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Abstract. We present here the sequence and characcontraction (Jeffreys et al. 1994), their possible role in
terization of various minisatellite-like tandem repeat loci recombination (Fletcher 1994), and the discovery of pro-
isolated from the genome of Atlantic salmoS8almo teins able to selectively bind such simple sequence re-
salar). Their diversity of sequence and lack of core mo-peats (Collick and Jeffreys 1990; Wahls et al. 1991; Yee
tifs common to minisatellites of other species suggest thet al. 1991) have stimulated interest in the potential in-
presence of numerous and previously unidentified simpleolvement of minisatellites in genomic turnover and
sequence repeat families in this salmonid. Evidence foehange. Their study, however, has been hampered by a
their ubiquity was provided by screening of a salmondearth of sequence data limited to only a small number of
genomic library. Southern blot analysis of the phyloge-organisms. Greatest attention has been directed toward
netic distribution of a subset of the minisatellites found human minisatellite loci (Inglehearn and Cooke 1990;
one sequence to be pervasive among vertebrates, othesgmour and Jeffreys 1992). Additional data have been
present only in Salmoninae or Salmonidae species, angptained from primates (Royle et al. 1994) and a small
one amplified only in Atlantic salmon. There is evidence nymber of mammal (Kominami et al. 1988; Kelly et al.
for the positioning of microsatellite and minisatellite ar- 1989; Kashi et al. 1990; Coppietiers et al. 1990; Brenig
rays in close proximity at many loci. Furthermore, one 504 Brem 1991; Kitazawa et al. 1994; Joseph and Samp-
tandem repeat appears to have been inserted into thg,, 1994), bird (Gyllensten et al. 1989), insect (Blan-
transposase coding region of a copy of the Tcl transpOshetot 1990; Jacobsen et al. 1992; Paulsson et al. 1992),
son-like element recently identified in salmonids. 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@reochromis niloticusHarris and
Wright 1995) and two loci from Atlantic salmorS&aimo
salar) have been characterized (Bentzen and Wright
Introduction 1993; Kvingedal 1994). In addition, Taggart and Fergu-

son (1990) reported the isolation of four minisatellite loci
The high degree of mutability of minisatellite loci fromS. salarand Prodal et al. (1994) reported five from
(Monckton et al. 1994), their dynamic expansion andbrown trout §. truttg, but provided no sequence data.

With the exception of Kvingedal’'s (1994), these mini-

satellite loci were isolated by screening genomic libraries

) o _with the human-derived DNA fingerprinting probes

* Presentaddre_serartmentofGenencs,_Umversnyof Pennsylvama 33.15 and 33.6 (Jeffreys et al. 1985). Brenner et al.
School of Medicine, 505 CRB, 415 Curie Blvd., Philadelphia, PA . : . o
19104-6145, USA (1993), using a random sequencing strategy, identified
Correspondence tod. Goodier; e-mail: jgoodier@ncbi.nim.nih.gov 16 minisatellite types from the pufferfisiFggu ru-
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bripeg, but the sequence of only one of these is avail-CAGTCAGTCAGTGTTTTCCCTACATTA-3) and end-labeled with
able. [y-*3P]ATP and polynucleotide kinase.
Here we expand considerably upon these previous
investigations by presenting sequence data from 12 dif-
ferent minisatellite-like repeat loci from Atlantic salmon. Results and Discussion
These repeats were isolated by means not dependent

upon the use of mammalian minisatellite DNA probes. . - . . .
The minisatellite sequences show variable phylogeneti(I:SOIatlon of Minisatellite Loci From Atlantic Salmon

distributioq, one peing widely distr.ibuted among vert'e-We embarked on a project designed to characterize re-
brate species, while others are family-specific or Spec'e.sgetitive elements from the genome of Atlantic salmon.

spe_cific._We have isolated some short tan_dem arrays 1 approach involved digesting salmon DNA with vari-
their entirety and have been a*?'e to examine the_ S_'ngleéus restriction endonucleases, separating the fragments
copy and repeat type DNA which flank them. Minisat-

! . ) ) ) on agarose gels, and identifying bands visible upon stain-
ellites appear to be associated with microsatellites afng with ethidium bromide. These bands were then iso-
many loci and we dis_puss the relatioqship between thesf%tted, cloned in a plasmid vector, and sequenced. The
two classes of repetitive sequences in salmon. majority of clones obtained from the bands contained
either monomer units of tandemly repeated DNA or se-
quence fragments internal to interspersed repetitive ele-
Materials and Methods ments as described in Goodier and Davidson (1993,
1994a,b). Some recombinant clones, however, contained
Isolation and Sequencing of the Mini- and Microsatellites L&#no- unrelated background DNA. Some of this DNA included

mic DNAfrom a_smgIeA_tIa_ntlc salmon individual from Newfoundland minisatellite and microsatellite repeats (Figs. 1, 2, and
was digested with restriction endonucleases and separated on agarose

gels. Following staining with ethidium bromide, UV-fluorescent bands and 8). . . .
were excised, cloned into pUC18, and sequenced (Sequenase, USB). 10 detect additional interspersed tandem repeat loci,

Most of the clones represented either monomer units of tandemly red,620 plaques of an Atlantic salmaEMBL3 genomic
peated DNA or internal portions of interspersed repetitive elementsDNA library were screened with the minisatellite clone
and these have been described elsewhere (Goodier and Davidson 195§sPstIL 26 (Fig. 1E). Following autoradiography, hy-

1994a,b). However, 20-40% of the clones represented unrelated back- . ..~ . o
ground DNA, and among these were clones from DNA digested withlfmd'zaltlon to almost 700 (43 A’) of the plaques was de-

Bglll (designated SsBglllU.20, SsBglIIL.6, SsBglllL.27, SsBglilu.48), tectable. Assuming the length of a phage insert is 15 kb
Pst (SsPstIL.26, SsPstlL.48), an8ad (SsSaclU.44, SsSaclU.24) and that there is only one locus per insert, this would
which contained micro- or minisatellite arrays. translate into approximately 85,000 loci per haploid ge-
An Atlantic salmon\EMBL3 genomic DNA library (a gift of J.  h5me However, it is possible that the probe detects com-
Wright, Dalhousie University) was screened in duplicate by plague lift ' - . .
hybridization using as radiolabeled probes both the DNA insert of 'ON COr€ Sequence In otherwise divergent repgats. '
plasmid clone SsPstIL.26 and poly(dA-dC) poly (dG-dT) DNA (Phar- ~ Duplicate membranes were then screened with radio-
macia). Membranes were prehybridized #oh and hybridized for 20  labelled poly (dA-dC) poly (dG-dT) DNA, but signal
hin 6 x SSC (150 m NaCl/15 mu sodium citrate, pH 7.6)/50%  from positive plaques was much fainter and difficult to
formamide/5x Denhardt's solution (0.02% bovine serum albumin/diScern following a similar exposure time. Nevertheless,
0.02% Ficoll/0.02% polyvinylpyrrolidone)/50mphosphate buffer, pH 46 iti bi tol detected and 24 of
6.5/0.5% SDS at 42°C, and washed at high stringency (twice at room posiuve recc_)m Inant plaques were detected an 0
temperatureri 2 x SSC for 20 min; 4 times in 0.1 x SSC, 0.1% sbs these had previously been detected by SsPstIL.26. DNA
for 25 min at 55°C). Following autoradiography for 6 days, DNA from from 14 of these latter phage clones was isolated and
LeC)OmIbirEnt F&hé)ige identified bylbotz pbrobﬁs, SsPstl(lj--Zﬁ and poly (dIAconfirmed to be positive for both SsPstIL.26 and poly
C)poly (dG-dT) DNA, was isolated by the method of Davis et al. _ - S i ot
(1980). DNA from each of the phage clones was digested Mithor (dA dC) pOIy (dG dT) prObeS by SQUthem hyb”dlzatlon'
Hadlll, subcloned into thesSma site of pUC18, and used to transform The D_NA V\{aS then subcloned into pUC.18. Further
competen€. coli DH5« cells. Colonies of recombinant bacteria con- Screening with the SsPstIL.26 probe permitted four re-
taining salmon minisatellite DNA sequence were identified by colony peat loci to be identified and sequenced: SsAlul16.70
hybridization with the SsPstIL.26 probe. Plasmid DNA was isolated (Fig. 1C), SsAlull7.5 (Fig. 2A), SsHaelll14.20 (Fig.

and sequenced. 2C), and SsAlul16.62 (Fig. 2E).

Southern Blot AnalyseBor zoo blot analyses, 5-1@ of genomic
DNA from selected species was digested witlil or Pall, separated ~ Unique Minisatellite Repeat Loci
in a 1.0% agarose gel, and transferred to nylon membranes. Hybrid-
ization was at 37°C and otherwise as described above, followed byThose sequences shown in Fig. 1 are portions of longer
washing at low stringency (twiceni2 x SSC for 20 min at room tandem arrays; their cloning was made possible by for-
temperature; twiceni 2 x SSC/0.1% SDS, twica il x SSC/0.1% SDS . . . ..
for 20 min each time at 50°C). Plasmid inserts from clones shown intwtous_ mUta'j‘lons_ which generatEd re_strlctlon enzyme
Fig. 1 were used as probes, with the exception of SsSaclU.44, fof€COgnition sites in some monomer units. On the other

which an oligonucleotide probe was synthesized@AGCTGACAA- hand, sequences presented in Figs. 2 and 8 include short
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A) SsBglIIU.20 (#L31537) C) SsAlull6.70 (#L31535)
» ————p —--- - -—-b
-=-=-» Haelll ---» == -—==» —==p=-=p
AGAACTGTCTACATAGGCCTATCAAACATGAAAC AGTTATCTGAGGA------ CCCAGTTTAACCAGCAGGCTGTGTTG

D) SsBglIIL. (#L31533)

....GTT. --» -=»

el el bt ol el
""""""""""""""" g"' AGATCTTCCAGTCAGTCCCTCAACCCCCCTGCTGCTGCTGC
.............................. g Alul HaeIll
"""""""""""""""" i&" 27 . G ¢ (e
............................... 6a i
............ G e 6b D
............................... TT N
.................................. >
.............. [ TGCTGGATACAGATACAACACCTCCTAACTCTCAGAGATCT
..... 7
............................... TT. 27 ... D ¢
...T.. 6a G

6b

E) SsPstIL.26 (#L31534)

B) SsSacIU.44 (#L31536)

Alul —==pm==p-——p-—=p
GAGCTGACAACAGTCAGTCA- - - -GTGTTTTCCCTACTATTA

approx. 18 repeats are not shown = L.l i,

.................... GACA. ...t
................. ALl
NSRRI coiiill O Sl
LLle GACA. . @iniiiiiiaae i To...
Coveiinnn, Coriiit GACA. . .@vnnoooeeiiinn eiiiiiiiiilillll Tl
............................................................ Tl
.................... s VSRR
Lc ...C..

Fig. 1. Sequences of minisatellite arrays isolated from Atlantic was not obtainable for stretches of SsBglllU.X) and SsSaclU.44
salmon. Dots indicate that the sequence is identical to that of the (B). GenBank accession numbease shown beside each sequence
consensus (ifold), anddashesndicate deletions. Direct repeats are name. SsBglliL.6a and 6b are contiguous monomer sequences of the
shown above the consensus sequences and restriction endonucleasane clone. SsBgllIL.27 is sequence from a different cloned fragment
recognition sites are indicated. Palindromes anderlined.Sequence (D).

tandem arrays with flanking sequence. It is possible thasatellites. The presence of a core region (GGGCAG-
these may eventually be expanded into longer array§&AXG) within minisatellite monomer units having simi-
through mechanisms of replication slippage or unequalarity to the E. coli “Chi”’ recombination signal
crossing-over. Certain features of the different sequencesrompted Jeffreys et al. (1985) to propose that these
presented here suggest modes of evolution for these reepeats are “hotspots” for recombination. Nakamura et
peats. al. (1987) have proposed a similar but more generalized
Repeat units of the minisatellites range in size from 28motif, GXXGTGGGG. As summarized by Wright
nt (SsPstlIL.26, Fig. 1E) to 59 nt (SsBglllU.48, Fig. 2F). (1993), the motif C/GAGG is shared by many of the
All contain internal short direct repeats 2—6 nt in length. minisatellites isolated to date, but as the original se-
These simple motifs may have been the precursors fromquences (33.6 and 33.15) of Jeffreys et al. (1985) were
which their full-length monomer units were elaborated most often used as probes for their isolation, this is to be
by replication slippage and mutation (see below). Dele-expected. Some similarity with these core motifs is evi-
tions within the monomers of arrays shown in Fig. 1 tenddent in the sequences of SsAlul16.70 (CAGCAGGCTG)
to be localized at these short repeats. and SsPstlIL.26 (GGTGGAGGTAT). The remaining At-
The repeats were examined for the presence of cortantic salmon tandem repeat sequences lack regions simi-
sequences characteristic of many other eukaryote miniar to that of Jeffreys et al. (1985) or to other unrelated
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A) SsAluIl7.5 (#U10048)

AGCTAATTTTGCCCGATGGCACCACGTTTACCGGGCCTACAATATCCTCCCCTGTAGGTCGGATAAGCGAACGATCCGAC
AACTCACCCCGCACCGTGCCCATAAAAAAACCCCGCCGAAGCAGGGTCTATGTGAACTAAAATTCGCTTAGTGACGAGCG
CGCACCAGCTGTAT

ATAGGACTCTTCAlLlL QA AAGAGGTGTGTGTGTGTGTGTGT

ACAGGACTCTTCCTCTCTTCAGAAGAGACTT

N IIIIIIII IIIIIII l

ATATGACTCTTCACCACTTCAGAAGA!

LU LT IIIIIIIIIIIIIIIIIIII
ACAGGA

CCCTTCACCACTTCAGAAGAGGTGTG
||||||l L] ||l||| ||||||||||||||||||||

ACTCTTT, AGAAGA
||||||||||| |||||| ||||||||||||||||||||||

ACTCTTCACCACTTCAGAAGAGGTGTG! TGTGTCTCTCTGTGTGTGTGTGTCTGTCTCTCTCTCTGTGT
||||||||||||||||| |||||||||||||||||||

ACTCTTCACCACTTCAGAAGAGGTG!

ACAGGACTCTTCACCACTTCACAAGAGGTGTGT
[LETLL ]
AGGACTCATGTCTTTAGGACTTAGGTTTCTGTTTAGAGATCTGCCTCAGTGTGAGAGAAGTTAGTTCTATCTATTAAA
TGGTCTTCCATTTTCAGGACTCTTACTGTGCACAATAAACCCCCAGTTGTAAGTCCCCACTGCACTGACACTGTTAGTGT
GTCGTTTGTTGCTATGACTGTAAGAGCT

B) SsSacIU.24 (#U10049, #U10468)

GAGCTCTYCCCTCTTTTAATGCAAATGATGCCAGGGGTCTTCCTGAAAGCTTCCATTGAGTCATAAATTCCAACAATGCT
GTTGATGTACAACTGACCTCCCACTTTCCACTTCCTCTCTTTCAACCCCTTTCTCTCTCTCTCTCTCCCTSCCCTTCTCT
CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTGTGTCTCTCTCTCTGTGTCTCTCTGTCTCTTAGG
GTCCACACATAGCTTCAGTGATCCTTGCAGAGTATGAATGTAGTTCAGTGGACTTCCCGCAGCCCCCCTACCCAGAGAAG
ATCATCTGCCCCCAGGAGGAATTCCTGTTGGGGGAGACTGAGGCCGGGGTCCAGGGTGGTATGGAGGACATGGCGGGGGC
AGCAGCTGTGCAGTGAGGCATCTCCCTCTGGACCATCGTCGTCAAGACCCGCCTGGAAGCCTGCATGTGGATGAGTCTAC
TGTAACTGTACTTGTAGCCTACACACGGTTAACACACAGTCTACTGGACAGTCCATGGCACATAG

ACACACAGTCTACTGGACAGT

ACACACAGTCTACTGGACAGTCCATG

ACACACAGTCTACTGGACAGTC-ATGGCACA'

III|IIIIIIIII|II|III|I IIIIIIIIIII

ACACACAGTCTACTG
||||||||||||||||||||||||||||||||||
ACACACAGTCTACTGGACAGTCC
||||||||||||||||||||||||||||||||||
ACACACAGTCTACT GTCCATGGCACATAG

ACACACAGTCTACTGGACTATCAGTATTGGTGAGATTGG. .. gap of
approx. 220 nt...CACTGTCACACATACAGTAACACTGTAAGAAGAGCCAGCCCTGGCACAGGTAGAGGGTTATAC
CCAGTTATTCTGGATGCATTCTGACTCTGGAGGCCTTGTGGCTGTGGTGACCACTACAATGACTCAGACATATCTC

CEVELEELEE LT ===
[ > TGACTCAGACATATCTCTAAC
TGGTAACTGTCTGTATCAGCCACAAAACTACAATGAGATTATATTTCTATGGTATCAGTTTCCCACTGATGATCAGCAGT
ACTGTTCCTGAATTCTCAGCTCTCACAGCTCTTTTACCGGCAGTGTAGCAGCGTCAGGCCCTTTTTCAGCGCCTCCCTCT
CAGAGTATAACTGTATCTACTGAGAAACACTGCTGGTTAACAGACAGAGAGCTC

C) SsHaeIII1l4.20 (#U10050)

AACGTCAAAATATGTAGCCAATTACAGAATAATCCTGTAATACATTCCTACTCCCACAGAAAGCATCACTAGGTGAGTGT
AATCACACAGTCAAGATGACTTCATTATTAAG-TGT

i i
AAACTGGGAGACATAGTTATTAGACAGTCCTCCTATCTGCTATCACCTTGCTCTAATAAACCTGTGAACCCT
TAGAGCTGTGTGTGCTGTGTGTCTGTGTGTGTGTGTCTGTCTCTGTGTCTCTGTGTGTGTCTGTGTGTGTGTGTGTGTCTG
PGTGTGTCTGTGCCTGTGTGTACATGGGGTCCTAATGCTATGGCATCTGCCATGGTCCAGCTCCCCTCTCCTTAACCCTC
TGAGCACCATCTGGGAGACGGGTCCCAAATAGCCAGGAAGAGATTATAGACATATGTTTGAATCAGTGGAAGACGAATGG
TTAAATCCAAAAGTGACATCAGGCC

Fig. 2. Repetitive elements isolated from Atlantic salmon. Di- and of pASBgl22 (previously described in Goodier and Davidson 1993).
trinucleotide arrays are shown ioold. Identical nucleotides of the SsStul6.63G) is sequence from the’ @nd ofa Stu fragment isolated
consecutive monomer units are shown by “|”. Direct repeats are showrfrom a phage clone of the Atlantic salmon genomic library. The frag-
above one monomer unit. Palindromes and quasipalindromesnare ment also contains a portion of a Tcl transposon-like locus from At-
derlined. Sequence was not obtained for internal stretches oflantic salmon (sequence not shown, see Goodier and Davidson 1994b).
SsSaclU.24(B) and SsBglllU.48(F). SsHpall.24(D) is a subclone  GenBank accession numbere shown beside each sequence name.



D)

E)

F)

G)

SsHpalIIl.24 (#U11502)

GGGCACCCACCCTTAAGCACCCTTCCTCGGACACTAAAGCACATAGTTCCGCTGCTACGAA__GC _TGCAQCT QICACCC

| 1111
GAAACAACCTATGTGCACCTGGTCACC

LTI I4IIIIIIIIIIII

AAAACAACCTATGTGCACCTGGTCA

AAAACAACCTATGTGCAACTGGTAACCC
P T
TGCCGCTTTCCGCTCAGAGACTAAGTCCACTCAGGTGGATTACCGG

SsAlull6.62 (#U11503)

AGCTTTGGAAAACAATCTGTCAATTAGGACCTGTTCTCTGAGGCCTTCGTTTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
GTGTGTGTGTGTGTGCTGTGTGTGTGTCTGGTCCAGGAGGTGTAAAAGGTAGGTAGTTGTGATAATTAGTGTTGTTCCTAT
TCTCTCTCCTCCTTCTCCCTACAGGGCTTTGGTCC

———— ————P
AAAGTAGTGCACTATATCAGGCATAGGGTTCTATAGAGCCCTTGTTT

[111 CEVLEEE 1 UL LEELLE L T
ARA

GTAGTGCACTATTTAGGGAATAGGGTTCTATAGGGCCCTGGTCT

FIVEETELLLL || ||||ll|||l||||||||||||| LI
AAAGTAGTGCACT GGTTCTATAGGGCTCTGGTCC
FLTLLELELT |||||||||| |
AAAGTAGTGCACTATATAGGGAAGGCCCTGTCT

AAAGTAGTGCACTATATAGGGAATAGGGTTCTATAGGGCCCTGGTCTAAAGTAGTGCACTATACAGGGACTAGGGTTCCA
TTGAACACAGAGGCCTGGTGGCTGGGTATCCAGGGGAACTGGCCTTGTCTAGACCGGTCTCTTTTCCTTGTGTCGGGGAC
TGAGCCGAAGGTGCTTTAAATGCCAAACGGACTCATTCAGACACAGAGGACATGAGCCCAGAACTATTGGCTCTGCTTAA
ATACTAGTCTGTCTGTCTCTCTGTCTGTCTCGCTGGCTGGCTGGCTGTGAATACCAGGTCTGTCTGTCTGTCTGTCTGGC
TGGCTGTCTGCTCTGGCTGGCTGTGAATACCAGGTCTGTCTCTCTGTCTGTCTGTCTGCCAGGCCTGCCTGTCTGTCTGCC
GGGGCTGTCTGTCTCTCTCTCAGACATGGGTCAAATACTATTTCAAATATCTACATTTCTTTCACATTAAGTATTCTGAC
TGATTAGAAAACACAAGAAGTTCAATATTTTAATGTATTAGGAAATKCCCTTGGAAATACACTCCCATGCATTCAACCCA
GGTATTTAAAAATAGTATTTGAAATAAGTATTTGAAAATACTGTCAAATACAATTTGGTAGTCTATTTGTATTTTTAATT
TGTTACTAAAAACCATTTAAATACTTAAACAAAAGTACTTATTTTGGGCTTATAGGTTTATTTATTTATCAATTTCATCC
ACTGTATTTTTTGTGGTTCCGTTTTGTGTAACTGGTTTTGAGGAGCT

SsBglIIU.48 (#U10052, #U10469)

AGATCTGCTGGAGTCCAAGTCAAACCCAGATTGTTTATTTA

-»
TGATCTCAGAGAGAATAACAGAGTTCCACAGTGTAGACAGICTGAATICAGAAGCATTG

TGATCTCAGAGAG. AATCTGAATTCAGAA
IIIIIII|||||II|IIIIIIIII|III|IIIIIII|IIIIIIIIIIIIIIIIIIIII
TGATCTCAGAGAGAA
IIIIIIlIlIIIIIIIIIIIIIIliIIIIIIIIIIIIII IIIIIIIIIIIIIIIIII
TTCCACAGTGTAGACA!
lllllllllllllllllllI|llll| IIIIIIII||II|IIIIIIIIIIIII IIII
TGATCTCAGAGA
II!IIIlIlIIllIIIIIIIIIlIII IIII||IIIIIII|III|IIII III IIII
TGATCTCAGAGAGAATAACAGAGTTCCACAGTGTAGACAGTCTGAATTCTGAAGCATTGGTTATAAGCACATATGTTCA

TAGTTTC... gap of approx. 650 nt . AAAAAATGTACCCGATTTAATCTGGTTACTAATCCTACCCAGT
AACTAGAATATGCATATACTTATTATATATGGATAGAAAACACTCTAAAGTTTCTAAAACTGTTTGAATGGTGTCTGTG
AGTATAACAGAACTCATTTGGCAGGCAAAACCCTGAGACATTTTCTGACAGGAAGTGGATACCTGATGTGTTGTATTGA
CTTTAAACCTATCCCATTGAAAAACACAGGGGCTGAGGAATATTTTGGCACTTCCTATTGCTTCCACTAGATGTCACCA
GCCTTTACAAAGTGTTTTGAGTCTTCTGGAGGGAGATCT

SsStul6.62

AGGCCTAAAAAACACAACAGCTAACGTTTGCTAGCTAGCTAGCTAACCACAGTTAGCCAGAGCAATATATGGCTAGGTAG
CTGGAAAATTCTAGCTAGATAGCTAACTTCCTATGCTAAATCATCCATCAGAATGAATGTATTCCCCCCGAAAAAAAAAC
TAAACAGATGGCATGGAAAACTTACTTTCTCTCTCCTGTCTTGACCTTTTGTGTCATCTACAACACTTACTTTCTTTCGC
GCCAATCTATCATGTCTGGATTTGCACACTGTCCTTCTCGACCCATCTTTACAAGTGACATTTGAGGTCATCGTTATTTC
AAGCGTGTTGTGACAATTTGTTTAAAATACAGCACATTGAAATGTAGTTTTATACATAAAGTAAAATAATTTGTCTCTAT
GTACTGCAACATTCATTCATTTAAAAAAAGAAAGTATTTATGCTGCAGCTATNAAACCCTGACCTGTTCACCGGACGTGC

TACTG---TCCCAGACCTG

ST T

CTG---TCCCAGACCTG

CTGGGAACCCTGACCTGTTCACCGGACAGTGCTACTGTGCCAGACTGCTGTTTNCAACNCTCTAGAGACAGCAGGAGC

Fig.

2. Continued.
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OTHER SALMONINAE (charrs, trout, salmon)
FisH  COREGONINAE THYMALLINAE Salmo  Salmo
SPECIES (whitefish) (grayling) Salvelinus  frufta  salar  Oncorhynchus

SsBgllIL.6

SsBgll1U.20

< SsSaclu.44
< SsAlul16.70 Fig. 3. Phylogenenetic tree of

Salmonidae species showing probable times
<€ SsPstiL.26 of amplification of the minisatellite
sequences of Fig. 1.

minisatellites that have been described (see Vogt (199C 123456 78 9101121314151 171819
for review). A search of the EMBL and GenBank data-
bases failed to detect sequences with similarity to any o
the cloned repeats.

23.1- - _

L Nietribg i 9.4- -
Phylogenetic Distribution of the

Minisatellite Sequences 6.6- -

Having cloned minisatellite sequences from Atlantic 44-
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 murrelria aalge), and 23—

human, were digested with eith&tul or Pall, restriction 20— -

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 belo

and in Figs. 4—7. Based on this evidence, we have bee -
-

able to ascertain the relative time of amplification of
each minisatellite within the fish lineages (summarized
in Fig. 3). &

SsPstlL.26 is a pervasive repeat generating stroni 0.6- =
multilocus fingerprints in all Salmoninae (salmon, charr,
trout) species (Fig. 4, lanes 1-8). Its presence was als.
detected for almost all other nonsalmonine species testeflg. 4. Zoo blot analysis for SsPstiL.26anes 1Japanese charz,
including Ranasp. and human (lanes 9-19), but hybrid- Atlantic salmon;3, brown trout; 4, Arctic charr; 5, brook charr;6,
ization signal was much weaker, indicating considerablg2inbow trout7, masu salmor8, chum salmon9, grayling; 10, white-

. fish; 11, sea lamprey1 2, dogfish shark $qualus acanthicysl3, skate

S.equence dlvergence' Among the greater_ than 35 ban ajasp.); 14, Atlantic sturgeon Ascipensesp.); 15, winter flounder;
visible for Atlantic salmon DNA digested witRall there 16, Ranasp.:17, common murre18, human:19, Atlantic cod. See text
was much intrapopulation pattern variation, even undefor additional species nomenclature. All DNA was digested vttt
conditions of high hybridization stringency (data not Hybridization was at low stringency (see Materials and Methods).
shown).

An oligonucleotide probe based on the sequence of
SsSaclU.44 strongly hybridized to high molecular consistent with fluorescent in situ hybridization studies
weight Atlantic salmon DNA cut with various restriction on Atlantic salmon metaphase chromosomes which re-
enzymes, suggesting that this repeat has been amplifieckal one major area of hybridization when SsSaclU.44 is
in this species as very long tandem arrays at only a smathe probe (P. Moran, personal communication). Frag-
number of loci (Fig. 5A, lane 1; B, lanes 1-12). This is ments seen in other species of Salmonidae (including
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- >~
A B Sss548:835885 3
S FsEFsd 4
12345678891 m_.g"i... e
94— .
- 6.6 — -
4.4—
23.1- ¥
9.4-
2.3—
6.6 o
4.4- 14—

11—

Fig. 5. A Zoo blot analysis for SsSaclU.44 using an oligonucleotide probe. Only species of the family Salmonidae are shown. DNAs fror
non-Salmonidae species were tested as in Fig. 4, but showed no hybridization of the_prasel Atlantic salmon;2, brown trout;3, Arctic charr;

4, Japanese chars, brook charr;g, rainbow trout;7, masu salmon8, chum salmon9, Arctic grayling; 10, whitefish. All DNA was digested with

Pall. B Southern blot analysis of Atlantic salmon DNA digested with various restriction endonucleases and probed with the oligonucleotide prol
of SsSaclU.44.

whitefish, Coregonus laveratuslane 10) were much
fainter and shorter, indicating lower copy numberand/or 1 2 3 4 5 6 7 8 1
significant sequence divergence from that of Atlantic
salmon (Fig. 5A, lanes 2-10).
Clone SsAlul16.70 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 23.1
detected as a smear, without discrete bands (data n bl 9.4
shown). It is unclear, therefore, that related repeat se
guences were being detected in these nonsalmonid g 6.6
binding of the probe to DNA may have been nonspecific.

No signal was detected in whitefish, Arctic grayling ‘ L4
(Thymallus arcticul or nonsalmonid DNA when probed

at low stringency with the insert of SsBglllU.20 (data not
shown), and this repeat must have arisen subsequent | &
the divergence of the subfamily Salmoninae from the res ¥
of the Salmonidae species (Fig. 3). Fossil records art
sparse, buEosalmoof the Eocene period (54 to 38 mil-
lion years ago) is the most primitive salmonine known 2.3
(Stearley and Smith 1993; Nelson 1994). ' 2.0
Differential amplification of SsBg111U.20 repeats fol-
lowing salmonine speciation was indicated by the South:
ern blot analysis. When genomic DNA was digested with
Alul and probed at low stringency with SsBglllU.20,
strong signal was detected for Atlantic salmon (Fig. 7A,
lane 5), as well as for some other species of the subfarr
ily Salmoninae, including brown trous@lmo truttajJane
6), Arctic charr Galvelinus alpinuslane 7), and chum
salmon Oncorhynchus ketaane 12, appearing as an
intense smear). Weak signal was detected for rainbowrig. 6. Zoo blot analysis for SsAlul16.7@.anes 1Atlantic salmon;
trout (Oncorhynchus mykiséane 10) and masu salmon 2,'brown trout; 3, Arctic charr; 4, Japanese charB, br_ook charr;6,
(Oncorhynchus masolane 11), but none was seen for ralnbow trout;7, masu salmon8,chu_m salmon9, grayling. AII DNA
; . was digested withPall. Less grayling DNA was loaded ifane 9
Japanese chargélvelinus leucomaenine 8) or brook  compared with the other lanes. The markers shown BIA cut with
charr Salvelinus fontinalislane 9). HindIll and 32P-labeled.
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Fig. 7. Zoo blot analysis for SsBglllU.20A

Lanes 1-5Atlantic salmon, digested witRall,

Rsd, SaBA, Sad, and Alul; 6, brown trout;7,

Arctic charr; 8, Japanese char8, brook charr;10,

rainbow trout;11, masu salmoni2 chum salmon.

- DNA of lanes 5-12 was digested witkiul. Only

3 species of the subfamily Salmoninae are shown;
23- no hybridization signal was detected for other

' 20- species tested. Hybridization was at low

stringency.B Analysis of genomic DNA from

3 Atlantic salmon of Eastern Canada and Ireland.

DNA was digested withAlul and probed with

! SsBglllU.20. Atlantic salmonlanes 1,Little R.,

:

i

-

.

44—

Bl _F e 3
=
=
I
'
"'l"‘

Newfoundland;2, Grand Codroy R.,
Newfoundland;3-5, LaHave, Nova Scotig,7,
Owentogher R., Donegal, Irelanfl; Ray R.,
Donegal;9, Swilley R., Donegal;10, brown trout,
Newfoundland;11, brown trout, Ireland.
Hybridization was at high stringency. The markers
shown arex DNA cut with Hindlll and

32P-labeled.

Under high-stringency conditions, BglllU.20 would cod Gadus morhug and winter flounder®seudopleu-
not hybridize to non-Salmo species (data not shown)ronectes americanjisthe probe may have detected un-
Hybridization of the SsBglllU.20 probe to DNA from related repeats containing some sequence similarity in
different Atlantic salmon individuals generated from onethese distantly related fish species. On the other hand, it
to over 10 polymorphic bands (Fig. 7B, lanes 1-9). Onis also possible that the progenitor sequence of SsB-
the other hand, in brown trout only two or fewer frag- glliL.6 was amplified to low copy numbers indepen-
ments were detected, each less than 3 kb in size (lanes H&ntly in several species.
and 11), indicating amplification of this repeat sequence
to higher copy number and longer arrays within the ge-
nome ofS. salarfollowing its divergence frons. trutta.  1he Proximity of Minisatellite Sequences with Other
The polymorphism revealed f@. salarby this probe is Repeat Types
in part due to mutation hotspots within the monomer
units of SsBglllU.20. This is evident from sequence Characterization of SsPstIL.48
shown in Fig. 1A, and from the Southern blot analysis of Digestion of salmon DNA withPst produces two
Fig. 7A (lanes 1-5), where Atlantic salmon DNA has visible bands of 580 and 800 base pairs (bp) following
been digested with different restriction endonucleaseglectrophoresis and staining with ethidium bromide.
and probed at low stringency with the insert of SsB-Clone SsPstlL.48 (Fig. 8) was isolated from the 580-bp
glllu.20. The Pall recognition site, for example, is in- band. We have previously characterized DNA isolated
variant, and the enzyme digests every monomer unifrom this band and shown it to represent an internal
(lane 1).SawBAl, on the other hand, cuts infrequently region from an interspersed repeat element (designated
within the repeat array, generating a multibanded fingerSALT1 in Goodier and Davidson 1994b) having simi-
print pattern (lane 3). larity with the Tcl class of transposons originally found

A strong multibanded fingerprint pattern was pro- in nematodes (Rosenzweig et al. 1983). In the case of
duced when SsBgllIL.6 was hybridized $ salarDNA clone SsPstlL.48, however, only 220 bp at the=Bd of
cut with Alul (not shown). Failure to detect the presenceSsPstIL.48 was Tcl-related, being 65% identical in
of this repeat within the genome of brown trout indicatesnucleotide sequence with a portion of the putative trans-
specific amplification of this repeat in th®. salarlin- posase coding region of a Tcl-like element (Tesl) iso-
eage since it diverged from the common ancestor of théated from Pacific hagfishEptatretus stoutiHeierhorst
Salmospecies. Although very faint hybridization bands et al. 1992) and 58% identical with corresponding se-
were also detected for Arctic charr, sea lamprey, Atlanticquence from the Tcl-like SALT1 element.
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SsPstIL.48 CTGCAGTAAGACCTTCTGTTTA
SsPstIL.48 GTGAATGACCTTTCAGTCACTCTCTCTGTCTCTCATTCGATATCTCTCTTTCTCTCTCTCTCTCTCTCTC
SsPstIL.48 ATTCACACACTCTATCCTTTTCTCTCCCTCTCTCTTGNSCCTAATATATCTATTTCTCCCTGTCTCTCTC
SsPstIL.48 CAATCTCATCCCAATAATCTCTACCCGACATTCAGGTGTGTTTCTGTC

R RRRR RN

-

SSPStIL.48  AGAACCAGTACAGAGATAGCTTGTAGAACATTCAGGTGTIGTTTCTIGTT

—_———>

SsPstIL.48
IIIIIIIIIIIIIIII IIIIIIIIIII

SsPstIL.48 AACCAGTAGAGA! ACATCAAAACTATGAAATAACACATATGAA

IIII IIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIII
Hpa (ON) -

I II || IIIII IIIIIIII IIIIIIIIIIIIIIII IIII

Bufo bufo B13.2 TCATGACTA-TGAAGGCATCAAAACTATGAATTAACACATGTGGA
R D T TN
SsPstIL.48 TGTCGAGTGATGAGTCCAAATTTGAGA' TGG------ TTCCAACCACCG TTTGTGAGACGCAG

T T | ] I LI L L L] Il

SALTI-SSall TCTGGTCTGACGAAACCAATATAGAACTCTTTGGCCTGAATGCCAAGCATCACGTTT-----~-----—---

Tesl AGTAGGCAAAAGGATAGT-TCCTCATTGTGTGACACCAACTGTCAAACATGGAGGAGGAAGCTTGATGAT

R
R R TR A S R T ||IIIIIH|I T e
SALTI-SSall -GGAGGAAACCTG-~=~~===mm GCACCATCCCAACTGTGAA! TGGTGGTGACAGCATCATGCT
Test CT?T??CTCTTTC?TW?ATCT?GAfTTG?"Cf?cTTGCAC??TGTGACT??T?CCTTG?TTTGAATGT
SsPstIL.48 GTGGGGGTG TGACACTGTCTG--TGATTTATTTAGAATTCAAGGCAGGCTTAACCAGCATG

SALTI-SSall GTGGTTATGTTTTTCA-GCGGCAGGGACTGGATGACT-AGCCAGGATCGAGGGAAAGATGAACGG---AG
Tesl GCTACCACAGCATTTTGCAGCGCCATGCAATACCCTCTGGTCTACG
|||||||||||||| ||é£é

SsPstIL.48 ACAGCATTCTG

l ||ll | |
SALT1-SSall CAAAGTACAGAGAGATCCTTGATGAAAACCTGCTCCAGAGCACTCA

Fig. 8. Sequence of clone SsPstlL.48, isolated from Atlantic salmon. Direct repeats are indicatedrenth above the sequence and quasi-
palindromes areinderlined.Dinucleotide arrays are shown bold. Other sequences shown are: Tes1, a portion of a Tcl transposon-like element
from hagfish (Heierhorst et al. 1992); SALT1-SSall, a portion of a similar element from Atlantic salmon (Goodier and Davidson 1994b); Hp
(OK)-51 sequence flanking a SINE element present in the genome of coho s&@uoforbufoB13.2, sequence downstream of a microsatellite locus

in European toad (Scribner KT, unpub, GenBank A#60d05292).

Unrelated sequence appears to have been inserted in#U05292). The significance of this motif within the
the SALT1-related portion of the SsPstlL.48 locus, per-complicated repeat environment of the SsPstIL.48 locus
haps by means of recombination between nonortholois unknown.
gous repeat loci. The’5end of the clone contains an
imperfect (GA), (CT), microsatellite followed by three The Association of Minisatellite and
48-bp tandem repeats. The association of simple tandefdicrosatellite Arrays
repeats with transposons has not been previously re- The results of screening the salmon genomic
ported, although in mammals it is not unusual to find \EMBL3 library with the SsPstIL.26 and poly (dA-dC)
microsatellite and minisatellite sequences near or withirprobes (see above), together with sequence presented in
SINE retroposons (Arcot et al. 1995, and referenced-igs. 2 and 8 suggest that microsatellite dinucleotide ar-
therein) or the long terminal repeats of retroviral or ret-rays in salmon are associated with short, tandem repeats
rotransposon-like elements (Armour et al. 1989; Rogaewat many loci. Bentzen and Wright (1993) also identified
1990; Kelly 1994). a microsatellite near a minisatellite array in Atlantic

Unexpectedly, 45 nt between the last tandem repeatalmon. Dinucleotide arrays isolated in the present study
and the start of the SALT1 homologous region of SsP-were of the form (CA)- (GT), or (GA), " (CT),.
stiL.48 are 93% identical with’Jlanking sequence of a Evidence for the association of microsatellites with
SINE element locus of coho salmo®iicorhynchus minisatellite sequences in other organisms is anecdotal
kisutch described by Murata et al. (1993). These 45 ntand involves, for the most part, minisatellite repeat units
are also 87% identical with sequence located 65 bp fronharboring short stretches of simple sequence (Kashi et al.
the start of a microsatellite locus of the European toadl990; Armour et al. 1992; lwasaki et al. 1992). Some
Bufo bufo (Scribner et al. 1994; GenBank Acc. researchers (Levinson and Gutman 1987; Stérler and
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Tautz 1992) have proposed that the major mechanisroci, perhaps by serving as recognition sites for proteins
involved in the evolution of simple sequence DNA is which mediate minisatellite stability.
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