG is shared by many of the
minisatellites isolated to date, but as the original se-
quences (33.6 and 33.15) of Jeffreys et al. (1985) were
most often used as probes for their isolation, this is to be
expected. Some similarity with these core motifs is evi-
dent in the sequences of SsAluI16.70 (CAGCAGGCTG)
and SsPstIL.26 (GGTGGAGGTAT). The remaining At-
lantic salmon tandem repeat sequences lack regions simi-
lar to that of Jeffreys et al. (1985) or to other unrelated

Fig. 1. Sequences of minisatellite arrays isolated from Atlantic
salmon.Dots indicate that the sequence is identical to that of the
consensus (inbold), anddashesindicate deletions. Direct repeats are
shown above the consensus sequences and restriction endonuclease
recognition sites are indicated. Palindromes areunderlined.Sequence

was not obtainable for stretches of SsBglIIU.20(A) and SsSacIU.44
(B). GenBank accession numbersare shown beside each sequence
name. SsBglIIL.6a and 6b are contiguous monomer sequences of the
same clone. SsBglIIL.27 is sequence from a different cloned fragment
(D).
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Fig. 2. Repetitive elements isolated from Atlantic salmon. Di- and
trinucleotide arrays are shown inbold. Identical nucleotides of the
consecutive monomer units are shown by ‘‘|’’. Direct repeats are shown
above one monomer unit. Palindromes and quasipalindromes areun-
derlined. Sequence was not obtained for internal stretches of
SsSacIU.24(B) and SsBglIIU.48(F). SsHpaII.24(D) is a subclone

of pASBgl22 (previously described in Goodier and Davidson 1993).
SsStuI6.62(G) is sequence from the 38 end ofa StuI fragment isolated
from a phage clone of the Atlantic salmon genomic library. The frag-
ment also contains a portion of a Tc1 transposon-like locus from At-
lantic salmon (sequence not shown, see Goodier and Davidson 1994b).
GenBank accession numbersare shown beside each sequence name.
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Fig. 2. Continued.
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minisatellites that have been described (see Vogt (1990)
for review). A search of the EMBL and GenBank data-
bases failed to detect sequences with similarity to any of
the cloned repeats.

Phylogenetic Distribution of the
Minisatellite Sequences

Having cloned minisatellite sequences from Atlantic
salmon previously unidentified in other species, we
wished to ascertain their phylogenetic distribution. Ge-
nomic DNAs from salmonid and other fish species, to-
gether withRanasp., common murre (Uria aalge), and
human, were digested with eitherAluI or PalI, restriction
enzymes known to cut infrequently or not at all within
the DNA sequences shown in Fig. 1. The digestion prod-
ucts were subjected to Southern blot analysis under low-
stringency conditions using the inserts of the clones of
Fig. 1 as probes. These results are summarized below
and in Figs. 4–7. Based on this evidence, we have been
able to ascertain the relative time of amplification of
each minisatellite within the fish lineages (summarized
in Fig. 3).

SsPstIL.26 is a pervasive repeat generating strong
multilocus fingerprints in all Salmoninae (salmon, charr,
trout) species (Fig. 4, lanes 1–8). Its presence was also
detected for almost all other nonsalmonine species tested
includingRanasp. and human (lanes 9–19), but hybrid-
ization signal was much weaker, indicating considerable
sequence divergence. Among the greater than 35 bands
visible for Atlantic salmon DNA digested withPalI there
was much intrapopulation pattern variation, even under
conditions of high hybridization stringency (data not
shown).

An oligonucleotide probe based on the sequence of
SsSacIU.44 strongly hybridized to high molecular
weight Atlantic salmon DNA cut with various restriction
enzymes, suggesting that this repeat has been amplified
in this species as very long tandem arrays at only a small
number of loci (Fig. 5A, lane 1; B, lanes 1–12). This is

consistent with fluorescent in situ hybridization studies
on Atlantic salmon metaphase chromosomes which re-
veal one major area of hybridization when SsSacIU.44 is
the probe (P. Moran, personal communication). Frag-
ments seen in other species of Salmonidae (including

Fig. 4. Zoo blot analysis for SsPstIL.26.Lanes 1,Japanese charr;2,
Atlantic salmon;3, brown trout; 4, Arctic charr; 5, brook charr;6,
rainbow trout;7, masu salmon;8, chum salmon;9, grayling;10,white-
fish; 11,sea lamprey;12,dogfish shark (Squalus acanthicus); 13,skate
(Rajasp.);14, Atlantic sturgeon (Ascipensersp.);15, winter flounder;
16, Ranasp.;17,common murre;18,human;19,Atlantic cod. See text
for additional species nomenclature. All DNA was digested withPalI.
Hybridization was at low stringency (see Materials and Methods).

Fig. 3. Phylogenenetic tree of
Salmonidae species showing probable times
of amplification of the minisatellite
sequences of Fig. 1.
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whitefish, Coregonus laveratus,lane 10) were much
fainter and shorter, indicating lower copy number and/or
significant sequence divergence from that of Atlantic
salmon (Fig. 5A, lanes 2–10).

Clone SsAluI16.70 yielded two to five bands for Sal-
moninae species (Fig. 6) and whitefish (not shown). Hy-
bridization to DNA of non-Salmonidae fish species was
detected as a smear, without discrete bands (data not
shown). It is unclear, therefore, that related repeat se-
quences were being detected in these nonsalmonids;
binding of the probe to DNA may have been nonspecific.

No signal was detected in whitefish, Arctic grayling
(Thymallus arcticus), or nonsalmonid DNA when probed
at low stringency with the insert of SsBglIIU.20 (data not
shown), and this repeat must have arisen subsequent to
the divergence of the subfamily Salmoninae from the rest
of the Salmonidae species (Fig. 3). Fossil records are
sparse, butEosalmoof the Eocene period (54 to 38 mil-
lion years ago) is the most primitive salmonine known
(Stearley and Smith 1993; Nelson 1994).

Differential amplification of SsBg1IIU.20 repeats fol-
lowing salmonine speciation was indicated by the South-
ern blot analysis. When genomic DNA was digested with
AluI and probed at low stringency with SsBglIIU.20,
strong signal was detected for Atlantic salmon (Fig. 7A,
lane 5), as well as for some other species of the subfam-
ily Salmoninae, including brown trout (Salmo trutta,lane
6), Arctic charr (Salvelinus alpinus,lane 7), and chum
salmon (Oncorhynchus keta,lane 12, appearing as an
intense smear). Weak signal was detected for rainbow
trout (Oncorhynchus mykiss,lane 10) and masu salmon
(Oncorhynchus masou,lane 11), but none was seen for
Japanese charr (Salvelinus leucomaenis,lane 8) or brook
charr (Salvelinus fontinalis,lane 9).

Fig. 5. A Zoo blot analysis for SsSacIU.44 using an oligonucleotide probe. Only species of the family Salmonidae are shown. DNAs from
non-Salmonidae species were tested as in Fig. 4, but showed no hybridization of the probe.Lanes 1,Atlantic salmon;2, brown trout;3, Arctic charr;
4, Japanese charr;5, brook charr;6, rainbow trout;7, masu salmon;8, chum salmon;9, Arctic grayling;10,whitefish. All DNA was digested with
PalI. B Southern blot analysis of Atlantic salmon DNA digested with various restriction endonucleases and probed with the oligonucleotide probe
of SsSacIU.44.

Fig. 6. Zoo blot analysis for SsAluI16.70.Lanes 1,Atlantic salmon;
2, brown trout;3, Arctic charr; 4, Japanese charr;5, brook charr;6,
rainbow trout;7, masu salmon;8, chum salmon;9, grayling. All DNA
was digested withPalI. Less grayling DNA was loaded inlane 9
compared with the other lanes. The markers shown arel DNA cut with
HindIII and 32P-labeled.
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Under high-stringency conditions, BglIIU.20 would
not hybridize to non-Salmo species (data not shown).
Hybridization of the SsBglIIU.20 probe to DNA from
different Atlantic salmon individuals generated from one
to over 10 polymorphic bands (Fig. 7B, lanes 1–9). On
the other hand, in brown trout only two or fewer frag-
ments were detected, each less than 3 kb in size (lanes 10
and 11), indicating amplification of this repeat sequence
to higher copy number and longer arrays within the ge-
nome ofS. salarfollowing its divergence fromS. trutta.
The polymorphism revealed forS. salarby this probe is
in part due to mutation hotspots within the monomer
units of SsBglIIU.20. This is evident from sequence
shown in Fig. 1A, and from the Southern blot analysis of
Fig. 7A (lanes 1–5), where Atlantic salmon DNA has
been digested with different restriction endonucleases
and probed at low stringency with the insert of SsB-
glIIU.20. The PalI recognition site, for example, is in-
variant, and the enzyme digests every monomer unit
(lane 1).Sau3AI, on the other hand, cuts infrequently
within the repeat array, generating a multibanded finger-
print pattern (lane 3).

A strong multibanded fingerprint pattern was pro-
duced when SsBglIIL.6 was hybridized toS. salarDNA
cut with AluI (not shown). Failure to detect the presence
of this repeat within the genome of brown trout indicates
specific amplification of this repeat in theS. salar lin-
eage since it diverged from the common ancestor of the
Salmospecies. Although very faint hybridization bands
were also detected for Arctic charr, sea lamprey, Atlantic

cod (Gadus morhua), and winter flounder (Pseudopleu-
ronectes americanus), the probe may have detected un-
related repeats containing some sequence similarity in
these distantly related fish species. On the other hand, it
is also possible that the progenitor sequence of SsB-
glIIL.6 was amplified to low copy numbers indepen-
dently in several species.

The Proximity of Minisatellite Sequences with Other
Repeat Types

Characterization of SsPstIL.48
Digestion of salmon DNA withPstI produces two

visible bands of 580 and 800 base pairs (bp) following
electrophoresis and staining with ethidium bromide.
Clone SsPstIL.48 (Fig. 8) was isolated from the 580-bp
band. We have previously characterized DNA isolated
from this band and shown it to represent an internal
region from an interspersed repeat element (designated
SALT1 in Goodier and Davidson 1994b) having simi-
larity with the Tc1 class of transposons originally found
in nematodes (Rosenzweig et al. 1983). In the case of
clone SsPstIL.48, however, only 220 bp at the 38 end of
SsPstIL.48 was Tc1-related, being 65% identical in
nucleotide sequence with a portion of the putative trans-
posase coding region of a Tc1-like element (Tes1) iso-
lated from Pacific hagfish (Eptatretus stouti;Heierhorst
et al. 1992) and 58% identical with corresponding se-
quence from the Tc1-like SALT1 element.

Fig. 7. Zoo blot analysis for SsBglIIU.20.A
Lanes 1–5,Atlantic salmon, digested withPalI,
RsaI, Sau3A, SacI, andAluI; 6, brown trout;7,
Arctic charr;8, Japanese charr;9, brook charr;10,
rainbow trout;11, masu salmon;12 chum salmon.
DNA of lanes 5–12 was digested withAluI. Only
species of the subfamily Salmoninae are shown;
no hybridization signal was detected for other
species tested. Hybridization was at low
stringency.B Analysis of genomic DNA from
Atlantic salmon of Eastern Canada and Ireland.
DNA was digested withAluI and probed with
SsBglIIU.20. Atlantic salmon,lanes 1,Little R.,
Newfoundland;2, Grand Codroy R.,
Newfoundland;3–5,LaHave, Nova Scotia;6,7,
Owentogher R., Donegal, Ireland;8, Ray R.,
Donegal;9, Swilley R., Donegal;10, brown trout,
Newfoundland;11, brown trout, Ireland.
Hybridization was at high stringency. The markers
shown arel DNA cut with HindIII and
32P-labeled.
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Unrelated sequence appears to have been inserted into
the SALT1-related portion of the SsPstIL.48 locus, per-
haps by means of recombination between nonortholo-
gous repeat loci. The 58 end of the clone contains an
imperfect (GA)n (CT)n microsatellite followed by three
48-bp tandem repeats. The association of simple tandem
repeats with transposons has not been previously re-
ported, although in mammals it is not unusual to find
microsatellite and minisatellite sequences near or within
SINE retroposons (Arcot et al. 1995, and references
therein) or the long terminal repeats of retroviral or ret-
rotransposon-like elements (Armour et al. 1989; Rogaev
1990; Kelly 1994).

Unexpectedly, 45 nt between the last tandem repeat
and the start of the SALT1 homologous region of SsP-
stIL.48 are 93% identical with 38 flanking sequence of a
SINE element locus of coho salmon (Oncorhynchus
kisutch) described by Murata et al. (1993). These 45 nt
are also 87% identical with sequence located 65 bp from
the start of a microsatellite locus of the European toad
Bufo bufo (Scribner et al. 1994; GenBank Acc.

[U05292). The significance of this motif within the
complicated repeat environment of the SsPstIL.48 locus
is unknown.

The Association of Minisatellite and
Microsatellite Arrays

The results of screening the salmon genomic
lEMBL3 library with the SsPstIL.26 and poly (dA-dC)
probes (see above), together with sequence presented in
Figs. 2 and 8 suggest that microsatellite dinucleotide ar-
rays in salmon are associated with short, tandem repeats
at many loci. Bentzen and Wright (1993) also identified
a microsatellite near a minisatellite array in Atlantic
salmon. Dinucleotide arrays isolated in the present study
were of the form (CA)n z (GT)n or (GA)n z (CT)n.

Evidence for the association of microsatellites with
minisatellite sequences in other organisms is anecdotal
and involves, for the most part, minisatellite repeat units
harboring short stretches of simple sequence (Kashi et al.
1990; Armour et al. 1992; Iwasaki et al. 1992). Some
researchers (Levinson and Gutman 1987; Schlo¨tterer and

Fig. 8. Sequence of clone SsPstIL.48, isolated from Atlantic salmon. Direct repeats are indicated witharrows above the sequence and quasi-
palindromes areunderlined.Dinucleotide arrays are shown inbold. Other sequences shown are: Tes1, a portion of a Tc1 transposon-like element
from hagfish (Heierhorst et al. 1992); SALT1-SSal1, a portion of a similar element from Atlantic salmon (Goodier and Davidson 1994b); Hpa
(OK)-51 sequence flanking a SINE element present in the genome of coho salmon.Bufo bufoB13.2, sequence downstream of a microsatellite locus
in European toad (Scribner KT, unpub, GenBank Acc[U05292).
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Tautz 1992) have proposed that the major mechanism
involved in the evolution of simple sequence DNA is
slipped-strand mispairing at replication. Initial amplifi-
cation by replication strand slippage will expand the sub-
strate and hence the chance that slipped-strand mispair-
ing will occur in the future. Single nucleotide
substitutions, deletions, or insertions may convert one
simple sequence form to another. Wright (1994) has also
presented a case for microsatellites as the progenitors of
minisatellites. The occurrence of simple sequence motifs
within the monomer units of minisatellite arrays de-
scribed in the present study lends credence to this sce-
nario. It is not unreasonable to suppose that the repeat
units of SsAluI17.5 (Fig. 2A), for example, have been
amplified from (CA)n z (GT)n dinucleotides. It is less
clear that the long microsatellite arrays shown in Fig.
2(B,C, and E) and Fig. 8 have been involved in the birth
of their minisatellite neighbors. In this case, one might
expect to see a zone of transition through which microre-
peats are gradually elaborated. Rather, we did not find
examples of dinucleotide arrays contiguous with mini-
satellite repeats, the two being separated instead by
unique sequence. While slipped-strand mispairing may
be involved in the generation of short sequence repeats,
unequal crossing over or sister chromosome exchange
may act to bring unrelated repeat types into juxtaposi-
tion, a phenomenon perhaps mediated by the dinucleo-
tide array itself. The power of (CA)n z (GT)n dinucleotide
tracts to promote homologous recombination, possibly
through the ability to form left-handed Z-form DNA, has
been demonstrated (Treco and Arnheim 1986; Bullock et
al. 1986; Wahls et al. 1990).

Palindromes and quasipalindromes (repeats separated
by a short spacer) are found near and overlapping the
junctions of many of the minisatellite-type arrays shown
here. The minisatellite array from Atlantic salmon de-
scribed by Bentzen and Wright (1993) also has imperfect
inverted repeats near its 58 (CGACCAGAAGGTCG)
and 38 (AGAAAACTACACCTAGCAGTTGTCT) ends,
and palindromes have been reported within the monomer
units of tandemly repeated DNA from other species, in-
cluding fish (Ekker et al. 1992; Kubota et al. 1993;
Goodier and Davidson 1994a). Some studies have de-
tected palindromes at sites of recombination in satellite
DNA (Kiyama et al. 1987; Plohl and Ugarkovic´ 1994).
Reed et al. (1994) report the presence of palindromes at
points of transition between repeat types withinNasonia
vitripennis; as reviewed by these authors, palindromes
have been postulated as a source of genetic instability in
eukaryotes, having been associated with increased re-
combination, DNA amplification, and local sequence ex-
cision. The detection of palindromes within and near so
many salmon minisatellite-like repeat arrays is of un-
known significance. Nevertheless, we speculate that they
could have been involved in the evolution of these repeat

loci, perhaps by serving as recognition sites for proteins
which mediate minisatellite stability.
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